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Electrical breakdown experiments were conducted
in liqufd dielectrics under uniform field:éonditions. A
syntheiic dielectric (Monsanto 7030) was mainly\usea but’
a few' experiments were conducted in mineral oil. The
liquid was carefully prepared by degassing and filtration

thropgh glass sintered filters which formed an_integral

1 1

to 30 kV sec.

vo%fages at rates ranging f;om 0.3 kV sec.”
were applied to two spheriéal nickel electredes of 5 mm.

" diameter at separations of 100 to 250 microns. The rate

of voltage rise and the time delay between sucgessive L

voltage applications were automated to eliminate observer

bias. , f
oy
The appropriateness of the extreme value distri-

butions and the log-normal distribition in describing the
obserbéd distribuiions’of breakdown voltages was tested by
.calculating the barameters of these distributions from the
observed data by numerical methods and applying the
Kolmogorov-Smirnov ‘Goodnegs-of~fit test. It was found that
the Weibull distribution was best, the log;normal second.
The .shape parameter of the Weibull distribution incr'eased
with increasing gap length. \
y i / Computer produced breakdown voltage density" plots
accurately made by using the "pile of sand" technique, showed
multiple-@eaks for breakdown woltages above 5 kV, indicating
the existence of several different breakdown mechanisms. The
"effect of the rate of rise of ,voltage on the breakdown
probability was studied. . The probability of breakdown for a
partiqulgt voltage‘was found to increase with the rate of

voltage rise.
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RESUME

Expériments du qlaquﬁge électrique des
dféléctriqués liquides ont été faits sous condition de
champ uniform. Une diélectrique éynthetique (Monsanto
7030) ont été employé pour la plupart des expériments/
mais 1l y en avait aussi des expériments de coOmparison
fait avec huile mineraie. La liquide a été preparée
soigneusement par un extraction de 1'air ét 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 a 1'ordre de 0.3 kV sec.—l~
jusqu'a 30, kV sec.—l, a été appliquée aux deux .electrodes '
sphericals de nickel de diamétre de 5 mm. avec une sépara; v
tion de 100 microns jusqu'a 250 microns:. La montée continue
de la tension et le délai entre leé applications successives
de voltage étaient automatisés dans le but d'éliminer le '
biais d'observateur,

L'applicabilité des lois de probabilités des
valeurs extrémes et de la distribution log-normal comme
un description des distributions de voltage du claquage
observées a été examinée par la calculation des parameétres
de ces ﬁistributions'par méthodes numerical et 1'application
du "Kolmogorov-Smirnov Goodness-of-fit test". Il était
constaté que la loi de Weibull‘était le mieux, celle du
log-normal était seconde. La paramétre de forme de la loi
Weibull a crle avec une augmentation de la distance entre
les électrodes.

. Courbes de la densité de la voltage du cléquage
pgoéh}sées par un ordinateur en employant la methode du
Mtas de sable" (pile of sznd) pntvmontrées des pointes’
multiﬁles pour des voltages de claguages au—dessus-SlkV/
démonstrant ainsi l'existence de plusieurs mécanismes du
claquage différents. L'effet de la vitesse de la montée
de la tension a été étudié. 11 était‘constété que la

.
\

probabilité de claquage a crlie avec la vitesse de la

montée de la tension.
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CHAPTER I . -

]

|

BREAKDOWN IN LIQUID DIELECTRICS - INTRODUCTION

1.1 INTRODUCTION -

* !

There are many different theories concerning

electrical bgeakdown in dielectric liquids. 1In general

it can be said that some of them explain the br;ékdown
mechanism using a macroscopic interpretation, such as,

heat production in certain places in the liquid,

especially at the cathode, irreqularities on the céthode
surface, the presence of impurities, colloidal suspensions,
gas‘bubbles and vaﬁour bubbles, non~uniform distribution
of the electrical field, etc. Other theories consider

the mechanism of breakdOWnﬂfrom a microscépic point of .
view and derive the breakdown criterion on the basis

of molecular struéture. \

The first group of theories refer to

t

experimental conditions in which liquids of a commercial

/

grade are used, whichyg}e th properly cleaned and
degéssed, and ;aige fieids of long duration are applied.
Such cénditions are Lsed in most of the induﬁtrial and
commeréiai work, and forrthis reason these theories- are
acknowledged and find application.

Theories connecting the phenomenon of

breakdown with molecular structure of the liquid tested

refer to experimental conditions where it is possible to

-
-
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observe the physical mechanism of breakdown regardless
of. the purity of the liguid. Under such condiﬁiohs it ~
is possiple to measure various physical quantities for

\

different types of liquids, even for small varilations

in the properties. Results obtained &éing liquids -

of high purity in this manner furnish the basis for a

" physical theory (1). \ ’ ‘ Cy .
. However, the breakda;n of liquid d'electrics

' s ~
is now regarded inherently a statistical phenom?non'(QQ)

and 'the general concept of an 'intrinsic electric

strength' is both unrealistic and incompatable

probablility approach to dielectric failure. Tha

‘the fact that refinements of ?xperimental technique and co- .
use of highly pur?;f:}\giquids have failed to reduce '

reproduced by other workers. By using carefully

con£rolled experimental technique, however, it is possible

to idenéify those parameéers whicﬁ significantly affect f

the probab;lity dfstribution of breakdown measurements

and relate themtto the statistical behavior (99). |\ s
\

1.2 PREBREAKDOWN PHENOMENA

.

Urder experimental conditions, various pre-
breakdown phenomena can be observed: light emission,
acoustical disturbances, cavitation, dark spots and

- q .

current pulses. To gain better insight into the break- . 1
- \ 4 . 'Y
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down mechandsm, the progress of the breakdown must be-
observed carefully before, durimg and after its

occurrence.

1.2.1 Liéht Emission

When a hydroéarbon insulating liquid is
str'essed, éoints of light or' luminescent zones are''
observed within tbe stressed volume (46,102 ). The same
phenomenon occurs in hexachlorodiphenyl (84). Smifh

and Calderwood (138)report that with a point-plane

'system in hexane, the point electrode being the cathode,

light emission in the form of flashes from the tip of
the point electrode was observed to take place at

voltages within 20% of the breakdown voltage. These

light ffgshes'appeéred at intervals ranging from seconds

to minutes with a tendency to.become less frequent and

- 1

less intense with increase-in the duratipn of time for
which the slowly rising d.c. &oltage was applied,
“’ ’

These observations constitute evidence

for the presence of electrons with an energy of at least

“2.5 eV in these liquids @t high stress (139) Ih trans- -

-
*

former oil this phenomenon has been interpreted as in-

volving the acceleration of electrons and the resulting

excigation of polycyclic‘aromatics. (13 ). *On the other
. \

hand, the emission of prebreakdown light is also thought

to arise from a gas discharge in a bubble in the liquid

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

{

-




likely Fo result from such’a microdischarge because it

s

“is only after the onset of cavitation that light is
emitted in ané significant amount (103). In contrast,
not only are light levels in transformer oil greater
fhan those in hexane, but there is significant emission ! .
prior to cavitation inception.in non-uniform fields,, as

o
kS

yell as for’sphere—sphére'electrode configuration tests
for which no Subgles were detected (103).
Another explanation is that light emission —
~is due to micrbdisgharges when charged particles approach
an electrode (15). 1In support of this eéplanation,
‘proponents observe? photographically microdischarges

L4 v
when a metal sphere (about 3 mm in diameter) was placed

between two planar electrodes, 8 mm apart, in transformer

+

oil.
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 1312 2 Shaded Areas '

. Q ’ .

' Under direct voltage conditions, a spray of bub-

N
bles and an intermittent blue light appear at the point /(/ﬂi\\f /

cathoae when the "applied voltage is of the order of 10 kV

with a gap length of several millimeters (29). As the

direct ®oltage is further increased to approach the direct &

. ‘ " } o
breakdown voltage of the system, a dark diffuse reégion is Cﬁ
observed in the vicinity of the cathode (85, 135 ). This i

region, which is called ‘the discharge region, bears

resemblence to regions of reduced density produced under
/‘ . 4“
pulse condié&ons (287 . The nature of. the spaded areas
! v h . -
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has not been clarified experimentally and opinion re-

garding epeir nature is divided. One hxpoteesi$~ascribes
the phenomenon to bubbles too minute to be seen and which
scatter the light, causing appearance of a darker area. '
The time requlred to build up bubbles makes this mddel \'
questlonable because the shaded areas have always appeared

/ @
instantly, or at least within a time much too short to -

h
» .

_ be measured (62) However, Krasuckl, by his theory, has .»
showed that in lquIdS like n-~hexane, breakdown due to
the formation and growth of a wvapour bubble -should occufv
zn times of about 0.14 m%cr@secohd. This time is of the
same order of magnitude as the formative time lags*in
n-hexane which have been measured.i Another explanation °
is .that the shaded areas contain,high local concentrations
of charges of both signs like a plasma, in which case the
light is scattered by fluctuations in the refractive

\

index ( 86),

* (When a dielectric liquid is suddenly subjected to a

high electric stress, it re;ains its insulating prober-
ties for a time before the formation of a low impedance -
path between electrodes. The statistical model divides
this time into two components, a statistical lag tg

and a formatiee lag tee The time,,ts is defined as the
Period between the application of stress and the appear-

ance of an initiating event which will eventually lead

4

to breakdown; tf is the time required to complete a

v N

breakdown after the appearance of the critical initiaeing

-

s 1 - -
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event. These definitions are quite general, and no

physical processes need be postulated for them. The

-only assumption gequiréd is that initiatipg events occur

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

to the electrode-liguid system.)

1.2.3 Cavitation

Cavitation occurs under non-uniform high
field conditiens, -There is evidence that tﬁis results
in such fields from the répid collapge»of a cavity or
microbubble produced by electrostatic or thermal
conditions. ‘Detection of both sound at sonic and super-
sonic velocities and optical emissions are characteristic
of cavitation, the onset of which is strongly temperature

i

dependent (38). &

1.2.4'Shock Waves . ¢

The generation of shock waves is believed
to play an important“role in tbe propagation of pre-
breakdown disturbances. Iﬁ‘has been stated that the
breakdown voitage of the system is raised by conditioning

(see sectionl-3.3)This suggésté that the Qrowth at the

‘discharge_  region is related to the injected charge. The

onset of growth is‘heralded\byia weak shock wave indi-
cating an abrupt energy change to the system (30). The

presence of rapidly moving particles probablzxprovides\
® '5;{v -

the necessary nucleation centers for the precipitation

.
s
1
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of cavities in their wake (16,2 ) ..

-

1.2.5 Current Fluctuations

In very high fields single large current
pulses can be observed before breakdown occurs, as if
local breakdowns occurred, which do not pass the whole
way between the glectrodes. These are sometimes called
microbreakdowns. The frequency oé such ionizing pulses
ana their value depend on f?eld intensity, the t:ype‘of\lh
liquid and- its purity, the presence and nature of gas
dissolved in the liquid, electrode material, the

.conQition of the electrode surfaces and temperature (2 ).

It is the motion of the charge’carri;rs in
the liquid which is responsible for the rapdom nature of
the cqnduction current and its fluc@ggtions. It is
reasoﬁable to assume that at'low+fields, ions will play
an important part. Ions caﬁ originate in the bulk
liquid either by dissociation of impuritiés or by ab-
sorption of external radiation, while the electrons
resulé from cathode emission. There are at least three
ways in which electrons can contribute to conduc?ion:

1) They may become attached to moleciles and the
resul'ting ions will move underythe'gpfluenée
of %he applied field. ,

2) ThSy may jump from molecule to molecule in the

field direction.

3) They may be accelerated by the apbiied field\

)
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and move through inter-molecular spaces, suffer-
ing elastic or ineléstic collisions.
Which of these mechanisms is operative in a particular
casé will depenhd on the liquia itself and its temperature.
(140) . . ‘

¢

1.2.6 Ion-induced Liquid Motion

Eﬁperiments in hexane using sphere-sphere
l}é" electrodes,of stainless steel were done b& Smith ‘-
anﬁ‘Calderwodd during which a dye stream flowed under
gra;ity over each electrode (gap lengfh = 2 Cm.).
When a steady 200 volts d.c: was appiied to the gap, each
dye stream was deflected away from’its respective“
electrode. Af 1,000 volts globules of the d&e moved
right across the gap in éither direction alternately.
By 2000“volts thereuwas a general turbulence of the
liquid bétween electrodes and the dye stream in this
region was comﬁlétely disperséd. By 20 kV the
turbulence was visible ?s rippling at the free surface
of the hexane. The effects were more pronounced when a
higher purity hexane (suitaple fqr spectroscopy) was
usea (138).
/ Ostroumov (1954) presented a theory based
on a hydrqdynamic4interppetation of the conduction
current in highly stressed liquid dielectrics, from

which a conclusion is that highly stressed liquid

dielectrics cannot be stationary (141). ‘' Nelson and

3
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(104, .

McGrath observed that’circuiating transformer oil
proauced~an oscillating ;utocorrelation function of
pre-breakdown conduction current pulsés, wﬁereés,
sFationary 0il produced only & simple exponentially
decaying ACF.. Oscillating and non-oscillatory ACF's
for gas-s’turated and degassed oil respectively were
founQ, leqding ;pem t6 conciude that the presence of
gas in soﬂution is a factor affecting liquid motion.
|

1}
It was inferred that positive gdgaseous ions are res-

ponsible fior the drag mechanism bringing about motion

\

/ .
1.3 OTHER |[FACTORS AFFECTING BREAKDOWN STRENGTH OF A

LIQUID - ' : oo

1.3.1 Electrode Effect

There are strong reasohs for supposing that
it is the vglue of the stress at th? electrode surface
which is ¢ritical in Aeterminiﬁg the probability of

breakdown (95):

1) the measured stkengthié somewhat smaller than ,
might be reasornable.as an 'intrinsic' strength
on the basis off knowledge of gasés and s&lids

2) the breakdOWn probability isNdepepdent on the
nature of the ﬁlectrode mate%ial

3) wvirtually all the physical models that have been

. proposed for liquid breakdown dépend upon an

initiatory mechanism at the electrode surface.

| (

A
\
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Electron eﬁissibn from the cathode and thq’mech-
anism of the formation of an aQal;nche of electrons and
ions greatly influenee the breakdown strengtﬁ. Consequently
this strength shows dependence on the electrode material
used. This is accounted for by the variation in the gas
absorﬁance of the metals. Charge carriers in the liquid,
will drift to the electrode of sign opposite to that of the
charge, creating a space charge. Some of the carriers, having
given up their charge to the electrode,may.continue to adhere -
there forming an insulating layer which may greatly affect
the sdbsequenfvESrmation of space charge at or near the
electode (142). Such a layer on the cathode makes the
process of neutralization of positive ions arriving at the
cathode &ifficult, and the space charge produced increases

the electrical stress in the layer. This may result in a

microbreakdown and in the creation of a microbubble of plasma .

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

the electrode influences the .emission of electrons (61}).

By initiating a microbreakdown at the surface of an elec-
b3

trode , Gzowski et al. (59) found that the average elec~
trical stress which resulted in breakdowns was Several \
tismes smaller than the breakdown stress without triggering.
Thds, a breakdown of the insuiating film on the occasion of

a ﬁicrobreakdown provides a smaller effective gap and

i
)
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incrg?ses available free charge.

Kao(90) has proposed a new theoretical
model for impulse high~field cofduction and Sreakdown in
ligquids based on the idea that high-field conduction
is due mainly to electron.emission from unavoidable
asperltles on the metalilc cathode. The current, how-
ever is mainly conflned to one or more fllamentary paths,
in which the current dengity is much larger than that in ‘
otheg regions instead of beiqg uniform as érevious theories
have assumed. There is'at least one filamentary path
in which the current density may reach a critical value
so that the joule,heating produced in it is sufficienéb
to initiate thermal instability énd hence the onset of X
the breakdown process. The mathematical expressions
developed take account of the temperature, hydrostétic -
pressuré, gap”“iength, molecular structure and applied
voltage wavefdrm.i Computed results are reported to be
in good agreementiwith currently available experimental

results for saturated hydrocarbon liguids and aromatlc

hydrocarbon lquldS.

1.3.2 Effect of Bubbles on the Breakdown Process

Since ‘the electric field in a bubble wil?l
be greater than the average field in the liguid, owing
to the different permittivities, a bubble on the electrode
surface would likely enhance the emission of eleétrons

from the underlying metal (61). Because of .the build~
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up of space charges, the gap will be non-uniformly

stressed. Positive and negative space charges will

fnhance'fields in, the cathode and anode regions respec- !
tivel&. It is therefore more likely that a discharé;
will be initiated inside a bubble{formed 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 uqiform fields by assuming that the dark régions

observed (see section 1.2.2)in breakdown experiments were

bubbles of vapour which were at a pressure close to zero.
This would :account for the quick disappearance of these
regions with the removal of the electric field. Under

the effect of the field, electrical energy injected in£o
the groQing bubble is converted into heat which vapour-
izes the ligquid. Once formed, the vapour regions grew ]
until breakdown. Points of zero pressure, according to
theltheory, are most likely to form in the presence of
particulate impurities. The condition for the develop- v

ment of a point of zero pressure at the surface of the

particle is:

E = 35§\A1/ei) 2, +20 /1) viem (1)

» where ‘ " : (

m
‘._l
"

relative, permittivity of the liguid

g
It

(dyﬂé/cm?) hydrostatic pressure of the.liquid

Q
il

(dyne/cm) surface tension of the liquid

(cm) -radius of the pdrticlea

a
1
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Wheneveér this condition is satisfied, it is assumed
that the vapour bubble growé to a size at which break-
down occurs.

It was shown that this expression gave good
predictions for the known dependencies of breakdown
strength of n-hexane on both temperature and pressure
and for the observed increase in the breakdownﬁ&trenéth
of aliphatic hydrocarbons with increasing molecular
weight. Though the molecular weight'does ng; appear
in the quation, 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 added to very pure transformer oil

- causes a considerable decrease in the breakdown strength

This effect is explained by the great ability of water
to dissociate and‘produqe a farge quantity of ions in
the bulk 'of the liéuid as well és in the vicinity of the
electrodes. Addition of iodine to an 0il in the amount
of 0.01 g per liter increased the breakdown stress vdlue
by 18% but greater doses reduced it (3 ). The addition
of p-nitrotoluene to petroleum derived oil increases its
electric strength by 48% (3 ). The effect of
selenium js very pronounced in improving the breakdown
strength and is attributed to the formation'of a pro-

. j '

{
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te;tive layer on the eiectrode‘surfaces (3).
When an electric discharge takes piaée
. in an insulating liquid, gas is evolved, which may or
may not be'absorbed by the liquid. 1In mineral oil
the gas produced is mainly hydrogen and gaseous hydro-
carbons and the amount absorbed improves both with
increasing aromatic content and volume of oil (119).
An electric discharée in askarel, Eowever,
produces hydogen chloride which is corrosive to.metals
and attacks, cellulosic insulation. To prevent such de-
ter?orationi a compound known as a "scavenger” is added
to basic askarel to react with and 3bsorb any dissolved
hydrogen chloride. Tin tetraphenyl is used as a
scavenger ( see Table 2-1. Itjggacts with the hydrogen
chloride to form benzene and non-ionizing complex tin
chlorides. Though this compound can effectively
eliminate ocgaéional minor arcing occurring under
normal . operating conditions, it may be unable to cope .
with the larger quantities of gas produced by heavy
arcing (9 ). \ ‘
Zaky et al.(lss)found that the same édditive_
concentration which gave a maximum in the Ereakdown
characteristics, gave a minimum‘in ‘the gas evolving
characteristics of the o0il and vice versa. This corre-
lation provides further experimehtal evidence in support
of the theory ' that the breakdown process, particularly

¢

in its later stages, is govérned by the presence of a




a b » ]
{ gaseous phase; that the breakdown of an insulting liquid

: ) is initiated- and governed by a gaseous dis?harge inside
{

b

gas bubbles formed in the liquid.
. ¥ For additive-free o0il the most effective
) .of the dissolved g;ses in increasing the Zlectric break- '
down streﬁgth of oil is oxygen and the leést effect{ve“
is hydrogen.

v

1.3.4 Effect of Particles

\

/ . ‘ Particles exist in the liquid either because
they are too small to be filtered out during the initial
- purification of the liquid, or are produ;ed during
"&lectrode conditioning?. For example, it has been shown
that in the breakdown of liquid argon, metal papticlés,
ranging in diameter from 200-500,8 are produ;ed(§4).
—When voltage is applied to the el;ctrodes,

the particles move toward the electrodes where there

exist regions of maximum field strength. Some particles

Y

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

of puncturing the oil film 5nzthe electrode'surface and ’ ' i}
becgwing charged. The higher the electric field strength,

the more probable‘it becomes that particles will recoil X

from the ﬁurface. This process hag*a random natﬁre. ) ‘ (;) ‘ .
The particles may finally form a briége between the

electrodes if they are parmanent dipoles. After the ,

( permanent dipoles form a bridge, electrons may be shown

~

to move with relative ease along this bridge dlthough =~ "~
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permanent dipoles are essentiall& inferﬁally non-con- ‘ /
ducéing particles (81{. Admixtéres of particle pridges
simultaneously grow and'breakdowﬂ. Volkov and Mit'kin
(4%) éeve}oped a statistical\théory of bridge formation '
and derived the following formula for the growth of a

single bridge:

y/.

where

k
c
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»E

v

-

= 4k (€, -€ )/l rpEp

!
Wﬁfﬁ;‘“particles/sec (2
3 €p+2€l‘ m@z)\ ro

(4)

B . ¢ '

L

= a constant depending on deviation from
symmetry In the ppocess'of attracting particles,
(e.g. if it can be assumed all thé particles are
directed to the tip of the bridge from a half

7

space, k =0.5)

!

permittivity of the liquid

P

permittivity of the particles

particle concentration in the outer region
P .

particle radius

= the external field,not that near the top of

' the particle bridge . '

PRer



B e P4

g s syt

adahiad

-17- o -

=
1

Boltzmann constant o

T

n

Assuming that the particles in the liqﬁid

temperature

n

viscosity of the liquid
/
have an exponential gize distribution as is suggested

/ . .
by Epstein’'s paper (42), it would be interesting to
examine whether the above equation provides a criteria

of breakdown when the gap length and particle distri-

» bution are known. The same authors have also formulated

a theory on the grgwth of bridge systems. Their work
is based in part, 6n'that of Kok {81) who assumes that
bréakdown is caused by thelfgrmation of a bridge. Dis~
ruptive forces of diffusion due to the thermaleenergy

of the particles,, when equated to the electric force

acting on the particles tending to concentrhte them

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

i

which breakdown will sooner or later occur:

S-S0 g 352, 1/4 kT (5)
\' % +2€ 1.’ B B ‘ .
; o ‘
[ 4

e

where rp

E.=-field strength . |

= particle radius |

T = absolute temperature in degrees Kelvin
; V-

~

m
il

. fpermittivity of the particle

&

permittivity of the liquid

a g



g

.
(=2

i

n B 4

~-18-~

\ ,

-

How quickly a bridge cah form is indicated,

+ by Kok (BIi’who speculated that the time t in which a

|

«/particle cou}q crosg a gap d with. constant velocity was:

a
- 2 - ,
L t =MW N/ E; (6)
+ where 7? = viscosity (poise}
- EB = electric field sfrength (e.s.u.)

-~ If the field is 10 kV/mmjgin the c.g.s. system of units

- which applies to (6 ) corresponds to:

q = EB(47T€O) r? coulombs x 3 x 10°_e.s.u.
o q coulomb
o |
where rq is the distance of the test charge from charge g:
' =107 x (10742 x 3 x 10° -
: = =
9 X 10 2

- ¢

330 e.s.u.
' *
Thus for a viscosity for askarel where J] = 0.146 poise

a particle would be able to cross the gap in 30 micro- ’

‘seconds . '

*Note: The kiﬁematﬁc viscosity of a liquid is the rétiol
of its viscosity to its density. The c.g.s. unit of
kinematié viscosity is ‘the "stoke". The c.g.s. unit
for viécosity is the "poise". Therefore to‘conVert from
"stokes" to "poise", the figure in:stokes for the kine-
matic viscosity is multiplied by its density. To convert
ffom the unit of kinematic viscosity called "Sayboit
Universal Seconds" which is often employed in‘giving
viscdgity data in North America,lagd as appéais in Table
S - ’

2, the following formula is used (144):

Py

“t

.
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{ : ‘n = 0.00226ts - l.QS/ts .
' ‘ Stokes . !

2

-
.Where ts = kinematic viscosity (Saybolt Universal Second)

kinematic viscosity (Stokes)

. Tl s=;oke5=

- ‘The conversion to viscosity is, therefore:
72 - nStokeS/p'

¢ . 1 . .
" where 'n= viscosity (poise), ¢

p——

n

Stokes - kinematic viscosity (Stokes)

/)@*density (gm/cc3)

It is not known how well this agrees with

&

reality because it ig usually assumed that Stoke's

formula F = 67{72 rbvp (where 7I= viscasity, = radius

of a.spherical particle , vp ="velocity of particle

relative to the fluid.) agrees better with ‘experimental

i A N

¢

0 e ST e b

data for large particles than for small ones (82 ).
Also Stokes formula is valid only for slow uniform Y

motions of spherical particles on which the forces of
1

PELEIZT £t Rt

inertia acting on the particles and in the liquid may
3 be neglectedand only viscous friction forces in the
& ; : /

. . ’ - 7,
liquid play a part. From a Reynolds” number ( NR‘l)Vf/n‘

where pl= the density of the fluga,/yf is its forward o

velocity and 72=‘viscosity)vof 5 onwards the forces of ' -
i . ]
( 3 ‘ inertia in the flowing liquid begin to play a part and
L4 ';“' .
* then' Stoke's formula is no longer applicable, not even

»

- §
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for shperical particles (83).(For water at 20°¢ flowing
in a tube of l*cm diameter with an average velocity of
10 cm/sec, the Reynolds number is about 1000.) This
cause of deviations becomes even more important if the

shape of the particles may not-be assumed to be spheri-

cal (g3).

-

!
1.3.5 Dependence of Electric Strength on the Number of

Breakdowns

Breakdown valués are lower for the first
%ew breakdowns and increase sys;ematically/yith the
number of breakdowns and bnlyqafter a geréain number of
breakdowns reach a steady mean Valgei This phenomenen
is known as “conditioniné". A;té; this conditioning
fhe breakdown stress of the iiq&id may have increased
by 50-100%. This may be explained by assuming that&the
first breakdowns rembve gas bubbles and impurigies

from the liquid and the surface of the electrodes (4°).

.Nelson carried out experiments with large electrode

areas of up to 2 m2 and\nevertheless found rapid

éonditioning despite their large area and cabacitapce.

It may be supposed that the larger bubbles were removed ‘

by mechanical shock forces.caused b§ the discharge of
the cell capacitance (105). . ~

Chadband (31) explains canitié%ing as an
initial progressive decrease in thg quantity of charge

stored per pulse as. pulsing of the system proceeds,
' \

1
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. . .
The process is regarded as complete when a smaller, but
relatively constant charge per pulse is obtained. The

conditiohigg process is both time and voltage dependent

€

(31). Conditioning us}pg'shorf ahration pulses requires

a dgreater nuﬁbé}wﬁﬁ pulses than is the case when longer
pulses are employed. A system‘is conditioned to a
particular voltage. Below this level.of voltage
réproducible results are obtained; however,’if higher
voltages dre then employed, fukther condi;ioning ocecurs.
- Shaded areas in connection with regions
of reduged density which form it the poinl in liquid -
diélect{ics hat been already mentioned ( sec. 1.2.2).
Thesé regions originated at the cathode and grew toward;a
the anode to a distance dependent upon’ the mggniﬁude of |

the applied voltage, so long as the pulse duraéion 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 reprodudible size was obtained coinciding
with a conditioned state (31).

\

1.4 SKETCH OF PROBABLE EVENTS LEADING TO B‘REAKDOWN

The liquid in the gap is in turbulent
motion and unless it is perfectly filtered there will
also be movement of particles. (If the field is 1
relatively slowly rising, a system of‘bridges between

the electrodesumay have‘developed): There will be‘an

~
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injection of electrons from ény sharp points or pro-
tuberances at a negative potential followed by aLcorona
and a spray of bubbles from negative points and sub-
sequently from any positive pbints whichharé sharp
enough (136). Sparks can be observed Jhich do not /
bridge the gap but occur within ihé gas ?ubbles (137) .
At the ;nset of the spray, high values of conduction
current appear. A dark region at the tip of éhe needlé
can be seen. Electrical discha}gesin bubbles cause the
bubbles to grow due to vaporization and‘develop into

a gas chgnnelhwhich prop;gates. This ultimateiy [
determines the breakdown stfength.' If these discharges
are regarded as regions of highly conducting plasma in
contact with the electrode, the breakdown of the gap
seems to be due to the propagation of the plasma in the
direqtion of the electric field (136). " The breakdown
tracks tend to follow lines of electric field along

a path whichlcan be'represenﬁed as the surface of a cone
describing the limit of the extent bf the gpray(l36;.

If conditions are not propitious for propagation, the

bubble may disintegrate into several smaller ones (159;.

i

“ I

1.5 STATISTICAL APPROACH TO DESCRIBING BREAKDOWN

1.5.1 The Weak Link Concept

From a statistical point of view, the

Problems associated with the term "strength" as applied
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to different states of matter and phenomena, such as
mechanical strength, electrical strength etc. are all
essentially equivalent| if we conceive of materials as

being permeated by small defects spread in a random way

- throughout the hody. hese defects give rise to local

weaknesses which may reduce the étfength of a specimen

“locally to a vaﬁue whigh is considerably\smaller than

‘the theoretical strength of the specimen. Assuming that

the randomly distributed flaws have.a certain density
per unit volume (or unit area or unit length), the N
i . \
statistical nature of the problem becqmes evident (42).

Assumptions on which the weakest link
’ ! ' \ ¢

concept is based are:

¢ )

P :
1) A certain number |of physical imperfections or
other initiatinglevents exist or are cﬂéated

within the material under investigation (99 ,25).

2) These flaws are Jaqﬁomiy distributed throughout
/

the materials /

3) These flaws are also randomly*distributeq wiﬁh‘
respect to size (|99).

4) A breakdéwn is possfblevfo} a certain range of

- experimental values.

5) Each flaw can be fthe cause pf a breakdown. Thus
the probability of Seing the cause of a breakdown -
is the same for e?ch flaw. ‘ "

6)'Flaws act indepen@ently of each dthe}; the effect

\

of the imperfections is not ,cumulative. This

'

R



|
idealization is a good appioximation when éhe \
distance begween the flaws is large as compared
3 ‘ to their region of influence, and/in the case
of liquids, when the time intervais between
breakdowns are large enough to ensure the return
\to normal of the test sample.
' . 7) No one flaw is .dominant, so'that the probability
tbat a certain predetermined flaw willlqause )

’

. g breakdown is very small. .

8) Breakdown of a part of the system coinciéeé with

the breamdown of the whole.
In liquid breakdown work, euch flaws may

be so0lid or gaseous impurities or other phenomena
“EOntribetih% to. failure. Liquids offer the‘experimentalq
advaritage of a high‘degree of recovery , which, in
conjunction with rapid discharge suppression circuits,
permits the study of long sequences of measurements on
e single sample. Having established the statistical

' /
properties of such a sequehce, we can investigate the

effect of a .change in an experimen;al parameter, without
having to consider the pronounced variations whieh are
found in suposedly identical samples (197,

}‘ Experimental factors, somerof which haye

r " already been examimed, such as the correlation between

t L 1mpulse strength and the degree of oxidation of the

3 - electrbdes, contribute to the breakdown probablllty in -




a trial. In some early experiments, manual control

»

was used. The introduction of such arbitrary variations

~

alter the.statistical nature of the results. The result-
ing scatter of the results in é sequence of breakdown.
measurements can be analysed into four components (20):
a) a random component which is characterised by
"particular distributionvpropegties determined by
the physical nature of the.breakdown p;ocess.
b)\systematic component due to the deliberate
variation of an experimentai factor during the
sequence, appearing as a change in the distri-
bution parameters of (a);

c) systematic variation between different samples,
whiich have received nominally identical prepara-
tion - i.e. the factor which has encourageq the
Istudy of breakdown sequences on a single sample.

d) a systematic variation gp a sedguence associated
with the passage of time and the damage caused

¢

¢ by previous discharges. ° -
| / ;
Unfortunately, (b} is often the smalles;

of ﬁhese components; (c) and (d4) arF of little'interest,

. and one attempts to eliminate them by adopting a test

AY

procedure in which the experimental parameter is alter-

nated during a sequence of measurements on a single

sample. The existence of (d) raises the question of

the statistical stationarity of the sequence. If the

random process is stationary,.the mean and variance of

)
!

v %) 3

1
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of the dist;ibution are independent of time (114).

Strict stationarity requires that distribution parameters

should remain unchanged throughout the sequenge. There
is a nonstationary region at the start of a breakdown
experiment that is called "conditioning". This is
followed by a "stable" region and then by another -

region called the "well gparked region" in which the

* strength deteriorates into wild erratic behavior (s51}).

With efficient discharge suppression, the léhgth of .
the stable region varies from about 15 breakdowns in
the degassed liquid to several hundred in air satur-

v

ated liquid (20).

1.5.2 Dependence of'Dielectric Strength on Stress and

If the expected breakdown or failure
probability of a volume of dielectric liqguid in the
interval of voltage from v to v +Z&v may be assumed to
be (111): )

g, =0 Av (f==1) (6)
see 1.5.1 assumption #7
where 6 is the breakdown freguency of the system de-
pending in general on both time and voltage, then,
the‘correspondiﬁg surbi&%l probability is:
1—fp=l—6Av )

If the entire voltage change is assumed divided into n

intervals, the survival probability over the whole
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voltage change is:
n ' .
o= T 1 -0, avp (8)

where 61 represents the average value of 6 over the

interval of Avi. ' Consequently

) ' f ~ -

. Log, Pg = Zlog 1—6 Av) (9)

-

Making use of the expapsion

logex=x-l +_1_(x—l)2+
X 20 X

and by neglecting all but the first term, we can

\\apprommate (9) by )

‘/ . log PC-V Zﬁ AV o . (10)

’ As Avi—’ 0
log P = -f 6.(t,v)dv “ (11) -

\ Therefore, the probability of brgakdOWn of the system
can be written as ‘

\4 Fp(t ,v) = 1 - exp[ IG t,v) ] (i2)

" A small change in stress corresponds ‘to several orders
\of time (2D). \
N ‘ It will be seen in the next chapter that
. eqoation (l?:) is the general form of the distribution
(" of extreme values. Depending upon  the form that the

"

expression

\,\ \



' ' 4
\ fé(t,v)dv
0

\

-

in equation (12) takes, we may have tge firét, Eecond,
or ‘third type of extreme value distribqtion.

A complete knowledge of the dependence
of 60}1 time and stress cannot be obtained only by means
of statistical considerations, as(s depends essehtially
on the physical considerations of the delectric and on
the breakdown mechanism involved. The @ielectric system
cannot be considered as homogeneous when dominating
effects occur such‘ag ageing or when some parts of the
system are subjected to strong partial discharges while
other parts are ionization free, of if there are
differences in the system envirpnment so that single
regions are differently stressed by chemical, mechﬁnical
or thermal agents. The statistical considerations should
then be only separately applied to the single parts of
the system under the same ébnditions or having the
same environment (112).
If it is-assumed that the dominating

characteristics on the ageing of the dielectric are not

\

A= éova (13)

where 60 and a are parameters not depending on v, .then

present, then, 1if

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

bution is obtained:




-29- , ’

F(v) = 1 - exp(—Bvél) \ (14)

[}

where B =60/(a+l) i C1 a+ 1

If we take account of assumption number 9
ofqthé weak link concept (see section 1.5.1) - i.e. tha£
the breakdown of a part of the system coincides with the
breagdowﬁﬂéf the whole system, then it foilows that if
Ps is the survival probabil%ty of part of the syétem
for, a time t and at 5 stress E, and the system is com-
posed of n equai parts, the survival probability of the
whole system for the same time and stress will be ?2.
Therefore the joint distribution function mugt be so
defined that tﬁe transformation of Psiinto P: does
not change its character eithér with regard to time
or stresé. Assuming the condition that P = 1 for éither
t =0 or E =0, the most simple two dimensional distri-
bution of survival probability satisfying these condi-~

)

tions is (112) L

P_(t,E) = exp -ktRE9) (15)

where K, Q, and™R are constants independent of t and E.

, This is consistent with qua;ions (12) and (14) and

the expected breakdown frequency would be:
6 (t,E) = xreP 1 | " (16)
This cénlbe written as:

' R | 1\Q

‘ P (t,E) = exp| ~ (17)

ot it
1 e
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or, introducing the "breakdown or failure probability"

£\ F [E)@

F (t,EB) =1 - exp] -|-
P t

(18)

1

where ,TEC = 1/C, ©(19) V ‘

If a stress E is applied to the system, its survival
. \ . B
‘probability after a time t according to (18). is:

P(EE) ¥ 1/e =0.365 (20) P
It CO Es already known, by assuminé a chosen:value for
T, equation (19) makes it possiblelto determine ;he
value of E corresponding to this time. Equation (£9) - ‘-

can bé‘written in the following way:
w .
X T E Y- constant (21)

[

' = where . N = Q/R | (22)
a N
Equation (21) is a relation between time and stress:: A
\

the "life function'.
| The agsumption tﬁat the breakdown of a
volume element.causes the breakdown of the whole system
has been introduced as a general hypothesis (seg. 1.5.1).
?herefore assuming, that an insulating system can be

4 i B
divided into volume elements having different stresses,

(oS

it follows that a joint time and stress distribution can
1

R =

; be attributed to each element, the stress and time
distribution of the whole system being the compositioﬂ

of all the single volume element distributions (113).

S e ST e

( i g Let Ej be the valuei of the applied stress

in an elemeht j of the system, having volume Vj small

o e A S et Bt

. i
é
-~ L
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enough so that the stress can be assumed to be uniform
\

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

bg (1113): R .
a', bt
P- = - . ] r
5 = exe [ -cyt By ) .

,/} The survival probaEility of the whole system composed

of n elements will then be obtained by

n
a'.b' . I
P = ~-c.t” E.
S exp ( cD By ) , )
j=1 \
, 1 t .
. = exp( -8 c.EP ) £23)
ve - 21 33 .
\ - 1f FO is a reference stress, then
' / . . - )
. . .Ej = E,Owj ) ‘ (24)

where wj is a parameter depending only on the geometry -
? . ¢ of the system. For example, the electric field near a

I -
rounded corner surface can be expressed as (74):

| . E=g ’
- R

< ey emeg

where U = the average breakdown stress, X, = the gap
4
distance and 7z = a nonuniformity coefficient.
Similarly, for concentric conducting cyli?gefs, the
! K

electric stress between them can be expressed as a

TR R Ty

function of their respective radii. . o
1

Therefore, substituting in equation (23):

\
t

REIR &

. ! n
i + _' - a' b' Z b‘
X ‘ ' Ps = exp( ~t Eo cjwj ) (25)
. ‘ :]-'—'l *
F ( : ‘ ) On the other hand, taking an element V_

as a refernce, cj can be expressed as a function of the

b ) ¢
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ko
ratio: 4 )
n. = V, v -
go that
Cj = conj ' (27)
Therefore, o
Ps = exp(-c 8 E Zw n )
_ a'_b!' :
= exp(-c't” E_ ) : ] (28)
having assumed : -

, (29)

i

|r\/]5
urro-

If the system is contlnuous the preceding relatlon

can be written:

" = ¢ fwb'dn . © (30)

the integral being éxtended to all the stressed volume.
i

> ’

These relations find practical application

where the volyme has a simple geométricak shape. In the

case of a cabld, volume A\G would be written as:

/

_ 2 p2, . <
Avj 7-7TL(Rj+ll Rj) ; RS~ Rj" Ry (31

"where L is the length of a cable sample; R, is the

inner radius or the conductor and Rl the radius over

the insu%ation.' Therefore

dv = 2JTLRAR T(32)
- . l /( ’
and from (2g) \ . ¥

dn = 2JTLR @R . (33)

av, C
1 ; . . -
LB
o b
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If the stress E, at the .inner conductor is assumed as
.reference stress, then w = Ro/R’ Occhini (111) has

determined that for a cable to have a constant sﬁr§ival

probability, b'-2 )
2 Tt :
LRota Eg 1l - Ro = constant (34)
R
1 b# 2

Tsumoto and Okai (148) described, with good experimental
agreement the impulse breakdown of oil-filled
cable by a Weibull disfribution.

\ J

1.5.3 Ward-~Lewis Statistical Theory of Impulse Voltage

Breakdown* | | /

| Ward and Lewis (149) proposed a statistical
interpretation of the breakdown mechanism in hexane
baséd on the concept of electron~availabilityl This
concept is dependent only upon the assumption of a
‘constant breakdown probability per unit time. They
proposed ;hat electrons are éjected randomly from the
cathode at a mean rate I per secoﬁd"and that each
electron has a probability W of initiating a breakdown.
process having a formative time/tf which is. small. I
is determined by cathode surface conditions and is likely
to be a field aided thermionic process according to a
Schotfky law, and ligquid properties determing W and tf.
All three quantifies were considered deﬁendent on figld

strength. If a step.function voltage is applied;

creating a mean stress E in the liquid, the probability

’

%,‘éa}' =7
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/{//, Jinterval E to E + dE and writing 1\ instead of n as
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L} : \ ) i i
of breakdown occuring within a time interval t to t + 4t

[

after the instant of voltage application is:
Pf(E)dt =W I exp( -W I (tp -_tf) jdt (35)

where tp = the duration of a rectangular ‘pulse, and

Y

" PglE)= 0 if EZE, where E; is a threshold field strength.

The expression is valid only if t_>¢t

p—f°
In a study of impulse breakdown strength,

'it is normal to apply a succession of pulses of duration
t and. increase their magnitude in steps of Q E until
the value of Em is r?ached at which breakdown ;ccurs.
" If at each level of stress N pulses are applied, the
. probability of breakdown at a stress E, is then(1s0):

/

(= - - N 2
Pr =1 (1 Pf) (36)

1l - exp(—ImetN) (37)

and thé probability of a breakdown first occuring at

<

a level E_ in any sdcceéfion of pulses is: ‘
- e , . \ \
[} - - [}
.9 anTg(l Pr) (38) ]
ms= .
It is more convenient to express the breakdown

probabilii:y,Qn by a continu®us variable Q(E)dE which is

defined as the probability of a first breakdown in the

the number of pulse applicatlions in a unit interval

o
<

E
Q (E} =APfexp‘(—A_£ P dE (39) ~

. ) o '
It can be seen that this probability function does not

of stress:

vary 'in time. . N . L %
' : 3
=g “
" +  Experiments were carried out by Ward and-

» : @ ¢
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Lewislwith hexane, using stginless steel electrodes se-
parated at a distance of 5 x 1073 cm and voltage step
function pulses lasting';ot more than 10 % sec. at maximum
stress (about 1.4 ﬁV/cm).,

I

[%The experimental curve\obtainqd of average
breakdown voltage plotted against pulse duration ( 10-,4
sec.), bore\striking resemblance ta the sharply descending
initial curvature of the theoreticalqurve. The sharp
curvature wés attributed not to a fofmative time but to
éhe statistical requirements and the shape ofuthe v
curve (151) . |

In a later paper (89) a modification of the

physical interpretation of I, the number of electrons

emitted per second, was presented: that since the first

$tage in_a breakdown event in the light of further

experiments showed it té be the occurrence of an éxtra
large fbcalized burqt‘of electrons from thg cathode, I
represented the rate of gcgurrence of these bursts rather
than a mean rate of I electrons pé} second. 'A freshly
prepared cathode might have many active sites’ for these’
large bursts and conditioninghcould occur by successive
removal of these. Each emitted electron has a certain
probability of initiating a breakdown. Different
electrode materials would give different vaiues of I.

' \

N \

1.5.4 Continuous Voltage Application Case .

For ramp function tests, one might be

\
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tempted to treat these ‘as a limiting case of;impulse
breakdo;n.strength tests where the sequence of short rectang:
ular pulses are merged and the waveform is a finite ascending
stéirgase.. However, once the time of stress application
becomes appre01ab&e, the effect of prestre551nq, plus several
other slower processes, domlnate the breakdown probab111ty(22)

[

1.5.4.1 Rate of Rise Effect

Similar to the Ward and Lewis statistical
model, Brignell smggests a model for ramp-function méasure-
-ments by dividing the breakdown probability function per

unit time T into two pa}ts, a constant part g(E - Ed) ané

a distributed part E; such that: N

4

\
Probability (Eq<Eg<E+E;) = q(E;)dE, (40)

Ed has a Type I Extreme Value distribution (l6l) represented

by q(Ed). El is an arbitrarily chosen eiectrie stress.

i)
Div@sion of the breakdown probability function is illustrated
in Figure 1-1. | ' ,"

Suppose that the distribution for a rate

r, 1is given by Rl(ra)r then the distribution for a rate

7

makia can be obtained by application of the binomial
distribution as follows. Let the probability that fhek
effect occurs at rate fa he termed a fai;ﬁre and beﬁ
‘given by Rl(ra), Fhat the eeent does not occur be

»

termed a succéss and is given by 1-R, (r,). Hence’

' the probability for 0 successes and k failures, in any s

\
o M ar e Mer 0 e SUSPRINRNS ) o Yen Kam T R o msl et (o o SRR
.
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order is:

’ k
b(0:k,R, (r,)) = K R (r) 1= Ry(r) . (41)

: \
Consequently,the probability distribution of an event

occuring in k trials is:

R (kry) = 1 - (1- Bj(r, % | (42)
If the performance of the k individual trials at ratg r,
can be considered to yield thé same results as a single trial
ét the rate kra on the assumption that no new physical phe-
nomena present themselves at the higﬁer rate, then equation
(42) corresponds to that given by Brignell (23) whereby the
distripution for a rate ‘kr is ébtained from that at a rate

k]
r. 1In practice,'however, Eq. (42) gives a difference ggrger

’ A
‘than is observed experimentally.

A

From g(E) can be obtained a distribution

function f(E,ré) whose dependence on.the ramp rate ry {s

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

I
breakdown measurements is given by (23):

- = PglE,r,) = T(Er)) * q(E)

where * signifies convolution with respect to E. The

_effect on the cumulative distribution of T(E,ra), namely , .

TC(E,ré), of changing the ramp rate is L. is illustrated in
Figure 1-2b. ' The distribution of breakdown stress which

N - '
takes account of' the rate of rise effect is represented

by the shaded area.
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“of Figure 1-2, that with increasing rate r
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In conventional treatment of direbtlstress
breakdown r, correspoﬂds to zero - i.e. the rate effect j
is ignored. However if:r_ is treated as non-zero, it
can be shown by a series of sketches similar to that
. ar there is
a dilution of the rate dependence. This would explain

yhy in practice it is found that there is an over- .

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

same manner it can be seen that if r, is significant,

v

equation (42) will always produce a smaller value at a
particular stress and T(E,ra) will decrease as r, in;
creases, thus giving an explaﬁation for the observed
phenomena that the cumulative distribution for a higher
rate lies to the right of that for the ‘lower rate {24).
| Brignell (25) carried out 100 breakdown
measurements qt 2 different rates of rise, with trials
at these two rates interlaced in groups of 10. Hé
observed that not onfy 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 time

between dischdrges allowing dischargé products more time

to disperse. Although the stress dependence is dominant,

|




. of breakdown will be the result of a second random

T s eabi At

the observation of a rate of rise effect suggests the
existence of a slow process in the chain of events
leading to breakdown, for ex§mple, thermal processes
or motion of ions or particles or of the liquid itself

3

(21).
[

1.5.4.2 Statistical Effect of Environmental Factors

L]

While the bulk liquid breakdown can be

-+
characterised by a weak link concept having an external

distribution, Nelson (99) proposed that the‘probability

process due to random enviromental errors with an assumed

Gaussian distribution. He prod;ced a "hybrid distributioﬁ"

by carrying out a convolution of the first asymptotic

smallest value distribution with the normal distribution.
The new distribution is given bi

P (E) = 1 ] ‘; , ;) (44)

- XCT\E;7T' alx k"

where fa is the "after-effect function" tabulated by

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 énaleed oil breakdown data for

slowly rising 50 Hz voltages was carried out on the

" basis of the proposed hybrid distribution. For the

particular volume of circulating. oil and electrode

P
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configuaration (31); k' was found to be 5.1. 1In
contrast, statibnafy iiquid yielded a value of 0.7,
indicating a lack of dilution of the extremal distri-
bution. Normalization took place gradually with
'increasing speed aﬁﬁ not abruptly at a @ransitign
velocit&.

The hybrid parameters for the case of
séationary and circhlating oil subjeqted to 1/50 U sec
surges revealed insignificant chaﬁge in the form of the
diétribution as a result of liquia motion; only partial
normalization had taken place in these cases.

It is suggested ghat a clean dielecfr%c
liquid will exhibit an extremal distributdion if (101):

(a) 'idealized' electrodes are used

(b) timeﬁffectsare permitted to influence the
| breakdown

(c) the liquid is homégeneous and stati&nary

(d) the testing technique is exactly reproducible

»(e) there are no errors of peasurement
To some é;tent these conditions will be'met in a
pract1ca1 testlng system or service env1ronment
It is reasonable to suppose that there will
be¥several mechanisms coqt;ibutihg to the breakdown of
5 liquid, but that one of these mechanisms will dominate

under the idealised conditions mentioned above. If the

environmental factots are not ‘'ideal', this dominance
\

Lk



~43-

would be partially destroyed, bringing about normaliza-
tion. Since the dilution of the extreme value distri-
bution 1is almost unchanged if fast ramp voltages were
used, thé transition would aépear to occur primarily
in the long-time région.' As soon as the influence of
the éxperimental variations exceeds that of the
weakest point in the iésulation, the Gaussian dis-
tribution best describes the distribution of break-
down voltages. This would exglain why some,work?rs s

(108)have found the normal distribution suitable to
describe the breakdown voltage distributions. 14 pag
also been observed that the distribution type seems to,

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

The staller the vblume, the more closely does the

-distribution resemble the Gaussian distribution. The

'greater the quantity, the more closely does it aﬁpraoch

an extreme value distribution. Environmental factors -
such as the rate of flow of 0il can be expected to be

more prenounced for a smaller volume.

k)
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CHAPTER II

\

7

DESCRIPTION OF EQUIPMENT AND METHOD OF DATA COLLECTION

—

2.1 DIELECTRIC LIQUIDS USED

2.1.1Chlorinated Hydrocarbons

These are the group of synthetic aromatic’
1iquidsa not;bly the chlorinated diphenyls agdlbenzehes,
whi?h‘have been developed for capacitor and éransformer
insulation. These compounds are &everal times more expen-
sive than mineral oils but they possess a combination of
characteristics which make them éuitable and economically
practicable for particular applications (10):

(a) excellent resisﬁan?e.td fire hazards since they
are not readily ignited and they do not give\ofﬁ
inflammable or explosive gases under arcing

| conditions.

(b) High éielectric strength, comparable with that of
mineral oils.’ \ (

(é) Adequate thermal} chemical, .and electrical stability
P under normalloperating conditions.
(d) A relatively high dielectric constanth(approximatsly
double that of mineral oils).
Thqs, they are used in capacitoré wherF, for
eqﬂal capac{tance, units can be half the size of mineral
oill. ‘

The diphenyl molecyles (C H C Hc) contains

»
s




¥ .

D . LT

S NIRRT S T ey

10 hydrogen atoms for which chloride atoms may be substi-
tuted. The properties of the chlorinated diphenyls

depend on the degree of chlorination. The viscosity,

pour point, temperature, distillation temperature, density
and related properties increase with the degree of
chloripati?n. Because of the alterpatiVe substitution
positions ;n the diphenyl molecule, there are a number

of isomers for each molecular cemposition. The

commercial materials consist of mixtures of these

' different isomers and are classified in terms of the

percentage of chlorine by weight which is present.

Therefore the "Aroclors" manufactured by Monsanto
~ . ;

. "
Chenicals are graded as typég 1242, 1248, 1254, 1260 etc.,
the last two figures representing the precentage of

|
chlorine by weight. 1In the experimeﬁts, Askarel 7030,

which is 70% Aroclor 1254 and 30% trichlorobenzene, was

4

usedr

-

The diphenyl molecule is non-polar due to

its symmetrical charge distribution. Where electronegative
. ' c o
chlorine atoms are substituted for hydrogen ‘atoms in an

Iz

“

asymmetrical arrangement, the resultant charge distribu-
tion g;veé rise to°a permanent dielectric moment, the
magnitude of which depends on the degree of asymmetry.
Because of thé 10 available sqpstitution positions,

many isomers are possible,.and most of these isomers

are asymmetrical and polar. The average degree of

asymmetry and hence the average dipole moment of the

F‘ﬁ;,ﬂ‘u
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'Aroclors' decreases with incréasing chlorine content.

With the chlorinated hydrocarbons, the
principal arc decomposition product)is hydrogen chloride,-
| " which is non-flammable and non-explosive. No_chlorine

i

Ly or phosgene ig evolved, Small amounts of hydrogen H

P T B

chloride that are evolved by occasional mlnor arcing
under normal operatlng condltlons can be absorbed by h ; s <
sultable non-ionizing add;t1ves.(l.3.3) !
Askarels have until very recently been

« widely used in practice but.from-an experimental and’
research viewpoint, they leaée much to be desired. ?héy
are more difficult to handle and are less stable than
minerai 0oil. The higher chlorodiphenyls are photo-
chemically stable but trichlorodiphenyl (Aroc%or 1242).
for example, shows an increase in qonducti&ity when

i exposed to strong éunlight‘ (9). A similar effect

occurs if the liquid is heated above 80°¢. However, . .

the higher "Aroclors" are suitable for use at higher ' -

TR e s

temperatures (9).
!

: 7 Properties of typical transformet Askarel

are ghown in Table 2-1.

L IR e
,

2

2.1.2Mineral 0il’ f .

The chemical. constltutlon of a hydrocarbon

RN AR A
<

insulating oil, derived from a glven crude, determlnes
(;’ /1ts physical properties (18). The electrlcai properties

7 . 4
’ are more affected by non-hydrocarbon contaminants, and L
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‘ pour Point, °C(ASTM D-97)

N\

TABLE 2-1

N

- Typical Transformer Askarel (97,123)

PROPERTY

-«
Viscosity at 37.8°C (ASTM D88)

Spéc. Gravity at 15.5°C(ASTM D287)

Condition ,

Acidity, mg.KOH/g(ASTM D974,D644)

Inorganic Chlorides,ppm.

Refractive Index at 25°¢

Boiliﬁg poinf at 1 atm,OC

Water content, ppm
. .

Res%stivity,lQOOC,SOOV,O.l"gap

» TYPICAL

56-61'Saybolt Univ. sec.

1.563-1.571

Clear '

0.014 max.

-3500 or'lowe;

0.10 max
1.6075-1.6085 ‘.
302

30 max.
9

100 x 10 ohm-¢m., min.

Dielectric Strength, 25°C(ASTM D877) 35 kV,min.

Dielectric Constanth,lOOOC., 1000 cycles 3.8-4.2 \

" Tin Tetraphenyl

Burn goint (ASTM QQZ)

Flash Point,°cC

0.125% ¥ 0.01% by wt.

. None up to boiling pt.

None |
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differ but slightly at ordinary temperatures from
ultra-pure oils.” The.electrical propertiés depend almost
completely on whether ér not "it contains polar cr dieiectric
ionizing materials causing dilectri¢ losses (11).

‘Such materials can be due to insufficient re%ining, or

be picked up during transportation, processing, and

service. 1In addition polar mate{ials may .develop as a
result of degradation of the oil itself. | . ’

: When an insulating iiquid is subjected to
an arc discharge, decomposigidn generally ‘occurs. With -
hydrogarbon minera; oils, the decomposition products
are- largely hydrogen and gaseous hydrocarﬂéps. Where =
thé'hydrogen may' become mixed with air, it can constitute

Q

a fire and explosion hazard (12f. The properties of p
\typical mineral oil are shown in Table 2-2,

2,1.3Alternative Dielectric Fluids -
Although askarel is among the best liqﬁid

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

ehemical stability not biodegradable, and-hence, are
a*ﬁajor environmental conggrnl In the past, the
chlorinatga bipheny&s have all been used,in a wide
variety of applications includigg food. packaging

materials, lubricanfs and insecticides. Until a suitable

substitute can be found for them, their continued use

il

is necessary because of the increased risk of fire and
[

explosion, and the éisrﬁption of electricadl service that

’
Y
™

et B
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TABLE 2-2

_ Typical Mineral Qil (123)

PROPERTY ~ IYPICAL

7 Viscosity at 31.8°C(A5Tﬁ 5446) 58 anéolt Univ. sec. \ [
Spec. Gravity (ASTM D1250) 078§§
Acidity,mg KOH/g(ASTM D974)- 0.02 V. kj
Pour Point,°C (ASTM D-97) -45 I
Refractive Index at 25°¢ 1.48
Boiling point at 1 atm,dC greater thap 150
Resistivity at 100°C, (ASTM D1169) 35 x 1012 ohm-cn. \

Dlelectrlc Strenght, kv (ASTM D877) 30
Dlelectrlc Constant at 60 Hz,100°C (ASTM - D924) 2 25
Burn Point C (ASTM D-92) 148
Flash Point, °C (ASTM R792) ° 135

b

7,

.
\
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might result from an outright ban. Also, continued use

* of chlorinated biphenyls in transformers and capacitors

presents minimal environmental risk (18;.

xy

Many are working on the problem of finding

fluids ﬁaving the attractive characteristics of askarel

without its environmental and health drawbacks. Monsanto
.has introduced Aroclor 1016 for capacitors and it has
found growing use. This fluid‘r;%éins the high dielectric
tproperties of traditional’ askarel but is also partially
Eiodegradable. Silicone oil is another potentially

useful liquid in transformer%. Its auéoignitionApoinf

is about 318°C (124). 1If the&heat source is removed or

fluid temperature drops be?ow‘the autoigini%ion point,
v N

"burning will cease. Thus the fluid is self-extinguishing

(17). The main decomposition products are silﬁgon dioxide,
water and carbon dioxide. Temperatures as higﬁ as 200°C
can be maintained with little decoﬁpesition of the
silicone fluid, but gradual polymerization does occur and
viscosity approaches that of a gel in long exposure to
heated air (125). The fluid h?wever costs twice as much

as askarel.

The fluorinated hydrocarbon liquids, as 5
group, are avai*able in great variety. So far they have
been mainly used in eiectronic téansformers“where because
of their\high dielectric strength, high voltages are
possibie in a minimum of space. For example, (C3F30)5C2H5

has no flash point, a dielectric strength of 50kv/cm and

ﬁm‘ e
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a boiling point of 224°C (113). .

The fluorocarbons ére excelieﬁt in cooling
electricdl apparatus bdt because of their low béiiing
point and high cost, they are not a serious coﬁpetitor
of chlorinated diphényls (127). For ecological reasons,
however, some of the exotic liquids will find increased
use in the future. -

Other alternatives‘are use of electro-
negative gases and the development of non-liquid
tranéformers.

W

2.2 GENERAL EXPERIMENTAL ARRANGEMENT

The purpose of the arrangeméht was to
measure the magnitude of the breakdown voltage caused by
applying a d.c. potential (rénge 3 - 15 kv), rising at
a predetermined rate, to a pair of electrodes séparated
by a known distance, and immersed in a'dielectric fluid.
The breakdown voltage was ' by a chart recorder. °
A block é;agram illustrating the éxperimeqtal agrangement
appears/on page 52, The general*&QSifimeqtal set-up was
arranged in the following way: ° )

(a) The dielectric fluid was passed through a
filtration column. /

(b) The liquid was degassed. ‘

(c) A quantilywof delectric lﬁquid was admitted to the
test cell. .

(d) Voltage breakdown experiments were conducted.

s )
b (
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-[ —> VACUUM CHART
é? PUMP ~ RECORDER
~Pour in N |
Askarel ) HIGH VOLTAGE HIGH VOLTAGE
: RESERVOIR : FILTERS \
- —B——4 ,._@__* . £ SUPPLY . 21 RAMP ‘
) GENERATOR
. . Degassing
) Stage A~
. -~ &
= [\ 8]
I
Filtered Rir Inlet
) j i
THYRATRON THYRATRON
E\\\ . N CONTROL
R - L
- - STARTER
. ANODE
BREAKDOWN A~ _
- SPARK " \
, )
s - FIGURE 3-1
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(e} The elegtrodes and test cell are prepared for a
new cycle of experiment and the dielectric fluid

~

is changed.

2.2,1 Test Sample Preparation

The filtratiog column, which {s depicted
by a line diagram in Figure 3-2A served two purposes:
1) To degas the dielectric liquid to be tested.
2) To filter the fluid.
It was composed of 'a two-stage éystem, each composed of
a reservoir of about 990 ml. qapacit§ and a élass
sfhtered filter, positioned on the glass line draining
the bottom of the reservoir. By means of the filférs,
,whose’pore size is known, an attempt was made to put an
upper(limit on the maximum size of thelparticles éresent
in the liquid-« ‘ ﬁg'
To minimize any ﬁbssible phgtochemical
deterioration of the askarel, the filtration column was
" shrouded in heavy opagque black paper. A
Air th%i was let into the system, passed
through a round bottom liter flask filled with silica
gel and then was filtered through a glass‘s;ntered filter.
Contol of thé flow of liquid through the
system was controlled .by means of greaseless stopcocks.
See figure 3-2.The stopcocks consisted of a rubber (Viton)

diaphragm‘which pressed against the inner outlet.

v It is acknowledged that plasticizers in

*
s
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" TEST SAMPLE PREPARATION COLUMN
=
AIR SIDE P VACUUM SIDE
A\ G . B D C
Stirrer VALVES :
Motor A to F: Edwards
"Speedivalve"
, G toP : viton
J
Rubber Diaphram
\ £1 i
I 5 micron filte Q: Ground glass
’ and Teflon
stopcock (no
B L E [’ )
rease
—&—— —&—. E ~
1
e

<
% )
L \1l.1 micron ffilter
»>
>~ vacuum pump
; AN
o .
' | Test Cell
. +Q ‘
reflux .
. ‘
filter Lo \
FIGURE 3-2 A 4 .
&

N
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Two Greaseless Stopcocks in Various Stages of Disassembly.

A Viton rubber diaphraqm is on the white square card.

The Assembled Sample Preparatlon Column
The test cell is on a small platform to the rlght, W1th

the red wires.
|

|

Fig. 3-

2B
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the ;ubber were a potential source of contamination,
however, the rate at 'which the fluid was passed through
the system while the tests were conducted, the high
resistance of Viton to deterioration and the relatively
small area of rubber actively in contact with the‘fluiq,

minimized this source of contamination.

2.2.2. The Test Cell , . |

The éartiéular design of .the test cell (see
figures3-3 and3-4 ) which is based péimarily on the type
of cell used by Dr.\F. Spitzer(143), was such that the
rigidity and accuracy of eiectrode position would be
maintained despite continual digassembling of the cell
for electrode maintenance.

The test cell, a cylinder of 3.2cm.(insidg
diameter)and a'length of 5.9 em., with'a volumg of about' °
72 ml. was machined out of a single tube of stainle;s
steei, its midsection encircled by four evenly spaced
observation ports. The ports were fitted with optically
flat glass'which were seated by ring flanges encircling

the windows and bearing down on Teflon 'O’ rings between.

the glass and inside metal surface of the window sockets.

The partially disassembled test cell is shown in Figure3-5 .

The top and botton electrode holders were
ot

'stainless steel shafts, separated from one another and

the body of the' cell by means of gkass loaded Teflon

spacers. The Teflon provided rigidity and was

AY
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Chart recorder, -
High voltage Supply,
and High Voltagé
Ramp Controller ( on

‘tablej. Thyratron
control panel is just
below the.chart re-

v

e
corder.
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chemically inertl On the outer side of the Tefion
épacers,v—shaped grooves were cut circumferentially p
to increase the surface distance the electrical

leakage yould have to pass before reachiﬁg any other T
portion of the tes{ celf. fhe tip of the electrode'holder
had’'a hole into which the mountiJ@ stem of the elect;ode‘
was inserted and secured to the‘holder by means of a small
grub screw. Tg; top electrode was moveable. The gap

_ distance was set by adjusting'a micrometer attached

to this électréﬁe\holder. Teflon 'O' rings on the
electrode Ho}der provided a seal around the point where
their shafts entered the test cell. Pressure was

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

of the electrode holders. In order to permit tests

with different polarities, botﬁ electrode assemblies

2

werehinsulated from the cell body.

The test cell was fed by a length of
stainiess steel, tubing which was connected tovthe
filtration column glass tubing by»means of a short J
‘length of stainless steel tubing. This connection
was made vacuum tigét by means of a Viton 'O' ring

" N "
at either end of the shoert steel tubing. Pressure on
. the '0' ring around the circumference of Ehg feed tube
was accomplished with a metal ring with a bevélled inner
edge pressing against the bevelled circumference of the
¢onnector. See Figureé 3-4 and 3-5. ke

/

When the electrodés were in position for a

,
e
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/ . situateéd midway between them(5).

\ =59~

1

({ - 5
i 4

» -~

test, they were co-axial with one another and positioned

centrally within the cell, in plain view.of the observa-

tiom windows.

I}

N

X3

. . ' ]
' , "The cell could be emptied of its contents

. o )
by means of a stainless steel spout set into the cell's

]

baéé fitted with -a'glass and Teflon stopcock joined to.

it by a 9lass-to-metal seal.

[

!

14

o
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1 . . G .
2.2.3\Estimation and Congrol of Electrical Stress

}

0

were 100,125,150,250 microns. The field between two

© equal and'sepaia;g spheres is symmetrical about

l'. r

o G

s

is (6 ).

1|
= k: + k
o . - | kg
p Eav o 4
7 ﬁ ) X
with ks

\ quz

2

. :
of the éEhere: _ ‘ -

)

‘The expressi

L

The gap distanges used in the experiments

Enplqne

\n for

Dl

the ratio 'of mé&imum to mean stress for ,the sgﬁbre-sphere

' electrode configurdtion used throughout the experiments

AY

Tﬁé diameter of the spherés was 5mmy With

WMs value Table i—;awés prepared.

¢ v ‘ .

[ |-

’ 1

Table 2-3

4

' Gap\gpacing (midrohs) 100 125

|

|
Eov/Pnax

-
s
L ‘ .
‘ P n
¢ *
IS

1.013 1.017

A

150
1.020

)
P

[

250
1.034

L4

. {

G- . ‘ o . .
- +'l ' wherF XG= gap spacing and rs=9rad1uso

L R s mpperp e S e
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{ This small degree of non-uniformity should not unduly

obscure the nature of any'statistical distribution which

w

‘the breakdown voltages should take. Gredter distortion
1 of the field is to be expécted from the effect of space

. ~tharges, and the presence of , particles of appreciqbie

size. ‘

N

The gap distances were set by using an s
y "Etalon" screw micrometer adjustable to within 2 microns.

_The actual %etting was made by noting the micrometer

reading when the electrodes were. just touching as in-

4

. o l ~
,» dicated by the vacuum tube ohmeter (Voltohmyst by RCA).

To minimize possible damage to the electrodes caused by A

® .

S the small measuring current of the ohmeter, the ohmeter

was set to its highe§t range.

Y

" 2.2.4 Electrical Connection of the Test Cell

1 The_entire system-was evacuated by an Edwards
) X ‘
L . _double stage rotary pump which under ideal conditions is :
< capable of a vacuum of 0.001 torr. " ~

a When the experiments were first begun it

g g e

s ) : .
was noted that spurious breakdowns were occurring,

- e b

although no breakdbwn spark could be observed between

the electrodes. The largest possible gap lengths did not

»

change these observations. The test cell and electrode*

B RS R -
-

‘holder were dismantled and it was discovered that éhere

- n

(;! were breakdown punctures on the Teflon insulated wire

PR ” . .
running along the inside of the electrode shaft to the

[T S

o mme e e
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electrode'itself. Furthermogg the stainless ‘steel Ve
electrode holder shaft was éiscolored, indicating:

that there were breakdowns occuring between poidts A
and B of Figure 3-3. The proplem was due to the fact

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

séparated from the stationary portion by the Teflon

" '0' ring through wﬂich the shaft part slides. Both

these portions were held together originally by stainless

steel screws. However, the oxide layer on the stainless
{ 1

steel screws which held both Fhese portions together

was.suﬁficient‘}nsulation for points on A and B to be

ht different potentials and thus suffer an occasion;l'
breakdown as the voltage increased. This preliminary
problem was overc;me by replacing the stainless steel
screws with polished brass screws which were then after-\
wards rerlished evetry' third day of experimental work.
This ensured good eleetrical connectioﬁ between portion

A and B of the uppdr electrode to which the high voltage
was applied. . ‘ .

- As a result of ‘this experience, the. upper
' ]

Electréde holder, the feed pipe, and the connector from
the feed pipe to the glass'filter column , the/létter t&o
which were also slightly separated due to the 'O! ring
in the connector, Were each solidly joined together

electrically (i.e. with electric wires).

)

3
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{

2.2.5 Vacuum Sy§tem

The vacuum system was primarily intended
to maintain the pressure over the dielectric liquid
surface at a constant reproducible value.

The vécuum pump was an Edwards 75 which
was a double stage mechanical rotary pump equippéd with
a gas éailast. This latter feature of the pump was
particularly useful. The volatile componenfs of the .
Askarel became dissolved in the vacuum pump oil thus ~
degrading the ultimate vacudm possiblé. The volatile

—

component' which is taken out of the askarel by the

<

pumpind is mainly trichlorobenzene, which is used to
achieée desired viscosity-temperature characteristits P
for the particular variety of askarel used, but does
not affect dielectric strength. Vapours condensed in
the vacuum pump oil argdxemoved by. the ballast facility
Ef‘the vacuum gump. Inpegral to the pump was protection
agaiﬁst 0il suck-back into Eﬁé system in the,event of a :
power or beltﬂfailure. - .
, - The pump was connected to the glassware by
O.é inch 0.D. copper .tubing with soldered connections.

The copper tubing was joined to the glassware by Edwards

“manual pipeline valves ("Speedivalve") having a flexible

rubber diaphragm seal. The glass tubing which was also

. , -
of 0.5 inch %:D. fitted into one end of the 'valve and the
copper tubing went into the other' side.

The pressure was monitored by a Edwargs
M .

£

T
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Pirani Guage, model no..8/2 with Edwards Pirani gauge ‘

head model no. MsC,

2.2.6 Apparatus Support Frame

The entire system, ‘that is, the filtration
‘units the test cell and vacuum system were built on a
mobile platform and secured to a metdl frame made of

Dexion, the trade name of lengths of prepunched structural

V4
steel. ! . ‘ -

2.3 THE CONTROL 'UNIT AND HIGH VOLTAGE SUPPLY ' S

-

~

2.3.1 Generalq y
A ——————— .

The pﬁrpose of the high Goltage contrpiler,

?_block,diagram of which appears on pége 64 was:

1) To periodically prodyce linear Voltaée inéreases
measured against time in the high voltage output
at:%‘pgeselectéd rate. /

. ] .

2) To trigger the thyratron at the instant of breakdown 1 )

4

i

to minimize excessive egeétrodg damage.
3) To stop application of the ramp high voltage upon . -
breakdown, and return to normal conditions.

s

2.3.2 Ramp Generator : ¢ : v

A block diagram of the circuit is ghown in

Figure 3.8 &Any one of 1l ramp ratesfcoqld be selected: \ —

-
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f & .
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 pf breakdown, fhe
relay (see figure3-8)would discharge the integrating .
capacitor of~the operational amplifier thereby causing

the output of tﬁe high voltage generator to fall té its 7 \

-— o1

quiesgent base voltage. This capacitor would remain *
shorted until a delay period xad expired and another

; \
pulse from the.delay\circuit would reset the flip flop,

I'e

opening the relay contacts shorting the integréting .
fapacitor, and allow that capacitor to charge at aﬁbre-
selected ratel Its output is amplified by a direct

coupled amplifier whose outEut was directly coﬁnected
across a 100&(2 nesiétor inserted in the output adjust-
ment circuit of the Brandenburg high voltage generator., o
The direct coupléd amplifigr is rqu}re@ }n 5§der.to

change the voltage over Fhe’complete rangé;of the- high
voltage generator's capability. The relatively sma;if
output swing of the‘operational amplifier would not be

sufficient to cause an appreciable voltage change at

- R |
the output of the high voltage supply.

2.3.3 Overvoltage Check Circu{; ‘ ; ’ ’ )

t

The burpose of this circuit was to prevent - /

e

the output of the high voltage generator from exreeding

some‘préspecified high voltage level if no breakdown had
Y . - .
occurred up\to that time. The front pénef was provided

with a number of such selections of voltadds fr %:5 kv

' o n

*

i
;
!
!
|
i
i
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would close, discharging it and a fresh delay period

.. -67- o

7

"to 30 kV in steps of 5 kV. The overview of its place

in the system is shown in Figure 3-9,
If an overvoltage occurred, i.e. when the
output of the high voltage generator has reached a

certain predetermined voltage level and yet for some

~reason, no breakdown had occurred, then the comparator

7
(see Fig 3-9 ) would deliver a pulse to the' flip flop

coﬁtrolling the integrating capacitor of the' ramp

generator's op émp. The relay bridging this capacitor

would commence. The inverting-zransistor at the out-

put of the time delay unijunction transistor was
4

necessary to provide the proper voltage polanit% to
reset the flip flop. vy

fhis monitd¥ring feature which prevents ex-
cessive voitages, is' realized by connecting the out-
put of the ramp generator's op amp integrator to the

inverting terminal of another operational amplifier !

\

which serves as a comparator (Fig 3-10). The noninvert-
ibg terminal of this operational amplifier is connected

to one of several preseleéted points on a resistive \
Y \

divider chain which provides reference voltages

corresponding to the various 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)-

!
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Initially/while the output of the integrator
is guiescent or is still rising the output of the compar-.
ator is positive,.at a’value.close to its p?sitive supply
voltage. At such time the voltage on the noninverting
terminals from the potentiometer selecting the particular

overvoltage level exceeds that\volF;ge appearing at the
invertiné terminal of the integrator. Because the output

of the comparator is positive, thé transistor T (Figure 3-10)
is "on" :

thereby maintaining 'the ‘capacitor C_ of the uni-

t
junction transistor in this circuit, discharged. ‘As the

output of the integrator continues its rise, it will "
reach the preset voltage~on the non-inverting terminal.

Immediately the output of this comparaéor op amp will

switch to 'a negative voltage close to its negative
L) . \

supply voltage value.. Transistor T\is now in its non-
conducting state. The unijunction transistor will theq
dgliver a pulse which will stop the ramp, begin the

time delay circuit by changing the staté of the flip

flop controlling its timing capacitor (Figure 3-11), SN
and this pulse will also cause a .counter keeping count

"

of the number of overvoltages to increment its count '

by one. e, ‘ \

2.3.4. The Time Delay Circuit

’

In order to create as identical cvonditions

[l

' as bossiBle for each breakdown event, the ramp voltage

"~

B



‘ot

B R R RO

G

R

\

should bé‘app;ied‘commenciqg at the expiry of equal gime
periods. The time base’used is a relaxation oscillgtor
constructed around 5 unijunction transisté} (labelled
UJT in Figure 3-11). At the expify of éhe preselected

delay period, the output pulse at its base was transmitted

to a flip flop and to an inverting transistor T, (Figure

3—11).wUpon receptioﬁdof the pulse, the flip flop (Ti and
Tz) changed states, causing T3, which during the delay
period had been off, to turn on " and discharge the timing

capacitor and maintain it that way until the flip flop

\

. i . ¢ ’
again changed state.. This change of state occurred @
whenever a breakdown pulse was received, or when an over-
voltage had occurre@. . . .

M {
o A
H
/ k] ,‘9

~ L]
W
1

2.3.5 Surge Diverter

—= The other unit which the breakdown pulse,

activates is the surge diverter - unit. The thyratron is

\

e he i e
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a hydrogen filled tetrode (Cx1140)‘manufaqtured by the
English Electric Company. This tube contains hydrogen
_ v to neutralize the space charge which would otherwise ] N
L severely limit the amount of current which it cou}d
| carry. Its peak forward voltage is 25,000 volts and its {
} recovery time is in the order of‘100 micreseconds. Its
’ . ' purpose was to protect the electrodes from excessive
pitting by providing a low resiséance path to the break-
down current at the moment of breakdown. It wa58:>iggered
at the instant of breéakdown by a voltage pulse which
appeared across the resistor connected between ground
and the bottom electrode. This voltage pqlse would

trigger the thyratron and reset the high voltage supply

to its base voltage.

2.3.6 The High Voltage Geperator : 2
The high d.c. voltage -was supplied by a (

Brandenburg Model 803. 1Its miminum/maximum output was

3/30 kv. Séability against a lOé mains change is better ‘ ,

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

at full load. Regulation to full load is better than

; 0.5% at full output.

N

2.3.7 Interconnection of the Control System With the

i ' High Voltage Generator

s ( % The power Suppl% of the control unit is - .

- floating with respect to ground. Wheq the output of
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the direct coupled amplifigr of the ramp genexatog ,
circuit is connected to the external control input of

the high voltage generator, the ground. reference of the

control system is about 240'volts below zero potential’ )
ground. This negative d.c. voltage shifts steééily as ‘
the output,of the high voltage generator increases until l !
it reaches about -290 volts when the output of the
genetator is 30 kV.

The breakdown voltage pulse from across
the resistor.connected to the bottom electrod; of the
test cell (see Figure3-1)is about 20 volts positive and
consequently it is not capable of triggering the various !
control circuits. A pulse d.c. shift amplifier corrects
this ﬁeficiency by bringing the lowest leQ;l of the
breakdown 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 tFansistor T of the amplifier is, in the
abscence of any breakdown pulse, in its "Off" state
because the output of the operational amplifier is
éligh;ly positive due to a d.¢. bias voltage on the \ -
noninverting terminal of ‘the op amp. Thus, point P
on the voltage divider arrangement‘is normally at =290 Vv,

the lowest value possible corresponding to conditions
-4

when the output of the generator is maximum (30 kV)

should that be required. When the breadkown is trans-

mitted to the inverting input of the operational

(R I e e b oat et d
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amplifier, the amplifier will momentariég switch to
-12 V, the supply voltage, and then back to its initial
Ftate. 'At tke‘instant of switching, éhe high voltage
transistor (T) is momentarily saturated. When this
happens, the voltage at point P drops to: ‘

350 x 24/ 34 = -245 S
Thus, the pulse has been shifted down to a level
coméaiab}e to the refere;ce level of the cqntrol sfstem
when the high voltage generator is éonnected to it.
This' output pulse is fhen connected to the.control
system where it effectively triggersvyhe desired
operation.

"
S C

2.3.8 Chart Recorder

All breakdowns were recorded on a Minnea-

.polis-Honeywell chart recorder manufactured by Brown \

Instrument Division, Model No 153 x 17-V-II-III-6,
which was linear in response over the range of 0 - 10
mV at its input terminals. A resistive divider chain

at the input to the recorder controlled the recorder's

A

input sensitivity set according to the varying range

of applied voltages which were used throughout the

b

experiments for the different gap lengths. Calibrations

for all settings of the resistive divider were made

!

using a PHilips D.C. Micrometer, model no. PM2436,

with Philips High Voltage Probe GM 6071.

N
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CHAPTER III - |
. . . .

APPLICATION OF THE THEORY OF EXTR’EME VALUE DIS-

TRIBUTION TO THE BREAKDOWN OF LIQUID DIELECTRICS
|4

The bfeakdown voltage of a s&mple 6f liquid
_dielectric is determined bydthe pteakdown voltage value
of th? weakest volume e%ement. Therefore its distribu-
tion ﬁay be regarded as a distribution of minimal values.
- ‘ . Let p(x) represent the probability density
of a population with 'an argitrary dis;ribution, and of

~ . sample size n. The sample values are ordered so that:

- - = 3
xl- X2—- .'.ﬂ'...-‘ -'\ Xn (l)

th

Choose a certain m smallest observation .

The probability of a value less or equai to£ is:
/ - X , i}
: mo
px=§ ) fp(,l,)dl S (2)
<00
P(xng

and the probability of a value equal or greater \_thanf p
L 1

‘called the probébiliﬁy of exceedance, is:

P (x _f\) =_[ z\)dl e

[

\

t ) On condition that the n values are inde-
‘pendent of each other, 'the probagility that 'k among n
future trials will be less than the observationlg is

given by the Binomial formula: . C,
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F(x )y = b|P(x), n, k] -

(} e [T

m a
/

By differntiation, we obtain tH%'density: .

o

___n_o____fp(l)d). rfp(/\)clk kp(x)

kb (n-k)} L[F0@ .
4 # -
nj — fb(l)dl ! fp(l)dlp("k’
(k-1] (o)l LFe0 7] X '
| SR ' (5)
/i S
“ (" c

If k=1 in the above equation, -then the probablllty dis-

f(xk)

fl

ﬁ

trlbutlon bf the smallesb value X, is:

“

m f
N ;
£(x)) = #i(f p(ad)™? poxy) (6)
" L
- :

1

o

Now 1 % the cumulative distribution functions
. . / ;
of p(x) gnd f(x) '‘be represented by P(x), F(x), If F(x)

i

- is the probability that the minimal value x among n in-

dependent observations is no# greater than x, ’

¢

£x) =n(l - Ex) )" pm) (7)

B - N

and hence

» n
Prob (X=Zx) = 1 - {1 - ‘P(x)} (8)

ﬁquation (7) shbws the distribution of the minimal

valueéﬁ whilét (8) shows the distribution function of X.

¥

v The exponential distribution is basic to

many physical phenomena. To obtain the asymptotic
- R I



Rl L S

- are also samll and negative (positive) and the qudtiénts.
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. distribution of the smallest values for the exponential

type, we expand the initial probab'ili_ty function l-e-ax,

th

about the m smallest characteristic value up- Since

'the probability of a value equal to or larger than x is
1l - F‘(x), we expect n [1 -‘F(x_)] values in a sample of
size n to be equal or larger than x and then define the

characteristic smallest value un(].) = u, by -
N e
[ .
F(u;) = 1/n ‘ )]

“Thus, With the initial probaility function represented

by P/ the Taylor series expansion of it about u is:

{
v -y 2 A
P(x) = P(up) +_Tfpm + j%l— Pt eeees F_(x-u }fpu l+ .
. ! \ m

»r

o

(10)

Where P(um) = m/n; Pp = p(um); u=u (11) :

1
> - i

) RARA
P(x) =nm + x-u + gx-uzz bt ceees (x=u) pm 1 +
n il Pm 2! Pp vV ¥
12)
Multiplication and division ﬂby (m/n) leads to: y
+P(X) = m + m(x=-u).n p m()’c-—u22.g ) ...+m(x--l.x)vnpu':,_l
e n n Il m'm ny?2} mpm n Yl
* . )
y “ P . or N 1
_m (x=u) _U'l : (13)
n / mm |
= |

For large positive (négative) valu/es{)he
variate, the probablllty density p(x) and the prob ility
1 - P(x) (and P(x)) are small. ' The derlvatlves p'(x)

\
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t

p/(l-P)/and p/P become indeterminate for large and small

-

values of the vagiate';espeq;fvelyy If this holds, it
|

[0
——

is proper to apply L'HOpital's Rule (54)5

1lim ‘ _EL)SL._ = lim - E:—Q.{l._ (14)

X900 1 - P(x) X400  p(x) :

lim p(x) = lim p'(t) (15)
e T

i

We can apply this to obtain successive derivatives of

-

Pp- Thus, from equation (11), we have
ﬁ LN

t .
Pp . Pp _ 0 , (16)
; S o Pm
. Pm P, ™ \
(A ] »
We wrlFe 1) g ¢

%

m 'm S ©(17)

Thus equation (16) may be written from (17) as: , e

>

p;n :%pm A ' (18) '

From (17) we obtain the first derivative in the ex-
pansion of_(l3f5 \
{
oyl
| (19?

s |
s

21

In the same way we obtain higher ‘derivatives. From

(1l6) we' see that: Iy

b = T 2 T
e

[ . ~
[S

N

ey

ket we

R e
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| B
Pn_= Pp : (20)

P KR !
with the same approxlmatlon as p:evxously used, further

d1fferent1at;1on gives:

i
2p_p! P2 ‘
p!""= m'm - np (21)
. | P P2
m m '
Dividing through by P, gives: - . )
s pll 2p p| p2 p’
—_a BN T.’l‘z_l_“_
Pn v Pppp PnPh ’
= 2ampm 1 2 ,
P m
. = 20X2 e &
m L]
-yl
Al ) am
Therefore p;"\ = %ai ' (22y ~

!

In general, it can be shown (see appendix II) that -
[

»

| v
‘ D_pg=c(, i (23)
B m B

&

By writing (V—l) instéad of (V+1) equation (13) can

_ be modified to read as: -

e

SR e o
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m /
|l 1.+ (x=u au (24)
. .

P(x) =

=3 )=

'We introduce the reduced mth smallest value Y defined

by: .

- yp, =X (x -up) SR

~
v

- as the digference of’ the mth smallest value from

th

smallest value multiplied By a factor

which has the dimension x-l. Thisfpransformatio of

equation (25) reduces the largest value in size

P{x)

fl
=43
[ el
+
(1]
f
[

m (26)

]
sis-
o

'This approximation- holds for any initial probability
function of the exponential type and for large x. The
distribution function becomes under the same conditions:

p(x) = 1. Xe (27)
The initial prébability P(x) and the initial distri-
bution p(x) ’'in the neighborhood of the .characteristic

smallest valﬁe tend for m = 1 to
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y =C11(x—ul> (28a,b)

Substitution of this pxpression into equation (8) leads

to the first asymptotic probability function:

lim' @ (x) ‘= lim {1 - [1 - e | 70 (29)
ny 0o ne0O, n .

\

Applying the Binomial TheoQFm with t = e¥

q)(x) =1-]1 -nt + n(n-1 t2 - h n-lA(n-2)£?+ .
! n 3 .

\ 7 o 2} n2 3} n

. B A Tl I R s
- o 2 3

[}

1 - exp.(-e¥) , (30)

IQ}(x)

,¢(x,) = exp (-y-e¥) : y =, (x-u;) (31la,b) .

ang,

{ - :
g

The probability ané distribution functions of the

w3

reduced extremes are parameter free. Equation~(3d) is

AN

;

%l ‘ chlledathe first asymptotic distribution or the first ~

§ r asymptote. It is also called the second double ex- ¢
% ponential distribut?pn. ,

i ‘ MomentsAcanlin geﬁeral be used to describe
'é ’ the shape of a distribution. -For example, the first

(,} ¢ moment tells' us the average‘valﬁé of the random value;

!
\

E% OF
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the second moment aﬁoup the' mean tells us something./¢‘““;“iff‘\*\k§rl b
about” the spread or dispersion of a-distribution, i.e.
. how close one can’expecE the random variahle to be
T, near the megn_ The third moment ;bout the mean is .
used to describe the symmetry or lack thereof /skewness) ‘
of a probabiliéy distribution. - o H ‘
Thﬁs, té estimate the parameters of this

éistribﬁtion, the moment generating function is deter-

mined. (%) oo
ty (-y-etY) by - - ’
G(t)=feyey dy=[eye eydy
n \
-~ O -ﬂ)n

[

By the transformation.e ¥ = z, this becocmes

.
)
.
- .
»
R B}
-~ \ ” L g
.
v

© K
= £zte_z zdz . .- -
2 | :
= [a+y T e "
J 5 % . »
Instead of the usual standardization of f >
‘ variates, the following linear transfprmation is ém- \
/ ployed: ‘ n' .

) y= Q-8 EE
Wheré }3 is an average éf the same dimension as x - o
and I?tz 'is of the dimension of:x. Consequéntly y
has 'no dimension; y is called the reduced variéte,
‘wHereas‘x is called‘the initial variate.
Any function may, by éppropriate substitutions,

‘ *

ge made linear. An advantage of doing this is that the

Wﬁiwzma- R
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,
question of the acceptance or rejection of the proba-\
bility function may‘ be settled by mere inspection.
After the observations have been plotted, a straight’
line may be ‘drawn provided that the scatter of the
obserAvétiOnsvis sufficieﬁtly small. |

The method of least squares is applied to

the linear reduction of

x= M4 + ; y'=cux-"> (34a,b)
Rrg @ s

The criterion of least squares selects these values

of aﬂ andﬁ in a way which makes the square of the

L

horizontal distances a minimum (47) .

3

i:[‘xi : (bl +_§:i\]2
a

214 1
1-1;*? .

¢

The ﬁuantities a; and bl are the least squares estimates
of (X and B . Differentiating partially with respect
to bl and l/al, we obtain:

n

Lo ‘ Z-Z [xi - (b +li)] = 0 (35)

a
i=1 1
! and n .
!
R ,Z"zyi [xi e (bl + yi)] =0 (36)
. a ;
i=1 1

Coniequently from (35)

w”

o T

o AR

e o
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=
. M =
®
[N
{
e
" M =
7~
o
'p_l
A+
|<
[N
1}
o

1 1 al
n - n
Z x; = nby -Z _y_l. =0
i=1 1=lal
After dividing by n:
X, = bl + _z& .
41
Similarly from (36) we obtain:
n n ‘ n s
: 2
ZHH‘H2Y1+12¥
i=1 i=1 81i=11
The solutions to equations (37), and 38) are:
1. (xy), - oxg ‘

3 .
" n

Where . n. R
= c G2 L 2 _
xo_—]-'-—zxit x-_ll-).__in;sx_

T3 i=1
n _ n
- 2 2
Vool ¥y, vo=Ll) -
n n 1 n n yi' dn
A i=1. i=1
== = 1) Xy,
(ﬁy)n =5 iti
i=1

(37)

¥

(40)

The foregoing minimized the horizontal distances. &

.
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second set of equations, can be written minimizing the
‘vertical distances, i.e. 1in this case we seek  to
minimize ' ‘

n

}: [91 - a;‘xi - bz’] 2

\

°

where a, and b2 are the least squares estimates of (Y
and‘zg in the relation y =C1(x—/3). Followinglthe
same procedure as before we partially differentiate
with respect to a, and b2 the equat}ons:

Y, T 8%, - azb2 . (42)

(xy) = 8 % = aybyx i (43)

2 ' ’
i - Sx . (44)
2 ——
(xyly - xoxn «
X, - b, = Y /ay ©(45)

Each solution reéuires the knowledge of fdur averages.
&he mean Eo and the standard deviation s; of the - . /
observations have to be calculated from experimental :
data. The ave}ages ?n athTrlof the reduced variate

depend only upon the number of observations and can : /
be calculated for all coﬁditioné. However, the cross

t

Fedoed o
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producuxy)nwhichoccufs in both solutions depends on

both the experimental .observations and the number of

observations and would have to be calcdlated'anew for

1

each series of observations. To eliminate the calcu-

A

lation of the cross-product, define new variables a,.

and b by:

1/a =V 1/(ala2) (46)

|

4

- _ 7
X - b -' V(xq - bl)(xo - b2) (47)

Thus, when equations (39) and (44) afe multiplied
together,
1/a =s./tf , (48)

\ \

1

Similarly, when (40) and \(45) are multiplied together

. the result is:

b=x - (y,/a (49)

These estimates in (48) and (49\ require 6nly the \
knowledge of the sample mean and standard deviation.
and the population mean §n and standard déviation d n
of that populatioh.

The mean of the reduced extremes is found-
by taking the first derivative of [ (l+t) for t = 0.
Taking -advantage of the derivation gﬁ?en for rjl(l)
on page 39 of reference (43)

1

Mo =-y (50)

[ A
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b 4
whereTls Euler's cons&ant { 0. 57721...‘) Tﬁis is
‘the first central moment of the reduced varlate The

second moment is given by ;)

Fw <72 v qe (51)

Th'erefor'e, the standard deviation 6f the reduced variate

is: . \

- - _ s
dn= n _Y%x

y oo y’r?' + 7T2/5 _72

< A ey

. \
,Substitut}ng these results into (48) and (49), we have:

1/a =V6 sx/n' ; b ,'—'; - (T/a) (53)

o

\ NG 4 N ‘.
Applying this to the reduced variate defined \in (25),

with m =1 we have as a préctical result:

al = 7T/V’Z Sy ?nd u; = ;o" ('\/:S_s};?’/ﬂ')‘

' - (54a,b)
A

The exiaressions for the second and third

asymptotic distributions of reduced- smallest values may

.be obtained by logarithmic transformations of the ex-

pression for the first asymptote.

W
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[ - 'The second asymptotic distribution is =
obtained in the case where.-the initial distribution
is of the Cauchy type (55). Following substitution in
equation (30):
CI]} X - ul) ='c(—logez + logevl) (55)
’ 4
" where z is the variate for the second asymptotic dis-
tribution and ¢ and v, are constants. So that the
v expression for .the second asymptote of reduced smallest

N - values is:

_ B 1P

]

N
1 - exp(-eloge(vi/Z))

1 - exp [_(vl\/ Z)C] ; (56)
vy < 0 z =0 c >0 !

and the dehsity\is obtained by differentiation: '

1

\

\\ D) = /vy (w72 Yexp[ - w0 57)

{
i

The expression in (55) means that the }ogarithﬁéﬁgﬁf B
. a (logari;hﬁiccextrghe value distribution are extreme ’
value dis@éibﬁted (76) . The parameters which ares
"calculated for the first type of extreme value distri-
bution can befused in. the s;cond type. From egquation (55)

we have:

+

. ( . o \
I3
4 . :

' = ThUS, o ) ’

Y N

,Cll(x - ul) = rc(logez - log vl)

-

&

R
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| Loug
‘ e - 1 =
x 1 = "¢ ul \log v, or e vy, (58a,b)
For both the initial distributions of the

first and second asymptotic distribution, the variate

4

» i's’unlimited. However the\initial distribution for the

third type of asymﬁtotic distribution given by

1 - u/&-E)k where € is a lower limit to the left in
that x= € . To obtain an expression for‘the" third
asymptote, which is also kﬁown as the Weibull distri-

bution, we make the following substitution in equation

(30)| Ref. (55)

x -€
v'-€

&, x-u)) =k log, (59)

The parameter € represents the lower limit on the
value that x can have and is called the location
parameter whereas v'-€ or simply v'is called the scale

parameter. Each is so named because of the efféét‘th?y
have on the distribution. We have then,

" log_ |% -€ |k
‘3<b(x) =1 - exp[-exp ‘ e \V'-€ ]
i N B k ,
] x -€ |
=l- exP-[ v--e] ) (60)
with conditions x=€; v=€ ;' k> 0

Parameter k is known as the shape parameter and can be ,
estimated from the symmetry or skewness of the sample

values.

. The density of this distribution is
Ty /

o
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s

\

s ' € k"—l’ u J
. k' L2 - _x—§
: 3¢(x) = Vv -€ (G’—‘é“) exp [v’-—e] (61)
&

The sample moments are used to estimate

g5

the unknown parameters of a distribution. For non-
negative variates, the calculation of the population

moments about the origin and of integral ordef q is

. -
Al

given by

H “
!

- 00

xd = jxq £ (x) dx o s (62)
70

where f(x) is density of the distributibn of the random

variable x. Applying this, the reduced moments of order/_

. q are:
, 00 ) .
k-1 k
x-€ |9 _ x-€ |9 k X~ _|x-
, - '—[ (V-E vE g V= exp v dx
. 7e ” 63)
Let x -€ =9 so that dx = (v'—é 7)d9 . Consequently,
: V- ) : i
v \ the right hand side of (63) becomes

¢

‘ kfe k +4q -_lexp( —ek)db ' (64)
I :
‘ 7 Let ’e‘k =C . Therefore . | | g gre
, | 20 YRR
\ : al s lg
) ' 80 that : n ] o
. o afrg = aliwly ;

'As. a result of this fra{nsformatién, equation (64)

\ L.

|}
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f C(q/k) + lexp( __4) d{
[}

© =93~

becomes

3

The variance 1is

gl=w-€)° Fu + 2/k)

=(vr-€ )2 r(l+ 2/k)

The estimation of the parameter

/) ﬁlii«3’3

[{(q/k)exp 'C )d(

k

y b= r(l + q/k) . (65)
Whenqe, |
(x -€)% = (v-€1 [+ am (66)
“"For q = 1, thé\Mean is:
x =€ + (v -€) Rl + 1/Kk) : (67)

[(v--e> M1+ l/k)]2

2 |
r (L + 1/k) [ (68)

3

is done by calcu}atind

'the skewness of the sample. Skewness is defined as (48):

(69)

where /-L is the third central moment and d is the

. standard dev1atlon. Thg expression for the thlrd central

moment is determined by the use of the relation

=E(£ -3

<

A,
B

= '-3#'[_[_2 +2[,L3 (70)

where E denotes the mathematical expectatlon of the

random variable gs [L), [L denotes the average and

‘lr denotes the rth

from (66) we have

moment about the origin. Thus

(71)

1“3 = (v'-€53F(1+3/k) - 3(v'-E‘)3r(i+l/k) r(l+2/k)+‘

4

2(vt€ )3 3 (1+1/k)

&
3
#
4
:
£
¥
¥
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Hence, the.skewness as defined in (69) is:
; ‘ " . {

A

. | ;
Ca eazky -3 Do M sazny - 20 1 +1/6)
Ll ‘
\ [["(1 s2/k = [0 a1/ ] 3/2

(72)

)
’

Once the skewness of the sample of breakdown voltages hés
been determined, it is possible to solve for éhe root,
(1/k) » of this nonlinear equation by means of Aitken's

|
‘A? method. This method consists of the algorithm (128)

(% 4y = %pyp)
! er“ - 2% n+l‘k

(73)

Xn+2 ” z*n

#&

Mhere r is the exact root. To make use of this iterative

method, the nonlinear equation (72) has to be brought

into the form of: o /

X=g(x) - o (g4)

For this purpose use is made of the identity

aftay = [taen - (3

£

co

Thus, .
- 3 ’
T s ala v Mas s 2Ma+um

S

k Pk’ [Zk I (2/k) - Fz(’l/kq

P

with 1/k representing x in (74)

'
syt et

r&‘ ﬁ - @‘WM’F’“‘“M
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After employing an jinitial starting value
/of 1/k, successivg inte;ations of the recursive formula
of (73) converges to~a root. An initial estimate of 1l/k
by using the table on\page 282 of (53) speeds convergence
and helps avoid instability problems which arise“in the
computer calqulations when ékewness is small and negative.
Once 1/k has been determined, the scale‘and
locdation parameters,lnamely v'dnd € respecéiyely, can/Be
estimated. ‘ |
° , vi-x=v-€ - (v-€) [ 1+ 1/x)
(v =€) ‘[1 - [Ma+ 1/k>] - (78)

i

’F}om (68) . . /
. 2 1/2
0= v'-€) [ Mo +20) - [ a+ 1/k)]
5 - |
‘ T o (79) "
Dividing (78) by (79) yields “ ]
-x = 1= @+ 1k | 81)

v -
a (ﬂl +2/k) =L+ 1/k))1/2"'

So, the scale pérameter v, cénfge estimated as
1= [T+ 1/k) (81)

vz X +

'

Wwhere J here represents the standard deviation determined

o

from the sample walues and k is the shape parameter., .

/

[P+ 20 -2+ 1/0] Vil

/

/

,
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. - ’ The lower limit or location parameter€ is
estimated from (67) by employing the estimate of v'just

determined in (81). Thus,, . s

’

x=€+v [+ 1k -€0+ 1K

5 | . =€[' 1 - r‘(l + l/k)ﬁ] + v r'(l + 1/k)
‘ Hence ' }
) € = ;(- ",V'P(l + l/k) (82)
, l.- r‘(l + 1/k)
e
i'ut:). .

In this chapten has been derived the

-

distribution of smallest values of N samples, each-of

size n taken from a pareént populatlon whlch has an

"exponential distribution. Then by appropriate 1ogarathmic

' ‘ transformations of this expression there were obtained
., | expressions for the' second and third asywptotes which
have’theCauchy and the "limited" distribution as their
1n1t1al ‘distributions: respectlvely (56) . ‘

We are 1nterested in the distribution of
the sméllest values of 4 sample size n, which iq our
case, ;érresponds to the results of ;nelexperimental

y run at a certain eiectrode gap length. According to
the extreme yalue\probability thegry (the stability
postulate), where an asymptote exists, a sample size n
taken'frém the parent populatién, will also haye“the
% ‘ . samé asymptotic distribution as the Nn‘observations
that could otherwise have beep carried out. The

practical advantage of this is that results obtained ‘on

1
S ‘
. ) S
’
s
Y i
\
. 1
/\‘
. \
Q
- ' -
’
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a scaled-downed model, say of a transformer , can be
transferred tp the corresponding arrangement in the | ‘ ;-
.actuai transfprmer which~{s N times larger. -
If the voltage breakdown distribution obeyed
“the normal law, such would not be the-case (152). A

i

Of the three extreme value distributions L s
of smalléét value considered, the third type which is also

cailed the Weibull distribution should be expected to

yiéld the most fru}tful results in breakdown measurements

_beause ifs variate has a\lgwer limit. Physically this

is analogous to a min;mum voltagé below which the;e are .

no breakdown voltages. .

et

P
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. CHAPTER IV

d

RESULTS AND DISCUSSION OF RESULTS

4,1 GRAPHICAL COMPUTER PLOTS ,

If the actual probability of occurence of

a particular value of a random variable could be deter-

mined, then the cumglatiVe distribution of thig obs;rved
distribution could be gonstructed. If 'there is a theoreti-
cal distribution whichiis thought EB adequatelyﬂdescribe
the observed distributioni then their cumulative distri- -

butions may be compared by plotting one against the other.

’ v,
If the two distributions coincide, the plotted line will

lie on ‘a diagonal between (0,0} and (1,l1). The degree
to which there exists a lack of this coincidence will be
characterized by a skewness in' the plotted line. Thus,

a graphical jplot willﬂgiQe a visual indication of how

adequately the chosen distribution describes the actual

distribution of the random variable.
The~bnly wéy of experimentally determining

thélactuhl«probability distribution of the breakdo&n volt-

W

ages is to examine a sample drawn at random from the
population 1155)” Suchié sample yields a somewhat diffuse
imagé of the parent population. The sharpness of this A
image depends entirely on the sizelof the sample (155)._

Indorder to do téis, a set of breakdown voltages

.

[ N NN WU W S Py gw;: P
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where i is the rank number of the breakdo

-99- »

from an experiment: is coasidered as a random sample .drawn
from a larger population whose values ?ave not been ob-
tained. The probability associated with each breakdown

voltage value is found by ordering the breakdown values

from smallest to largest, as was done in eéquation 1 of Ch.3

. - -
so that: xl.: X, R PETEEE T2 SPPYR. S W (1)

where u represents the rank number and h is the sample

size. The ratic of u/n is the relative order number of a

one dimensional random variable of x. The probability

' of having a breakdown at a value equal to or 'less than

X, is equal to this ratios i.e. .

“Prob (x % u) = u/n ) (2)

’

This formula would be precise if the sample size drawn
were infinitgly large.' In such a case, equation,(lﬁ9would

say that the last value in the ordered set would always

occur: . , N

o

Prop (xn) =1
However, the sample size in reality is flinite and there
vexists the finite probability that breakfown will not occur.

This is accounted for by writing l

( | F(x;) = i/(n+1) ~’

’ e
wn voltage, and

n 1is the total‘pgmber of breakdowns. (NOTE: In accordance

with the procedufe followedhby Gumbel and| Goldstein (59),

breakdowr values that were identical for all practical
i A §

’

ndz, - Py et o 7
T
m}_‘(”,ﬁ, oF
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|
purposes were given equal rank numbers.)
The quantity P(}ij is calléd the plotting
position (156) because the observed values of x are
plotted against it. The error introduced by‘tbis pro-
cedure diminishes as the sample sizq increases.
The distfibution functions which were chosen
were the three types of extreéme value distributions
discussed ;n Chapter III (see equations 30,56, and 60
in Chapter III) aﬁd the log-normal. Choice of this
latter distribution was included because it hag found
application in describing the distribution of themlife \
time of rubber’ tires(76). Us&ally, there is no ex-
plicit reason indicating why a part}cul?r distribution
‘should be used (67) , the best thing to do is simply to .
try it. .

1 *. In order to carry out the graphical
evaluatibn described, e;;uatio‘t‘ms 30, 56, and 60 of , )
Chapter III were transgormed for the purposes of p;bttiﬁg \ h ‘
by the following methéd which is deﬁonstrated for the '

first asymptotic distribution function of smallest values

.(équation 30 of Chapter III): :
‘ e . al (X'ul) . N :
léb(x) = 1 - exp (-e

- lé)(X) = exp(-edl(x—ul))_ | I
1oge [l - 1<P(xﬂ o= —exp(c§(x—ul)) g ,

lOg( 1. zexpa (x-—ﬁ) ’
[T o T

g B
/ s
'
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60, Chapter III) we have, respectively:

5

1]

) " ln 1n

¢ In (

- x_eb
k 1n -

N 1- ;@ | ﬁﬁ v E{

- ‘where x represents the breakdown voltage and the ) ;

-
=
'—l
o 4
F
)

: s

constants ¢, vy, v', € and k .are the same constants as é" ,

\' N 1 ’g K}

determined by the method in -Chapter III. . A
The suitability of the log-normal distri-

bution for the purpose of representing breakdown values wa ‘ \

also examined. This distribution function'is given by:

\ nlw) =, ' -
) 1 -1/2 u ' ' \
. P(x) = == e du (8) e
N2 1T Ze0 ‘ ~ -4
., : log x - Ug
where ) h{u) = Cf
. , e‘\ "
x = the breakdown voltage. values
\ ‘~ u, = the mean value ofi, the logarithms of -

~breakdown voltages | \

the standard deviation of the logarithms of

—~—
Q
L]

breakdown véltages (77) .




The 1/V5' factor appearing in (1l) and not appearing
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\ s
« . \ .
In order to calculate P(x) on the computer, advantage is

taken of the fact that the error function is part of the
Scientific Subroutine Package available on the IBM computer

system .at McGill. The error fg{btion is defined as:

2
- erf()) = 2/\/ "L dA- , (10)

Consequently, P(x) can be expressed as:

/'\/_277_[ -1/2 u?y +1/'V [ -1/2 uvlay

(11)

P(x)

= 1/2 N 1/2erf (uV2) (12)

in the expression defining the error function (10) is
accounted for by observing thailthe substitution ofA.=

u/Wé; irito (10)' produces a factor of ;/VZ in the resul;

. : \ ,
tant new differential that is substituted for'du'into ‘ J

(10)- Te be able  to plot the log-normal distribution
on the same set of axes as the p;evious three distri-
but&ons; for purposes of comparision, tpe distribution
must be-expressed in the form\of lnln(i/l-P(x)) ss
before. Consequen@ly (12) is simply transformed by
writing -

| N ) R _1
1nln [ L = inln 1/2 - l/2erf(ufv;J
'L 1 - P(x) .

| (13)
From all this there'result four'sets of points
produced from assumed distributions all to be plotted
against a fifth set of points produced/from actual ob- ' ¢

servations] This is set out in the following Table.

‘
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o TABLE 4-1
\ \ »
RELATIONS PLOTTED
' 'l o] extreme
alu
ln%n 1 - F(xi) Inln 1 - . (x) v e
' . Type II
L 1nl 1 extreme
. nln o _ F(x,) nin o - zqsun value
) 1 Type III
. —_t Inln - (Weibull)
Inln ) px,) 1 - Q)
. N l ‘ ‘ 1 Lo —
- g
/lnln 1 - F(xi)\ Inln 1=~ P(x) normal (

p
! -
. l 1
A \ . }
!

‘where F(xif rpresents the actual distribution of bqgak— ) ‘ l
\

down voltages. . ‘
An example of the resulting plot for experiment no. .
. 25 is shown in Figure 4-1l. mhe compu%er printout aléng the
! ordinate axis shows 1lnln 1/(1 - F(x)) . where F(x) signifies-
the actual observed probability distribution, An auxillary
scale alongside the ordinate axis indicates F(x). Similérly a
cpmpute} printout along the qbscissa displays 1lnln 1/1%- P(x)"
where P{x) is the theoretical Qistribution. Ah auxillary ‘
; . scale alongside thé abscissa shows P(x{. The value of this
t?pe of plot lies in the fact that it has magnified the ends *
-/ v of the distribution. Often 4t is only by examination of the
tail of a distribution th;t it can be aCCurate%g deter@ined

which theoretical distribution provided tﬁe best fit of the

t
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! \
data. A.similar plot is shown in Figure 4-2 for a typical
experiment but without the '+' symbois sho&ing the position
éf the line ‘corresponding tolbﬁﬁ actual distribution. These
"have been omitted to prevent "cluttering"” of the plot.

Instead, a line was drawn to represent the line that would

have been drawn with the '+' symbols by the computer.

From both these graphs it can be seen that the

.chosen distributions which best represent the breakdown values

observed are the l;g-normal and the Type III extreme value
?istribution. The first asymptotic distribution. (repre-
sented b% **#') is noticably skewed. The second asympto-

" tic distribution despite its similarity of form (Type II)
(represented by '#') does not fit the observed distribution
function at all, but instead liés far to the right of the
graph, off the diagonal. These results were observed con-

sistently for all plots made.

4.2 GOODNESS-OF-FIT TEST '

A more precise answer to the question of
how well the various assumed distribution functions corres-
pond to the actual distribution is obtained by application.

of the Kolmogorov-Smirnov Goodneés—of—Fit tesE. The

' statistic used for this significance test is the maximum

absolute deviation of the assumed null distribution

' functibn F (x) ( which in our case is fb (x), §P (x),

o)
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3@(x) of PLN(x)) from the sample distribution function

- F(x):

’

D = max |F(x) - F_(x)] (14)
0 < x<00

This can be represented graphically by obtaining the,

value ?i = Fo(xi) for breakdown vpltage X4 cof Fhe

sample and then ordering the Yi\from smallest to largest,

A "staircase" gﬁn then be plotted of the points /Yi,i/n)

where i/n repreients the probability of Yi according to

the reasoning in eq. 2.,(91 ). A diagonal is then plotted

consisting of the points (Yi’Yi)’ The maximum absolute’

deviation between this diagonal and t "staircase" for

some value of X, furnishes the statlﬁZic of eq. (14). For

each size of deviat%on there is a corresponding probability

that the particular observed distribution could have arisen

as a set of N independent samples from the assumed distri-
|

bution. .The details of the calculation fequired to deter-

mine this probability is set out in Appendix IV.

If the resulting probability for a particular
maximhm deviation D is 0.05, then it means 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 léast 0.95 of being right, and
a probability not exceeding 0.05 of being wrong. The
probability of being ‘wrong about such a conclusion is

referred to as the test significance level {(27). The

[ TUN
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decreasing significance levels mean tha£ the breakdown x%
vglues ;re being better fitted by the particular dis£r17
bution function chosen. ' o
A sample computer plot showiﬂg the diagona}

o;"staircase;"aSSOCiated with this gooéness~of-fit test

for experiment no.‘13 is sbown ianigure 4-3. The largé]‘
number of minute steps that would compose the "stafrcase“‘

of‘a parfectly fitting distributiom are represenfed by a .
straight line drawn as a diajonal. The goodness—of—git

test results for this experiment are shown on” the graph.

4.3. THE CUMULATIVE HAZARD RATE

' If we wish to know the probability of failure
of items éhat have -survived up to point x, for some .
additional increment X +[§x, this is obtained by use of the
hazard function which is defined by (78 ).

hix) = £(x})/ 1 - F(x) (15)

,\where h(x) - the hazard function &

f (x) the probability density functfon\ . J

4 b

1 - F(x) = the survival function

The hazard function in the present context refers
to a probability of occurrence  of " breakdown stress,

after some past history of applied stress. This function
m ¥
is also known as: " . |

-
U

1. The indtantaneous failure rate of a distri- <

bution

e

e sliaguic,



e LT W
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. . Fx) = 1- e H , (17)

-110-

R

2. The COndiaional failure rate

* 3. The intensity function

4. The force of mortality '
The quantity Ax . h(x) is the probability that a vol-
tage value known to be equal.to or larger than x will
be situated between x and x 4—[34(. This is known as
the hazard rate (58). The sample cumulatiye hazard
fanction, based on the sum of conditioaai probabilities
is approximated by the theoretical cumulative hazard
function, which is the integral of the instantaneous

fairlure rate. ConseQuently the cumulative hazard rate .

is (76):

X
f L) gy -fh-(—x)d:’c
x) 1 0 .

- F(x)
-loge(l - F(x))(16)

]

Thus, the relationship between thefcumulative dis~
‘“tribution and the.cumulative hazard function for a distri-
bution is:

The sample cumulative'hazard function is used because it
smooths the data better than the instantaneous failure rate

The advantages of u51ng hazard plottlng compared

to a probability plot are {80 ):

G e —u\'»'/ e sanl 6= AT il s A e ! ot M S i 2
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(1) The capability of readily handling arbitrarily )

.‘ . : ) céﬂ;ored data. In the exper&ments which were

conducted, the voléage was raised until break-

\ ) down occurred. Suppose this voltage was allowed
to rise only to a certain pre-set maximum. If

no breakdown occurred in that interval, it

would only be known that the breakdown voltage
for that particular instance was beyond the

maximum possible voltage. In such a situation, <

that voltage level would be referred to as

v

. < "censored". This would be useful if for ex-
ample a "conditioning" procedure used involved
prestressihg the liquid die;ectrié by a train

of ramp voltages which were gr;dually indreased ’
in magnitude over a period of time. In such-a
case a breakdown(&ould not occur with everyl “
VOltage'application. . |
(2) The ability to obtain staﬁdaid probabiliéy
statementF directly from an'auxilar& proba-
bility scale which can be readily computed. : )
{3) Determination of the instantaneous failure raté b
. . which can be found by.drawing a tangent to the
cumulative hazard curve.
Y The ?méirical cumnlative hazard values ané plot can be
ob£ained by considering any‘twa“conseéutive breakdown
)vol;ages/xi and Xie1 with x. , > X The corresponding I

s
7
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s

can be: obtained for the discrete voltage distribution
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prdbabilities of breakdown F(x) are:

i+l
b . = i : F'(X- ) I cm———— (18)
(Xl) ‘—---——-—-—N T y i+l SN+ 1 u
Consequently h(xi) .[Xx = F(xi+l) - F(x;74~>1 : .

e

>

1/ (N41) |
The denominator -in equation (16}, 1 -~ F(x}.1is given for
the purposes of computation as: ,

» .-
.
\
\

1-F(x)=1- (i/Nt]) =N +1 =i 19)
' , N+ 1 o
Consequently the computational form of eq (16) which' . .

obtained experimentally is ' :
) , ~ 1 . ‘
Y h(x.) ’( "‘ N
H(Xi) ) Z - ’ | .
l - F(xi) r&\ 1
i=l o . ) 2 R .
- , n L

The quaﬁtity /(N - 2-+ 13 where N = samplé size, i =
rank number of the random variable (breakdown voltage)
(seé Section 4.1) éé called the hazard.value.

The cumulative hazard rates of the various

assumed probability distributions uhder,;nvestigation

can bé obtained by applying equation (17) to eguations
\ . :

5,
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30, '56, and 60 of Chapter III. Thus expression of the
. -

cumulative hazard rgté fof:ﬁhe first, second, and third '
\ {m et -

o

(asymtotic distrtbutions:

JHx) = Clix —(ul) (21)

JH(x) = log, (v, /x)° , (22)
JHx) = -log_ ((x-€)/(v€))" (23)

where the constantsCIl, uy &l,k,b' and€ are the same
as those determined in Chapter III; x is the breakdown
voltage. An expression of the cumulati&e hazard rate for the
{

1og-norma% distribution is directly Sbtained by éppli—c

cation of equationt(21\ and the‘log-noxmal distribution{qgiven

§

e o

by egs.(8) and (9)) , 4 N , {
Hg(x1 = =1n - [1 - P(h(u))J (24) - \
" where h(u) has been defined in equation (9).
A typical plot of the cumulative hazard t \ ’

rate against breqkdown voltages for’the probability
distributions is illustrated in Fiqure 4-4. fhis is
from experiment no. 13 whose graph of inln/[(l-F)_l]
was shown iﬁ Figure 4-2. Thé actual cu%ulative hazard
rate calculated for an experiment is represented by '+'
How far the oth?r curves lie from the curve of actual ‘ }
values again inﬁicates the lack of(suitability of the ‘

’ paricular distribution function as furnishing a statis-
tical description of the bregkdowns. ;

| fh\\ I \
fA
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K ’ An estimate of the instantaneous failure

rate can be obtained for any breakdown value shown

on the abscisSa}by drawing a tangént to the curve
represénted by '+'. 1In all cases it could bé seen that
the failure rate increased with increasing yoltége.

- N t
' "

4 .4 'FREQUENCY OF BREAKDOWN VOLTAGE'PLOTIS ‘

4.4.1 The "Pile of Sand" Technique

The method by which density?plots show the
relative frequency of breakdown voltages were obtained,
can be understood by picturing a straight line with

points representing bréakdown voltages randomly, dis-

&ributed on the line. 1If a small pile of sand were

deposited on each point, then the individual piles woﬁld '

- quickly form a ‘mound where the points are more densely,

.
e e Arwreh T g . s
- R R R P

clustered aloﬁg the iine. This method of plotting density
is realized by the use of the Fortrén fﬁnction 'AMA*I'
whiqh funqtions‘in'the samé manner as our figurative
"pile of sand",because a plot of it has a triangﬁlar
shape. To make sure that the deﬁ;ity plot would be an )
analytically useful tool,care was taken to scale the ’
"pile of sand" so that their sum over'the entiré range

[
of breakdown voltages is unity, thus satisfying the .

requirement

v -’ ]

“n i arwbudfoe Il e L e A

—
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© ~ S
, E:f(xi) =1 - ,

' i=.L

These summations weré carried}out in double precision.

By varying the écale parameter, the "spikiness" of the..
"pile of sand" and thérefore the sensitivity or coarse-
neés of the plot could be controlled. This scale para-
meter is chosen'By experiment according to which |

/

value yielas the best result,

1

/
1

4.4.2 The Pearson Sysfem

The density fﬁnctions of many continﬁousf

v o=

distributions satisfy a differential equétion of the

form

. X —;t . f(x) (25)
' (X\) = ¢ ! j:’(l\,;‘ \
CoX + CiX +co N

Ay

J

where t and the c's are constants. It‘caﬁ be shown that
the éonstants.of the equation can be eipressed in terms
of the first four moments of the density function, if
these are finite (38). The solutions are classified
according to the nature of the.goots of the equation
c, t+ Cyx ¢ c2x2 = 0 and in this way a great varjety of
possible typés of dens§ty cﬁgveslare obtained. fThe
éetails of the "Pearson System" are set out in Appgﬁaix V.
R A program suggested by Prof. Marsaglia
was applied tg the breakdown data,(§ee Appendix -V,
subroutiné PRSPLT) . Thehresults fér ekp@riment no. 25

and 49 are shown in Figures 4-5(a) and,4-6(a). These
( l
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may be compared with the corresponding dens;ty plots
obtained by the "pile of sand" technique which are

shown 1in Figures 4-5(b) and 4-6(b). 1In both cases, the
curve obtained by the Pearson System describes an
'envelope' about the more precise "pilé-of—sand" method.
The Pearson System also yields the constants of equation
(25) thereby permitting mathematical expression of the

envelope. .

4.5 Conditioning

| The basic difference distinguishing the
method by which results were obtained for experiments
nos. 1 through 24 from those obtained for experiménts
25 to 50, lies in the method of "conditioning" (Section
1.3.3). For the first series of. experiments (nos. 1 to
24) the method of Bulke (25) was followed whereby the
gap wés initially set to abdut 1000 microns and then
stressed by about 3 kv. Thk gap was then graduélly set
to the desired length over a period of about one-~half
hour. \It generally to9k about an hour more before no
further breakdowns would occur with the voltage across

the gap at 3 kV. This procedure was changed for the

second series of experiments (nos. 25-50) by commencing
the‘experimént immediately i.e. applyipg'}amp voltéges

and recording breakdowns, immediately after the gap had
been set to the desired length. 1In this way, the effect

of conditioning would be included in the ohservations.
1
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The effect of conditiofiing is demonstrated for
exéeriments nos. 35 'and 42 i? figures 4-7(a) and 4—7Fb)
respectively which grapﬁically portray the data shown in
Table 4-2. Each of these experiments has been divided
iA&o £Hree segments, each segment containing about a

third of the breakdown values for the entire experiment.

An average breakdown value was calculated for each

f
7

segment. Thig result is represented by the broken line
on, the graphs of figures 4-7(a) and 4-7(b). This calcula-
tion was repeated for the same experiments but witﬁ the
first few breakdowns ignored: 8 init£al breakdowns in the
case of experiment no, 35 and 10 for experiment no. 42. An
average breakéown 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 breekdown strength upon the'occurrence qf an

initial few breakdowns. ; ‘

TABLE 4-2 ¢

EFFECT OF CONDITIONING ON BREAKDOWN STRENGTH

A

Exp. no. B.D.no. avg. B.D. vol. B.D. no. Avg. B.D. vol.

(kv ) RV
35 1-33  10.510 | 9 - 38 10.96
34 - 36 10.99 : .39 - 68 11.%6
67 - 99 ©~ 9.89 ; 69 - 99 9.84
42 1-29 5.17 : 11 - 35 5.25
30 - 58 4.99 } 36 - 60 4.89
59 - 87 5.18 | 61 - 87 5.25
Y
B.D. = breakdown vol. = voltage

|
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TABLE 4-3

i
<

AVERAGE, BREAKDOWN STRENGTH PER ONE THIRD SEGMENT OF EXPT. (kV)

exp. no. Gap Ramp Rate  1lst 2nd, ’3‘rd
. microns . kV/sec. third third tlg_érd
‘ ASKAREL
16 100 . 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
25 100 0.5 4.69  4.88 4.86
g 26 125 - 3.0 6.69  6.55 ' 6.62
‘28 125 1.0 5.46 5,84 .  6.35 y
-29 ‘125 0.3 5.51 .60 6.16
33 250 1.0 11.31  10.66  10.88
35 250 0.75 10.96 11.06  9.84
36 250 1.5 9.29, 9.71  10.06
. o 38 250 3,0 9.02  9.74 9.58
| 39 250 0.3 10.30  10.67  10.37
i YT 125 0.75  5.25 ~ 4.84  5.25
MINERAL OIL
} 46 - 1125 1.0 6:25  6.12 6.29
%l 47 125 3.0 .30 8.17 7.1l
E 48 250 1.0 11.09 7.45  6.95
% .49 250 0.3 6.67  6.73 , 6.97
2 50 250. 3.0 12.27  8.70 , 7.86

R
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( \ Dﬁe to uncertainty és o when the
conditioning period could be considered as ccaupleted and
a desire ' to account for it and still have breakdown
data with relatively fresh electrodes, the first 8 break-
down voltages were ignored before thé breakdown values
of-an experiment were divided into three equal,pértions
and each sequence examined separately. Theuexperiments
agenerally consisted of 80 to 100 breakdowns. Therefore it
was thought reasonable that the exper iment should be

" divided into three portions, leaving, therefore, at, least

20 breakdown values per segment after the first 8 had

been ignored. Dividing the experiments into smaller
segmentslraises the question of whether the number of
breakdown voltages per segment is large enough to use
accurately tﬁe method of parameter estimation given in
Chapter II. Results of this operation showing averagk

breakdown strength per one third segment of experiment are

"presented in Table 4-3 on page 125.

o

4.6 IDENTICAL CONDITION EXPERIMENTS FOR ASKAREL AND

MINERAﬁ OIL
Exﬁériments which were carried out both in
\

askarel and migéral 0il having the same electrode con-
figuration, gap distance and ramp rates are set out in
Table 4-4, page 127
( . The most “important résults_of thes?fand all’

: other experiments are set out in Appendix . III

various selected graphs associated wi;h these experiments

are shown in Figures 4-8 to 4-17.

\
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. DIRECT COMPAR;SON EXPERIMENTS

&

\

' o Mineral 0Oil Gap ' Rate Askarel ‘ .
Experiment no. microns kV/sec Experiment no, ,

; 46 125 .28
- 47 o125 26
48 : 250 33

1 - 49 250 39 o

W W OB W

A ... . 50 - 250 38 . .

{ ‘ ' * k ok k k Kk Kk Kk & * N J -

I ’ b

v

“ Al el - \\‘
o 4.7 RATE EFFECT DETECTION \
et ] \

An attempt was made to ascertaln\whether the

SN

=
e -
s

Ehe rate of rise of voltage had a dlsce:nableeffébt

R . on tHe distribution of breakdown voltages. Experlemengo
noi'sol to 12 conggstsd of about 24 bfeakdowns'eﬁch,

b ) o which ‘had opcurréd with askorel as the dielectric

;;“. o v medium. Each of these experiments was designed to

. contain at least twioe, breakdown Qalues obtained at
,éf/, all vdltagé ramp rates obtainable with the automatic ' f¥

s \ i «
’% < . ‘ controller described in Chapter II. Some ‘ ;

/ ‘ ' r°sults for these eXpenlmenbs 1nclud1ng the 51gn1;1cance

tests are shown in Table 4-5 page 128 - Other'

A

R, 4B - SO o0 e

experlmentt wege conducted, bo;h with askarel and

v minerdl oi{/ at a single voltage ramp rate thnougﬁout
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TABLE 4-5 .
’ ExXp. no. Gap Length Ramp Sample  Avg. Breakdown Standard Skew Significance
(Microns) Rate Size Voltage (kV) Deviation . :
’ ~ ¢ % ¢
— 1l 3 N * .
r -
1 150 Mixed ~a S a8 1e39 1110 Ca59 £,C6 Nal s
- ﬁJ . 17¢ "o 23 - Fe2 3 lal1C De661 Coll ©.03 0.C3
- 3 15¢C . " 24 4.30 0e27 Cebar 1,00 Co2€6 0.46
4 - 1EC "o 26 S.an lean Ne779 Cu52 0.C2 C.07
- ) “ . 15¢C . 23 560 l1.12 CeaTS7? CulD Ta02 0ule -
B x . 18 3 n ia . ef-.21 et ~Nel1d1 C.95 Cal” "o15 é
= 7 - ~ 1sC /" P s - 4 630 Deb6ra - NeaBF3 Ca37 GaC2 413 @
: i
8 -1=0 T oa 4.C0 Na70 L4206 Cu91 Co24 Co20
T 150 - 25 T 4,31 Nea 3 AASEE C.oB 2.36 o.sec
. 10 1s¢ " o3 3.71 Tet0” CeC37 Cu99 NaCa C.17 ‘
; 11 159 1 " 23 KIY A% Jeb 7 NaSH2A7 L2492 G e273 C 27
12 1sc on 24 3439 Ce38 1.52C 14%0 C.2€ Col?
) ’ ., Combined Experiments’ oo
- A 150 Mixed 121 - 5.02 1.24_ - 1.234 1.00 1,00 0.83
B " ’ " 120 3.97 .76 0.793 1.00 0.25 0.67 -
c o " 96 h.79 1.28 1.049 0.99 0.21 0.56
A = expt. 1,3,4,5,6 . B = expt. 7,8,10,11,12 C= expt< 4,5,7,10 *LN=Log-Normal
= : ’
- i <

-
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an experimgnt. The existence of a rate-of -voltage rise
effect could be inferred if the significance test showed
a better result for experimeﬁts conductéd at a single ramp
fate than for the case of a mixture of ramp rates in phe
same experim%nt: Even if the breakdown values at the
Qifferént ramp rates %ollowed the same distribution law,
presumébly egch rate would possess ité own distribution
parameters and the result would be a mixed distribution.
Breakdown values of éhe mixed ramp rate expefiménts
(nos. 1 to 12) were combined to form several single large
samples of breakdown voltaées. The sample size of these
combined experiments were ﬁade comparable to those conducted
at arsingle ramp rate. Thus, two groups of experiments

labelled A and B were fofmed by grouping of the individual

experiments (nos. 1 to 12). A third groﬁp labelled C was

.formed by choosing only from among these experiments conducted

with mixed ramp rates for which the significance 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'pége 128, show that the goodness-
of-fit was equal orh%nferior to those of the worst fitting
individual experimenﬁs which® ¢omposed part of the set of
bf'breakdown values. The significance test tesults for
these individual experiments form the upper portion of

the Table (experiments no. 1-12). This deterioration in

the goodness-of-fit when mixed ramp rates are congidered,

e

- e

%ﬁ el To



is eépecially demonstrated by com@iﬁéd experiment grouprC
which was composed of 4 individual experiments.for wﬁich

the goodness-of-fit Eest of each for the Weibull distribution
was less or equal to 0.05. Nevertheless, the goodness-of-
fit test result for tﬁé ¢tombination experiments was 0.21
Such a dlqcrepency is attributed to the mixture of ramp
rates whlch has its own effect on the distribution of
breakdown voltages. Pressure and temperature conditions
were not sign&f&cantly diéferent for any of the experiments.

The graphs associated with these three groups of breakdown

volEages are shown in Figures 4-18 to 4-20 respectivély.

.

In a similar manner, the possibility of

discerning a rate effect was also investigated by com-

biniﬁg the results of a pair of experiments, each

having been done at a different ramp rate, but with the

/ \

. same gap didtance. The combination of experiments made

’

are set out in Table 4- 6, page 131. -
/‘\ 4
,/// "
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TABLE 4-6
S~
HYBRID TWO-RATE EXPERIMENT i
\
\
Experiment no.’ Gap Ramp* Dielectric Hybrid Exp.
. microns kV/sec . no.

’

39 & 40 250 0.3/6.0 askarel D
v, fo
) 21 & 24 100 3.0/0.75 askarel E
K 46 & 47 125 / 1.0/3.0 mineral oil F
\ 1
G

49 § 50 250 0.3/3.0 mineral oil

\
.

1

*
Combination of Ramp Rates” (kV/sec.)

! \ -

The results of these groupings %ncluding 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 observation of the
/ & \

rate effect was by noting the change of probability of
occurrence of.a particular breakdown voltage common to all
experiments even though the experiments were conducted

at different rates of rise of vqltage.

\

§ 3
Hardse



- -TABLE 4-7 -
- - - HYBRID TWO-RATE EXPERIMENTS .
Exp. no. ' Gap Ramp Sample Avg. B.D. Stnd. Skewness Goodness—of-Fit
(microns) Rate - Size Voltage . Dev. . ]
kv/sec. kv B kv kv @ ¢
_ - - 1(1) Ex SN S SV
- - A 5 - ~ v
D 250 «3/.6 126 9.76 2.10 0.213 0.99 0.21 0.56
E 100 3./.75 o121 3.98 0.48 0.583 1.00 0.45 0.37
F 125 1./3. 130 7.25 1.50 . 0.430 0.99 0.46 0.67
- 1
G 250 .3/3. 129 9.13 2.35 0.795 0.98 0.33 0.27 -
- . -~ . [ O]
. )
Experiments\D and E were performéd with askarel,
Experiments F and G were performed with mineral oil.

R : ‘ C S
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4-8\ Rate Effect

If the rate of rise of the voltége (ramp
réte) stressing the dielectric.fluid in the gap has'an
effectfon the form of the distribution, then its influence

. may be observed if the following=gra§hical procedure is

4
visualized as shown below:

Proba?@lity
y

1
B (%

FIGURE 4-25 F_(x.)

L .

T

Breakdown Voltage
where FA(x) and FB(x) are the distribution of breakdown

voltaées for the ramp rates A and B respectively; 'a’
and 'b' represent two different cumulative distribution
functions associated with ramp rates A and B respectivel&.
From the diagram it can be Seen that for |
the same breakdown ¥voltage values, the corresponding
probabiiity of breakdown may be highgr or lower, depending
on the rate at whicﬁ the voltage rises. It was with thi§
concept that the experimentally observed probability
values of a particular breakdowh.voltagé common to all

. experiments having the same gap length were.given in

4
{v
L

n At et v
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Table 4-8 pagesl36. This table is divided into several parts
labelled A to F. The expériments contained in a particular
part of the table identified by a letter'hgve a breakdown
voltage value common to all pbservations in that part. Deter-

mination of the probability of breakdown for this voltage is

obtained by application of the theory of order statistics.

Thus, the table was prepared by examining the ordered set’
of breakdown values of an experi ent, locating the payticular
breakdown voltage which has been determined to be common to
that particular group of experimen% v dete;mining the rank
number of  the breakdown value, and th applying:

F(x)= i/n Y
where n is the sample size, as is done i;\$he Kolmogofov-
Smirnov test (90{. If there are several breakdown values
wbich for practical purposes are identical, each is assigned
the same rank number: n then reprents not sample size , but
rather the number of diffe;ent breakdown values.

The probability of breakdow; in chlorobiphenyls in-
creases with incréasing rate of voltage rise. This con-
clusion rests mainly on the evidence of Figure '4-26. This
graph represents the average.of the results of 9 experiments
presented in Table 4-8, part D. Examination of other parts
of this table will show wvariations, but in each set SO ex-—
amined it can be seen thst the lowest probabilit& of break-
down corresponds to:the lowest rate of voltage rise (i.e.

o

ramp rate), whereas the highest probability of breakdown

i
»
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corresponds to the highest ramp rate.

\Before attempting to explain thiéEObser-
vation, it sﬁould be observed that chlorobiphenyls of
commercial purity can be expected to cgntain a small
amount of water \and dissolved gas despite the experi-
mentél degassing \procedure followed ( 34).

Pure|chlorobiphenyls exhibit no space
charge phenomena‘( 34). Consequently, the presence

of such phenomena in chlorobiphenyls of commercial

l burity is attributed to the dissociation of the H,0
L ] molecule (34 ) resulting in i* ions. This accumulation
of positive' space charge near the cathode sets up an
intense local field between the electrodes, thereby
inducing breakdown. During an expéﬁiment, even in the
interval Qetween applications of the ramp vbitage to
the electrodes, there is at all times a voltage applied
! to the electrodes/( sec. 4.5 )  The fiela causes a
constant circulation of the liqﬁid in the vicinity of
I the electrodes ( sec. 1.2.6). If ﬁpon applic;tion of a
ramp voltage to the electrodes the field is made to
rise rapidly, the inertia and viscosity of the liquid
will neceésitate 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-
A ature in a volume element between the electrodes.
- . There is an increase in the cbq@entration of dissociation
l\\f\\ii?;\"\""\~p§educts+_cneating\g\space cQérge which sharply increases

, ¥
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TABLE 4- 8

VARIATION OF BREAKDOWN PROBABILITY FOR A PARTICULAR VOLATAGE

Gap Ramp Voltage Probability
Exper iment no. (microns, kV/cec. kv .
R : 31 100 0430 4,60 0«30
25 100 250 4.60C 0. ac
A 32 10C 6400 446C 0446
Askarel _ . - !
29 125 0.3¢ 5.88 C.a7 ’
B 41 125 0450 S.88 0. 65
42 125 £e75 5.88 0 +85
43"’ 125 2475 5,08 De 62
| 28 125 1.00 5.88 "0 .56 (
27 125 1.50 5. 88 0.83
26 125 3.¢0 5.88 0.21
Askarel 30 125 6C0 5. 88 0. 65
39 250 € .30 11,52 0. 66
37 250 2450 11.52 0.61 -
c 35 25¢C 2e75 11.52 Ce 66
33 25¢ 1.60 11.52 0e57
) 34 25¢C 1.50 11.52 Ce93
36 250 150 11.52 0.85
38 25¢ 34C0 11.52 0.87
Askarel . “ac 256 600 11.52 0475
23 10¢ 0475 4.07 0.44
24 10¢ Ce?5 4.C7 .53
D 15 10C 1.C0 4407 0«59
15 10¢ 1+CO 4,07 0.62
17 10C 1C0 4407 0 .85
25 1¢c¢C 1.0 4T 0439
) 18 10¢ 3.C0 4,07 6495
Askarel 20 1C¢C 3.C0 4.C7 C.B8
21 10¢ 3.C0 4,07 10452
. . 46 125 LeCO 6451 9.77
Mineral 0il E 47 128 1.00 6.91 0.26 !
l 49 25¢ S 8.83 0.79
F a8 25¢ 1.CC 8. 83 0.67
Mineral Oil 59 25¢ 3.¢0 B.83 0.45

xI
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Variation of Breakdown PBrobability (At a Stated
Voltage) as a Function of Rate of Rise of Applied
1.0F Voltage. Experiments performed in Askarel.
+ ;
0.9b - '
+ -~
0.8p
0.7} | |
0.6 A
0.5
+*
i
+
004 - 1
\ ‘
0.3L L ‘ Gap:100 microns
+ = breakdown prob. for
individual expériments pyoapdown Voltage common
0 = averade probability .
at a particular . to all observations repre-
0.2 gap length sented on this graph: 4.07 kV .
' L4
0.1k ;
+ l
. 1 , I 1 ] . ] -
0 1.0 2.0 “ 3.0 4.0
Ramp Rate (kV/sec.)

°
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"the local field. It may therefore be expected that

this local increase in both temperature and local

) i

field due to space charges coﬁpled with the relatively
slow movement of a volume element between the electrodes

leads to a higher §fobability of breakgown as .has been

observed.

b

4.9 Change of Form of Distribution with,K Time

' By considering the experimeJ;s in seg-
ments, it was expected to observe to some extent- the -
influence of time ¢on the shape of the distribution ofu
breakdown Voltages.‘ Such dependence would probably be
due to contamination of the dielectric fluid by
products formed by the electrical discharges and
detérijoration of the electrodes. For example, both
in Ehe case of askarel and mineral oil, it was found
that there would be a dark waxy deposit on the |
electrodes when they were disassgmbled at the end of
an experiment. Microscopic examination revealed

numerous craters scattered over the electrode face as

shown in Figure 4-27.

'
'

! Experiments performed in mineral
oil and the corresponding experiments performed in’
3
askarel, a$ set out in Table 4-4 were segmented and

examined in this way. The results per segment of

these experiments appear in Table 4-9 , page 140.

t
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FIGURE 4-27
\

3
Typical View of Electrode Cleansed After‘gxperfment

(Magnified Approximately 50x)
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{ \ The contindous change in the form of the dis-
tribution of breakdown voltages is well illustrated by Figures
4-28 a, b, ¢, which are the frequency pf breakdown voltage
plots of thé thrée sequential portions of gxperiﬁent number
36. The frequeﬂcy curve for the entire experiment when all
' ‘ 5} the breakdown voltages are taken together, is produced in
P

Figure 4-28 d. 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 developed in the

. progression of density plots. However, the hint of such
a development existed in the first third of the experi-

ment (See Figure 4-28a). The subsequent appearance of

N

"TABLE 4-9 **

= 5 cwny o

SIGNIFICANCE TEST RESULTS ASSOCIATEQ WITH FIG. 4-28

Exp. no. Breakdowns AvgB.D¥ Goodnegs-of-Fit Test Fig. No.
(kV) @l @ 3 Log-Normal

}

!
¥
£
z
‘}r‘
,

36 1-095 9.69 0.58° 0.24 0.66 4-28-4

36 1-31 9.29 0.21 0.03  0.39 1-28-a
36 32 -62  9.71  0.07 0.03  0.24 4-28-b

1 . 36 63 =95 10.06 0.39 0.37 0.68 4-28-¢

\

*AvgB.D. = average breakdown voltage
7 - **askarel,gyap = 25 microns, ramp rate = 1.5 kV/sec.

\.
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. ° o another peak in the plot of breakdown freduency at a
T | ﬁ’ lower véltage suégests that deterioratidn of the pqiity
\ 3 ' ‘ T of the liquid dielectric and increasing surface as-
S N : ) perities introduced another breakdown mechanism at

a lower breakdown voltage. J !

. . . "The appearance of double peaks in the voltage

- breakdown density plots was a ﬁrequen£ observation,
. . . Q@

and in some cases multiple peaks were recorded.

e

. Experiments in which a double peak could be clearly

i

distinguished in the density plots are given on page :

142 in'Table 4-10 alonguwith the voltage at which

the peaks occurred. ‘

The ratio of the vdltage at whichéihe first

peak occurs to that \at which .the second peak occurs is
also given in Table 4-10. For a particular gap dis- ) ’
v ténqe, these ratios ‘cluster about a single value. Such

a degree of consistency in a field of research where it P
- N . i 2
is difficult to get uniform results suggests that a
’ i

theoretical explanation would describe this’ ratio as a
. constant. Since a peak in a density curve can be
m) ) ‘h
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{’ ' TABLE 4-10 '
EXPERIMENTS WITH DOUBLE PEAKS IN DENAITY PLOTS
Expt. Gap(microns) Ramp rate 1st peak 2nd peak voltage
no. ' -kv/sec - KV kv ratio
} ' ASKAREL 5
14 100 3.0 . 5.0 437 1.07
25 100. 0.5  4.53 4.8 1.06
26 125 3.0 6.61 - 7.8 1.18
27 125 L5 4.7 5.17 .10
41 125 -0.5 4.37 5”17/) 1.18
33 . 250 1.0 9.7 11.6  1.20
35 250 . 0:75. 9.9 ' 11.5 1.16
36 250 1.5 9.1 10.4 1.14 -
38 250 - 3.0 9.4 1.2 119
39 250 - 0.3. 7 9.0 1.5  1.28
| u MINERAL OI}” S
4 125 2.0 ¢ 5.4 6.36  1.17
47 125 - 3.0y 7.7 - 8.7 1.:1
49 250 0.3 6.6 v9.1 1.3
\
o . \ - ,
L
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aasociated with a particular breakdown meohanism} the
appearance of a second peak at a determinable point
indicates that the other breakdown mechabism that
develops"in the course of an experiment is always the

same, and quite probably due to the samé accumulation

of impurities.

4,10 Choice of Distribution Function

=]

The Gadssian normal distribution and log
normal distributions are~inexpediont for the purposé of
describing the result of destructlve tests because they
would 1nd1cate a finite probability of fallure even
without stressrng the specimen, which clearly contra-
dicts physical reality (44 ). ) Furthermore- the:
normal law is not a good approximation to the distri-
bution of values which are weat link in character.

\ Suppose that there are a large number of
types of failure, which cause breakdown at electrical

stresses of Eﬂ to E' i.e, Ei is the notlonal breakdown

v

voltage which would be observed if all types of fallure
except the 1th were suppreSsed. The actual breakdown
stresses are then the minimum of Ei..:...E' and are
-denoted by E . If it is assumed that the E' are
mutually 1ndependent and identically dlstrlbuted

(sec. 1.5.1) random variables with the

cumulative distribution function F(x), then, since (44 )

&

.

i



E 2 x i (27)

- if and only if E{ 2 x (1= 1,m)] where x‘representé

“breakdown stress, it follows that:

3

prob {Eii’x i =(1,...m;}i28)
(L - Fx))"

Prob (E, Z x

i}

(29)
For sufficiently large n-.and small x, gquation (29)
becomes 7 exp (=-nF(x))
Therefore, the probability of‘breakdoﬁn‘occurring
is given by
Prob ‘[Em:f x] =1 - exp ( -nF(x)) {30}

This corresponds to equaéion (12) of Cbaptér II. o i
" Depending on the form of F(x),4ny »one of thg.extreme
value.distributions can be cbtained. Ififorsexapple \
F(x) is the of tﬁe form axb where ;dand b are constants,
a form of Weibull distribution is obtained.

The distributions w?icp were examined,'namely
the 1qg normal,Type I énd III extreme valﬁe distfibutions,-
havg al% been applied elsewhere in the life testing of
various materials. JTo use a statistical model to
chéracterizea:)hysical phenomenon such as a distrigutionﬂ
of breakdown voltages, whose failure mechanism is not
entirely' known,is at best, an approximation. Although
there is little theorétical’justifigation for choosing

1

the Weibull distribution .as the failure model, there

¥

is much experimental evidence to indicate that the

Weibull distribution provides the best fit of the break-

Ty -
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"TABLE 4-11 GOODNESS-OF-FIT PER SEGMENT OF EXPERIMENT .
~EXPERI- GAP RAMP SEG- NUﬁhER OF AVG.B.ﬁt STND. SKEWNESS GOODNESS-OF-FIT
MENT NO. microns kV/Sec MENT BREAKDOWNS (kV) DEV.
B “ ~ ASKAREL “ o 1¢ 3(P cpI.N*
16 100 1.0 1 28 3275 Cesg -0.085 ' (.92 0.12 0.28
' . 2 24 4010 LoSs fal51 Ce04 Co0G Coud
—~ . i 3 25 3.84 CeS2 leCS4a "Ce99 Nalb [ o482
20 " 3.0 1 18 3057 Ces2 _ De201 NeGE Ce22 Ve85
2 1. 3e56 Cot2 14639 100 9401 0.21
3 18 3. 22 Lte3Z " _0.145 1400 Gel3 Coea2
21 " ., " 1 23 2204 Cod3 —0e003 0e95 Neusd CToe21
2 22 2. €0 Le€a ~1e302 0489 0e68 UeB?
, 3 28 _ 4421 CeS3 ~del41l 0eBf 0eS7 De68
25 - " 0.5 1 _3a 4o €7 CedS -Je20S (o396 G Qeld QeS57
. 2 3a 4488 {+53 NDe6l€ 1407 Coul Qo011
- . 3 3e de 8- teS6 JeS38 1¢0C Te33 0o 80
. : - 26 « 125 3.0 1 30 6ec9 Go73 0e €67 fe72 CoGC Ce02
- N 2 31 €ess reTE Deb8S  CeB7 Na24 0a57
- - . . 3 32 . Bet? let 6 © 4163 0S8 0e04 Cal3
28 T 1.0 -1 B Se4€ (e91 ' neEvo Ce6E Pell Ueb5
Y ’ 2 3 coea let€ —de0:28 De26 De30 UebT
v - 29 ; 0.3 i 3 - €a35 1.7 -o:739 Ce S Col3 Ve93
. . 3° Ee 1 1e2€ nNe0ES Qel7 MelC (e25
) 5. 2 30 Fof 1,19 =0e410 Ce2E 0e20 (87
3 32 €olrF 111 ~04130 CelE o7 Co52

%*
B.D.=Breakdown

— —

»

* -
v LN= Log-Normal

-SyYT-
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f ] TABLE 4-11 (Continued)
g EXPERI-~ GAP RAMP SEG- NUMBER OF AVG.B.D. STNQ.
f MENT NO. microns kV/sec MENT BREAKDOWNS (kV) DEV.,
33 250 1.0 1 30T T i.m 2eds
. - ~ 10y ac 2e0C 1
§ 2 3 &
% R - 3 3 lf.'. anr le 75
s 35 " 0.75 1 30 1M, S6 le78
{ \ 2 3¢ 11.re'\ 1695
; 3 31 Gesa les7?
§ 36 " 1.5 1 2% 0,20 le8 s
i - 2 29 Sa71 le26
é Y=
i . 3 37 16016 le6E
: 38 " 3.0 1 3n Serz le4B
g ' 2 3¢ Go74 led 9
t: ' - -, : 3 31 SsS58 1698
39 Tw 0.3 1 34 10, 3¢ 1eGR
) 2 3a- 1¢.67 2490
3 32 - 1037 1e50
: T 42 125 0.75 1 25 T Se2s vecsH
- . -~
e e - e 2 2s 4(3 g4 e 8N
“ - 3 77 Lo2F% Ceg7?
. MINERAL OIL
46 125 1.0 1 3¢ Ee25 Ce77
2 3¢ €012 “e76G
: . 3 31 €Eo 29 Cetr
. - -

T N
DT e
* %ﬂﬂ"“

SKEWNESS

-0el22
-Je720
~CeS510

.
~0 §4R8
—Se321
-0e351
-0e181
-0e453

QeG97
De7G1

Oeln])
Ne313
—0e293
-Ne042

-~Je198
Qe 498

0 e957
D¢2G9

—04C35
OeCno
—Ne03s5

GOODNESS-OF-FIT

® ¢

DeB7 0631
Ce 8L Do 1€

Te?77 Oe56

C el Q0g17

CeBE€E De€1l

Dedbs Ca22

Ce21 QN3

Ce07 04C3

Ce39
CaleE

0e37
CelS

Qe2r
Ge 7€

Cel1’
fe21
VeB4 441
0+439 04,065
0.16
DeD2
0el0

Gela

CeSFE
CeQF
CeS1
Oe52

teB3
Ne77

Ceas
Ce20

0e92 De0a

N
fiaB85

CeSO
NOe88
Co70
Ue G4
o

0«57
C e 39
e 24

Qa68
Co 03

.e28
Ce28
CeB6
Ce36

Ce S5
Oe 01

CeD3
Ce37

Ne72
DNe2y)
Qel2

-9%1-
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’ TABLE 4-11 {Concluded)
EXPERT - GAP RAMP SEG-~ NUMBER OF AVG.B.D. STND. SKEWNESS
= MENT NO. microns kV/sec MENT BREAKDOWNS (kV) DEV.
) 3 o " MINERAL OIL -
T 47 125 3.0 1 30 Fe 30 less 04000
’ 2 - 30 F.l? 1042. _0-255
- 3 “30 i 7e11 Cen7 ~Ne 285
48 250 1.0 1 31 11, 09 2e17 2000
2 31 Teds {e75 0e224
37 32 6a S Ce60 - _g.as9
. v
49 « 9.3 1 33 EeE7 1650 0eC90
. 2 33 . €a73 GCe7E De410
O 3 3a €eS7 Cedct Del88
\
- 50 " 3.0 L. 22 12427 263 ~0455<
N\ 2 22 Ro 71 Ce24 % 139
: 3 22 70 €6 1s13  =),.49s
’ } ) =
@
m \0

GOODNESS-OF-FIT

@29,

0e3C
Ged €
0eG2
0e96€
n.BE

Ny €
Ce 54

Ce9E
l1e010
Ces?7
Oe €%
CeCE

Qo C7
Ge33
Ga N3

Qe85

Oell

Jel8
Qew9

Qe GO
Qe02
Q10
60‘41

Oen8

Ve 67
Oe78
Qe4s8
Le92
Cela

Qeb67
Cels

Ve22
0«05
De82
GeSD
0e62

=Ly1-



-148-

\ TABLE 4-12 .
GOODNESS-OF-FIT RESULTS FOR TYPE III EXTREME VALUE
ISTRIBUTION (WEIBULL) AS PER SEGMENT OF EXPERI-
MENT COMPARED, WITH GOODNESS-OF:FIT FOR ENTIRE EX-

PERIMENT . ASKAREL

EXPERIMENT GAP RAMP FIRST SECONI®» 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 0.22° 0.01 0.13 0.21

i c21 " 3.0  0.04 0.64 0.57. 0.32
25 " 0.5 '0.14 0.01  0.33 0.22

9 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 0.00 0.20 0.07 0.15

33 250 1.0 0.31 0.16  0.66 i 0.52

.35 " 0.75  0.17 0.61 - 0.22 0.11

7 36 " 1.5 0.03 - 0.03 0.37 0.24
38 I 3.0 0.15 0.11 0.21 0.17

39 " 0.3 0.41 0.05 0.16 0.44

42 ' 125  0.75 < 0.02  0.00  0.14 0.0l

MINERAL OIL

46 125 0.30 ° 0.45 0.20 0.04  0.05
W7 © 3.0  0.07  0.33 0 0.03  0.21
48 250° 1.0 ° 0.85 © 0.11 ) 0.18  0.91
49 " 0.3  0.09  0.09 0.02  0.59
P " 3.0 0.10  0.41  0.08  0.72

w5
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down voltage data. For example if the breakdown voltages
of an entire experiment are fitted to a Typé I, 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 g respectively
in Appenix III, Table A, shows that the Weibyll Distribu-
tion consistently provides the closest fit. The su-
periority of thisfdistribution is emphasized if the results ‘
of an experiment are analysed in segments, each segment con-
sisting of about 1/3 of the b;eakdéwn values of an experi- «
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 tgéir occurence in "time. Here it
can further be observed that there was in most cases a
goodnessiof-fit test result per segment occurring which was
superior to:the significance test result for the entire
experiment which is listed in Table 4-12 on page 148. (
For example,the overall significance test’ result for the
Weibull distribution in its entirety is 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, 0.0l and
0.33 respectively. Table 4-12 vhighlights the per seg-
ment goodness-of-fit test results associated‘with the
.Weibull distribution. ‘ ~ )
| The variation from segment to segment is influenced
by both conditioning and change in condition of both liquid

|

and electrodes. It is only for a portion of an experiment
- i

" that the paramenters of a theoretical'distribution function will

LT -y

5y

g b
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qot significantly change. This progressive change in the phy-
sical attributes if consia;;ed with the résults of the per seg-
ment study leads to the corclusion that although: no oneldistri—
butionifunction can fully describe the breakdown data, the

—
Weibull function is the most satisfactory.

The Weibull function, which can be expressed .
as :° Vi s
. (}3 :
1F(x) =1 - exp [- X —2 ], (31)

z V4
where X

scale parameter

/ . ; \
j; the shape parameter
T -

X

it

the location parameter

1

the breakdown voltage

(see also Chepter III eq 60)
Equation‘(Bl) is attractive because it is e;sy to
‘handle and coincideg with the derived equation of'the
expected breakdown proéability (Sectién 1.5.2 Chapter
I}. The effect of the various known factors which
afféct breakdown values, such as gap distance and rate
of rise of voltage can be related to the scale,
shape or location parameter. For example, if a certain
tyﬁe of behavior leading to.breakdown were to manifest -
itself only after a cert?in voltage level, thgn this
could be e§pressed by a location parameter. Figure .
4-29 presents a graph based on 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 comparison to



-151- ‘

\ ‘ I
(" THE WEIBULL SHAPE PARAMETER AS A FUNCTION OF GAP LENGTH' v
[ ] o )
250 [ + + -+ ;
. % i
o ! i
4 )X }“
‘ . A
225 ¢ _ . » |
@ ' \\
\ £ \
200 P
i
: i
M Tf; J ' 3’
g .
175 |
e ¢ '
E :
5 This curve repre-
o sents the avg. of '
k] experiments performed
150 X in askarel and listed
& in Table 4-13,P.152.
0 3 )
! 125 f-» + :
g i
} H
,f
. -
. 100 + ‘
( |
’ 1 o A 1 .l: [ L .' A * 1 . .
| 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
| i
} Weibull Shape Parameter
Wit y;

‘d FIGURE 4-29
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- . TABLE 4-13
RELATION OF WEIBULL SHAPE PARAMETER TO GAP LENGTH *
Experiment No. Gap (micronms) Shape Parameter
25 100 "1.96
o 100 1.73 ,
o3 - 100 ©2.96
27 ' 125 2.47
26 125 2.88 S
29 125 3.85 ,
30 125 3.80 ’
41 125 2.42."
42 125 2.14
43 125 2.11
35 250 5.16
38 fzsol 2.45 - ..
40 - 250 ' 2.93
*Plotted in Figure 4-29 . -
. .
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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. Except for three observétions
&t 100 microns gap length for which there was no other
choice of data, experiments were choéén in which the
goodness-of=-fit te;t foriéhe ngbull distribution was
0.2 or less. The results show that the shape parameter.

ES

increases with increasing gap length. '

It has been observed‘that a Type I extreme,
value distribution may be regarded as an approximation
Of a Type III (Weibull) distribution with a large value
of"shape parameter (685. Endicott ind Weber (152)
repor ted good agreement of their b}eakdown value results
with a Type I extreme value distribution. 'Their tests
wére conducted using 60 Hz alternating voltages,.rising
at a rate of 3}0 kV/sec. with a gap length of 75 mil

(approximaﬁely 1905 microns). Tﬁéagap was ‘uniformly

stressed by circﬁlér flat electrodes of 2 and 3 inches

1
b

in diameter. Thus it may be that breakddwn experiments of

1

any gap length_.follow a Weibull distribution provided th

the gab is uniformly stressed, exceéf‘thaﬁ for relativel

..‘large gaps,the Type I extreme value distribution may be

) 7
applied. In any event, an objection to insisting on the

application of the Type I extreme value dist}ibution is
Ehat the negative values of breakdown voltage have.a

finite prqbability of o;currenqeueven though a positive
voltage is beihg applied (7). Therefore this distri—

P ! - ! \

L

at

4

i
i
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]

( _bution should not be the theoretical distribution of

electric strength.

4.11 Composite Distribution Functions

" It was observed that not in all cases did

theAWeibull function p;ovidq what}would normally be
called an acceptable fit. In view of ;he foregoing,

« whatever be the mechanisms of breakdg@n prodﬁcing a,
skewed distribution, it may be possible to describe.
_ them by a coﬁbina;ion of extreme value distributions,
either additively or multiplicatively mixed. Sinf?u

\ \

the Weibull distribution gave a very good fit when

the experiments were analysed in smaller segments, it

is natural to assume that a combination of Weibull
functions would.best serve this purpose. -
' . Because one of the assumptions of the-weak
" 1link theory is that fléwg.;ct indeggndéntly of each
other (see 1.5.1), we can describe the breakdown event

B' as a result of several mutually independent events

Bi (44)* |
B' = Bi + Bé + cveeen. (32)
int - 3 3 AR '

where BiBj =0 i#3 ! ,

The probability distribution of B} which represents a

- e

P distribution of breakdown voltages, can bel;eﬁfesented

o ‘_by a linear combination of the various-independent
4 -
(:) flaw activities. Thus, with P(Bi)representing the

probability of the occurrence of event Bi'due to a.

N

et e

.
W o R o
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particpler type of flaw existing in the dielectric, ") .
and cy representing“a weighing fector, we obtain:
1 - 1 N
P(B') = - CiE(Bi) noo- D (33)
with Z:ci =0 1 \
The distribution given in Eg.33 @herefofe takes the
folloﬁiqg form for an additively mixed distribution of

..
o ..

n components: n

, - 7 a 5
Flx) = ) oF(x;) -+ :
. i=1 ‘

o
I
N N 4

Impulse voltage breakdown studles made on bubyl rubber

cable and cnossllnkea polyethylene chTe“hqye been

‘fltted by suchda compound We1bul¢ fu%ftlon 629

An expre851on for the mult1pl1cat1vely mlxed
Weibull function is obtained by consgdering the comple- *

ment’ Bi i.e. that ‘there has been no,breakdown. Thig®

’complemengary event‘cah be‘expfessed by (44): °

+

E'&i Bi - By . By .....n ‘ (35) o
where the §! represent mutually independent eve?ts.th .
' There is.no 51m11ar restrictiofi such as B! B5 = 9. Thus, "
the probeplllty of the nonoccurrence of)a breakdown
eveht is: L | i
‘ pE") :'3%'P(§;) - (36)
Consequently, the probability ofnbreakdown is:> - N
, 1 - rP(H') =1 —17!1}?(333
"Th;s'resokt was obtaineﬁ\thgoug§ consideratioh of the

o . N )

- 2;% e E_:j[;,lg ¢ 34) K ““%
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complementary event B' because’an event B! renders the
observation/of‘further;eventg B; in the same sample '
impossible whereas E}(flaw activity ég; leadiﬁg to
breakdown) c%n be present without causing damage to the
sample. Hence the multiplicatively mixed Weiblll
distribution is: * ’ |

’
F(x). = 1 -'ﬂrlexp - [% —T' ﬁl . ‘

i=1 n . ,
: 4 /
1 - exp -Z (j" i 'ﬁl
) o i=1 i \ .
X . , |
‘ A plot of a multiplicatively mixed Weibull

H

F * / » ) I3 3
function appears to 'be similarly skewed as the additively

mixed one, except that the former always has a concave

¥

curvature towards the ordinate(p:obabilitﬁ)agis(45 b

( In the experiments it would be reasonable to

g

assume that if the distributions are due to’'a mixture

-

o \ ibu istri utions, they wou e multip icative Yy P
b W? bull 4 b hey would b ltipl 1

-~

mixed. Additively mixed distributions are to be expected

!

when the specimens constituting a random sample can be

-

distinguished with regard to their pre—breakdoyn behavior
due to for instance, differences in prior histogy, mgthqd’
of prodﬁction znd material (&6 ).. This is not so where
gxperimepts are conducted with a stainless steel vessel
filled with a uniform 1liquid dielectric.’ The additively
mixeq distribution Qas derived on the assumption that

LR

Lo BB =0 (if37) )

i.e. that when one flaw is actively engaged in causing

1

breakdown the others were not. While this might serve

™ S

PRV

B -
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breakdowns dccurring in the homogeneous surroundings
described abo&e, would be 'due to- the combined activity
of all the flaws. Therefore a multiplicatively mixed

model would be more sﬁitable.

- . Re:
. ¢
4 ! M ‘ ‘ ‘
4.12 Conclusions '

oy Y
.~ 1. 0Of the four distributions examined, the Type III

extreme value distribution (Weibull distribution) best

describes the distribution of breakdown voltages in '
\ X

3 Lo

liquid die;ectrics examined, namely chlorobiphenyls and

mineral oil.

2. The equations repfgsensing the probability of
breakdown of ask;rel under uniform field conditions at
room temperature in.gap lengths of 100, 125, and 250
microns during which a miéimum of 3kV was applied to the

electrodes at all times, are respectively:

as a model where a cable is involved, it is submitted,that
f t

a

22
| P(V)ipg = 1- - exp | _ [v - 3.0] )
o | L2
: ) , 2.9
. , P(v)]50 1 - exp ;f[v - 3.0J )
. " . 3.2
) £ 3.5l
t P(v) = l - exp [v - 3.0 )
250 - | 5
s ( . 7.4.

R

e

b

A
s

—

i b etk et o AR o il bkt M o e e L

3. If a dielectric liquid is stressed by 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 voltégq value

, consider¢d. A

. .
e A SN DO . . 7 snieis T bwe § g aheedkrd Y

*
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\ f
\ ' ’

Y ¥
4. The Weibull shape parameter used to describe a

distribution of breakdown voltages in a uniform field,

\

increases with increasing gap length. .

5. A compound or multig}icatively~mixed Weibull
\ .
function should be employed when the simple Weibull

distribution does not appear to provide' adequate

results. Such composfte distributions may be either

hﬁltiplicatively or additively mixed.

B

6. leferent breakdown mechanlsms in liquid
dlelectrlcs can be detected by plottlng the relatlve
frequency of breakdown against breakdown voltage to
obtain a plot of the density of’breakd?wn voltages.

When experiménts ére performed under similar conditions,
density plots in which two peaks can be observed will be

‘positioned apart from each other at approximately the

same ratio of breakdown voltages of the‘peaks.

2

7. The Pearson syStem of obtaining,relative frequency
- ¢

or density p%Pts, provides the means of obtaining a mathe-
» i
matical expression of the dengity curve. This curve

describes the major features of the density curve which

. i M
1s more accurately represented by the "pile of sand"

¢ )
method. The Pearson systg? may therefore be ,applied when

¢

- further mathematical manipulation of the density curve is

desired.
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\

o . o . . .
8.. An advantage in using the Weibull distribution

{ ' ! ’

or any extreme value distributién . is that test %results
‘which are obtained on a smaller experimental model can
be trénsferred to a larger"qpit‘ Often only a small
number of tests are requireqrtocgain an accurate éstij

‘ mate of the parameters of the/distribution so that it

is economically sound, where the breaking strength o%
material is éoncerned, to carry out such systgm;tic tests. A
In this way the financial consequences of a single major

failure may be avoided.

» %

4.13 Suggestions for Future Work SR

Because of the important role“blayequby particles in
ki - ’ , ¥
‘ the electrical breakdown of liquid dielectrics, the folloy- .

ing investigation involving ¢olloidal chemistry is suggested.

b} \
Expressions can be developed for the probability of the for- n

mation of bridges in an electric field. An example of such
i

an expression has’been-given in this thesis (section 1.3.4).

* A computer simulation of electrical breakdown can then be

cérried out by generating random numbers represepting the
: distribution of particle sizes 'found in insulating liquids
| Ao
(147). To these are applied the mathematical expressions

‘for bridge- formation. As the caléplatioﬁs areQrepeated

for ‘each par@iﬁ&e encountered during the simulation, spm-
‘ ‘ ¢ (
mation of the particle sizes establishes the length of the i

(L) bridge at any point in time. A criterion for the deter~ f
mination of the occurence of breakdown might be the calcu- -

(RS . P - . .

4« ~ lated electric field strength when the summation of particle i

- A
EEE— T R L
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sizes forming the bridge, e%uals the gap lebgth, or is some
fraction of it. For londg periods of servié@, simulations
i;volving transformer oil would have to include the effects
oxidation and thermal d?gradation. |

It should also be profitable to isolate the various
distributions that comprlse the observed dlstrlbutlon
function which bears a strong resemblance to the Weibull ’
distribution, as has been'demonstrated in this thesis.
For this purpose, the effects on the breqkdown distribu-

tion of various known phenomena and of maJterials1

du;ing
breakdown should be studied. For exampl%, a liquid%w
“dielectric which has been aged through numerous electrical
breakdowns contains metal froﬁ the electrodes and this
affecis breakdown in a host of, ways not fully understood.
fhe extent to which th;iﬁdontamination, or perhaps simply ' L.
the asperities remaining on’the eleétrodes, contribute
to the compllcat1on of the breakdown dlstrlbutlon might be
demonstrated if the dlelectrlc wereuaged by using a laser
"beam focussed to a point w1th1n the q;electrlc. The oil

, ' -
would then havle been aged through el?étrical breakdowns
*.and it would contain cbemical and pa;tiCUlate contém}nants
similar to those.formed during coq&entional electriéal
breakdcwn, but without any metal.

Further study woul? revégl the effect\on the parameters

of the Weibull distribution exerted by otherifactors, such

/as dissolved gases. The method of plotting frefuency 4

\



-161-

/

v

of breakdown ysed in this thesis is sensitive and would .
J ,
indicate by means of multiple peaks, the presence of a

4
mixeqbdistribution. Similarly, -expressions obtained for "
o .

the eﬁbelope of these curves by means, of the Pearson
method . ( Appendix V, Section 4.4.2 % would refféct

changes which could be’ analysed further by mathematical

i

manigulation. This method yields parameters which are in

a form suitable for direct analysi§ by a computer.

<
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EXPLANTION OF FIGURES 4-8 to 4-24

. Figures 4-8 to 4-24 are each composed of three dif-

ferent graphs identified by the letter 'a',"b', or 'c'

- <
N

in the figure number. Of these figures, those containing

'a' in their number, identify the frequency of breakdown og .
¢

density curves. The plotting symbol is simply a '*'. -
Those figures identified by 'b“in their figure number pre-
sent a lineariseé plot ‘'of the actual observed probability
distributioﬁVof‘breakdown voltages, againgt the probabiiity
of breakdown these same breakdown voltages are expected to
ha;e~when it is aésumed the§ belong to a particular theore-
tical probability distrdibution. Perfect c:rre§pondence of

the theoretical and observed distributigns would result in

€

‘a plot lying on the straight line drawn at a slant across

the figure. Fouriplots appear on the figure piotted against

the same axes hecause four different theoretical d%stribu—

‘tions are exdmined. Each distribution is identified by a

plotting symbol the key to which is gf@én below on this page.

\

i

3 3 3 PR | 1 3 3 —
The figure numbgrs1conta1n1ng c' present a graphical vis ST 2

AR

ulization of the goodness-of-fit of each of the four theo-

retical distribﬁtions applied. The plotting symbol (the key

to which is also given below) identifies the theoretical

‘. distribution to which the plot refers. The stra&gh£ line

representing the diagonal is where the plots would lie if

the theoretical distribution were the dbserved distribution.

\
s

\h ‘ - « *

KEY TO PLOTTING SYMBOLS

5 * o @ ¥ @ o @ - : Lognormal Distr.
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Experiment No.: 47 .

Gap Length: 125 microns
Temperature (°C): 2¢
Pressure (Torr): 0.025
Avg. Breakdown Volt.: 7.82 kv *
Stnd. Dev.: 1.37 kv~

Skewness: 0.057

Sample Size: 98 .

Ramp rate: 3.0 kV/sec f
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Experiment No.: 49

. Gap length: 250 microns
* Temperature (OC): 26

* *

- Pressure (Torr): 0.022
AQg. Br,eakd wn'Volt:: 7.68 kv
. 'Stnd. Dev.: N53 kV
‘ - Skewness: 1.51
Sample size: 108 -
Ramp rate: 3.0 kvV/sec
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Experiment No.: 48

Gap length: 250 microns =

Temperature (OC): 26
Pressure (Torr): 0.024
Avg. Breakdown Volt.: 8.72 kv

" Stnd. Dev.: 2.37 kv

Skewness: 0.929°
Sample Size: 102

Ramp rate: 1.0 KV/sec
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Experiment No.: A ’

Gap Length: 150 microns
Temperature (OC): 21(‘
Pressure. (Torr): 0.1 (avg.)
Avg. Breakdown Volt,: 5.02 kv
Stnd. Dev.: 1.24 kv -
Skewness: 1.234

Sample Size: 121 '

Ramp rate: Mixture >
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APPENDIX I

v

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 same axes.

];é First Asymptotic Distribution

“+

# o 2@ Second Asymptotic Distribution

‘ L
' .t 3@ Third Asymtotic Distribution (Weibuill)

- : the Log-Normal Distribution
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; APPENDIX II ~¢

+

Derivation Concerning Chapter III, page §l.

3 It can be shown that in general
. n vV _ Vs
= = x o
m

where the ) and V+1 represent the U,th and Y+ order

derivative. P

Proof: Agsume that:

| ' n Vo U+l

holds for certain V. It will noW be shown that i: holds

for Y+1.
V U+1
Pp =
n ~
~ =fim ( n )V *1 ‘
(_n] m P ) ‘
: Vi V+1
» ) =Pn Py = Py ,
V+i Vv
P P

. 1

Differentiating with respect to P,

v = Jd +1 V ' - V+l “ V"l
PV =2y (V+Lipp} R SR S
' m ZU
Pm s
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Dividing through with: pm:‘
Y+l
P '
L - (Y +1)pmu P
P’ Y,
m
PP
V
= (Yoot
=Q v'”-
m
Vil V.1
Thus, P = N
= n V+2
x m
m
Hence m_ Vsl _ aV+2
n Pm m

Al

E P mr A e n
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APPENDIX 'III

TABULATION OF STATISTICAL RESULTS OF THE EXPERIMENTS

Experiment nos. 1 to 44 done with Monsanto (7030) askarel.

Experiments nos. 45 to 50 done with mineral oil.

Identification of columns in Appendix III

experiment no. 4

= gap length (microns) { ) l ‘ .
= ramp rate (kV sec.™1) V
= number of breakdowns in the experiment

average breakdown voltage of experiment (kV)

= gtandard deviation of breakdown voltages (kV)

= average of logarithms of the breakdown voltages (see p.101)

= standard deviation of the logarithms Of the breakdown
voltages (see p.101)

i = the smallest characteristic value of Type I Extreme
value Distrubtion, uy (see p. 79)

j = external intensity function,C!l (p.80)
k = Weibull scale parameter, v' (p.91)

1 = location parameter of Type III Extreme Value (Weibull)
Distribution € (p.91)

m = shape parameter of Weibull Distribution, k (p.91)
n = skewness p (p.93)

o = Kolmogorov-Smirnov Goodness-of-fit test for fLype L
Extreme Value Distribution (l ( ))

p = Kolmogorov-Smirnov Goodness-of-fit test for ype . IIT
Extreme Value Distribution (3 ( ))

q = Kolmogorov-Smirnov Goodness-of-fit test for Log Normal
Distribution ( LN)

Note that Table B (APPENDIX III) gives results per segment
of experiments which have been divided into approximately
threé equal ségments (see section 4.10, p.149 ). Each
segment of an experiment is considered individually in the
same way as the wholeé experiment was treated in Table A.
Each segment is identified in column 'a' by the experiment

number to which it belondgs, and follow chrbnologicallorder.

4



b

-

2 N 0w P oW N

11
12
13
14
15
16
17

18
19

20
21
22
23
24
25

APPENDIX

- TABLE A STATISTICAL RESULTS OF

b,
150

176
1590
150
150
150
15C

150

150
150
1S0
150
150
150
10¢C
10Q
100
100
19on
120
100
1170
100
100
100

ITI

ENTIRE EXPERIMENT

(Continued)

c
mixed
mixed
mixed
mixed
mixed
mixed
mixed
mixed
mixed
mixed
mixed
mixed

1.00

2a
26
23
24
24
24
25
23
23
24

as

1.06 128

1.00
1.00
1.00
3.00
1t .00
3.00
3.00
1..59
Ce75
Ce?75
C «50

-
11

63

70
“

75
-62
79
37
70
50
103

e

‘s.a8

6.23
4+30

S48

S5.6C
4.21
4.30
4 .00
4431
3.71
3.85
3.39
3.76
S.83
3.97
3.89
"3e69
3.49
4420
3.49
44.C0
S 66
4019
4.00

4 .81

£
1. 39

1.10
0.37
1,48
lel2
0.61
PEYGYY
0.70
0.93
De46
Oe67
0«38
N0.a8
D.53
0.50
DeS55
0.33
D34
C.560
Ce.45
Ce S5
1.08
0«63
0,53
De52

g
1.673

1.185
1455
1,668
1.7C3
1.4°8
1.448
1373
1439
1304
1335
1215
1.316
1756
1.370
1346
1. 321
1245
1.425
1 «240
1375
1716
1.422
1.380
1.565

h
0:.235

0.172
0.084
0,258
0.206
0.153
Del1 46
0.175
0.210
0.125
Cs170
0.106
0.126
0.125
0.125
O.142
0,091
0 s096
C. 149
C.133
0«155
0.195
Os149
Cel29
Ce106

5.93
668
Ae TS
5973
605
40656
.75
4.45
476
Gel&
G e 30
3.84
4.21
6428
Gea2
4433
4414
3.39
4.64

394"

4+45
6011
4.64

4445

5426

3
0«93
1.16
347
0.88

l.14

2-09

1.99
L.R4
1.38
2. 80
1.99
3.35
2e 65
175
2.58
2.33
3.86
3.82
2.12
2.86
2.3a
1.18
2.03
2.42
2.a8

k
5.69

6450
4.39
5480
6500
4,44
4.46
4,22

4.54

3.87

Ae03
3.42
3.89
6.05
3.12
4 .04
3.81
3.58
4.43
3 .65
4.23
6 .02
4.137

4.!3

4,34

3.a8
4416
360

291

2429

191

3.03

2.21
2.47

2.28

288

2.93

2.78
4,15
2.20
2.58
235

2e75-

1.90
1.95
2.04
2478
2.86
3.06
3.84

m
147
a.16
2-60
1.80
‘323
4. 23
2.¢5
2. 78
0.21
3.45
2.15
1.20
2.14
2446
2.75

2.53°

3.73
24 35
4.29
3.873
13.47
2.89
2.24
1.87
1,96

n
1110

9.661
0.646
0779
O «NI7

-0.131
0.593
Q.24a
0 .586
0.037
0537

1.520
D e542
Ne377
9.255
0. 348

-0 eN4a2
0.431
-0.132

-n.051
-n.752
n.?2%a
0.487
D722
0.660

o
NesAH

0.60
1.00
0.52
Ca.12
.95
C .97
Ce 31
C.93
.99
n.92
1.00
1.00
1.00
1.C0
1.00
100
1.00
0.99
1.00
1.00
O.. 72
€.99
1.00

1.C0C

P
0«06

0.03

Ce26
C.3
0eC2
Ce10
Ce03
Ce24
C.36
Q.Ca
0«23
Ce26
De21l
Je1l0
CeCl1
ND.C9
Ce71
0{33
0.13
Ce21
0.32
Ce.21
0.CH
N.63

0.22

A4 A

—— e~




a
26
27
28
29
30
31
32
33
34

b
125
125
125
12s
125
1on
100
250
250

35 '}*2 50

36 250

37
38
39
a0
a1
a2
a3
aa
as
46
a7
a8
P )

52

250
250
250
250
125
125
125
250
250
250
125

250
25¢C

‘250

TABLE A

(o]
3.0
1.50
1.07
.30
6.0
€ .30
6.00
1.00
1.50
0,75
1.50
0450
3.00
C«30

600

O .50
Ce 75

C.75

CeS0

C.30
n.3c
3.00
1.00
0% 30
3.00

d
170
72
75
100
79
170
938
99
103
101
as
104

99.

1C 0
99
123
87
95
104
172
12
96
1n2
}DB

74

e

6 .63

5.C0

S.79

5.97

5452

Sell

4,73

10.92
9.21

10.45
9.69

10.91
9.4 4

10.34
10.01
S .56

Sell

5 .65

8.79

618

Gela

7 .82

[e72
7 68

F76

£

O.84
C«88
1.03
1.27
1.01
0.93
0476
2.05
l-é3
1.92
l1e62
2.38
165
2.03
199"
093

0.76

0.96
2.09
n.79
0. 79
1.37
2.57
1.53
2.48

(Continued) STATISTICAL RESUL&S OF ENTIRE EXPERIMENT (Continued).

q h i
1.883 0.128 708
1593 0,176 S.45
14738 0.193 6.24

3
le 764 0.224 6.42

1+4691.Ce191 5.97
1616 C176 Se56
1.541 0.162 5.18
2.371 0.201 11,37
2.204 0183 9.66
24328 04197 10490
24256 0.173 10.14
2,364 0.230 11,356
2230 0175 Q.BQ
Z+7315 0.209 10.79
2.284 04202 1C.46
14701 0167 6.01
1.621 0.147 5,56
1.719 0.166 6410
22146 0.233 Q.26
1.806 0.125 6459
1806 Cel25 6459
2.041 0.180 8.27

2133 0.252 617
2.021 0.186 B8B.13

2.248 C.284 10.21

@

J
1.52
1.45
1.183
1.01
1.27
1. 38
1.68
0.63
0.79
0.67
Q.79
N. 54
0.77
0.63
0.64
1. 37
1.68
1.33
0.62
1. 63
1.63
0. 94

J.8a

Ne.52

Kk
6490
526
617
6e44
5.89
S. 30
4 «98

11.72
9«80
11,20
10 .28
11.7%
?.93
11,13
10 .66
5.83
5e31
S. 90
9 «3Nn
6.29
6 «56
8.29

9. 16
7493

10.32

1
a.a0
2495
2.3C
1.59

2.08

3.55
2.66
1.54
3.61
1.83
3.9¢
2.79
SeH4
1.56
4 aB6
3.44

3.56

. 3.73

4479
4.83
4434
3.63

4 .94
S.41

S«30

m
2.88
2447
3.58
3.85
3,89
1.73
2.98

‘5.27
3.85
5.16
4,03
3.81
2.45
4495
2.93
.42
2e14
2.11
2.01
1. 71
2465
3438

1e63
1.51

1 .87

n .
0.210
0372
D006
-0.056
-N.Naa
0.837
0.182
~-0.290
-0.055
-0.275
-N.092
~0.Ca7
D.381
-0.247
"0.193
0.396
0.+546
De56%
NeH27
0854
7e295
0.057

0929
1. 064

Ce727

O
Ca38
0.93
Ce70
N.63
C.7C
Ce98
1.CC
C.36
Ge9S
0«96
D58
0«97
Q.92
.99
Oe91
0. 94
1.00
Ce93
0.89
1.00
Qe97
Ce79

Ce99
1.CC

Ce97?7

P
Call

0.07
Qe25
0:15
Q.07
0.50
G.31
0.52
Ce 34
C.11
C.24
0.27
Ce.17
Oe44a
SeC6H
Ce20
0.01
C.0C2
CaGC2
1.CO
0.C5
Ne21t

O«91
Ce59

C.72

q
C.19

0.13

Te67 -

2 .85
Ca60
Q.02
Ne 66
Q.99
Ce7?
0 .89

Qe 66

0 .66

.20
0.93
0.3R
0 439

C.C4a

Ne.08
Cala
0.91
Cel7
0.58
N 499
0«95

N.74

XA A
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. "APPENDIX III (Continued) _ .
v * - ", - o
; TABLE -B STATISTICAL RESULTS PER ONE THI\RD'SEGMENT OF EXPERIMENT
a b c d e £ q h -~ i bl k 1 n n o P g
16 100 1300 24 3.76 0.58 1.312 0158 4.21 2.22 3.97 1.71 3.99 -).085 €.92 0.12 C.21
16 100 1,00 24 4410 0455 1.402 04136 4,55 2.31 428 2.55 3,05 0151 Ce94 C.00 .08
6 170 T,0C 25 3484 052 1337 0128 8429 249 3492 307 1452 1+058°0+99 0.16 N.42
20 100 3,00 18 3.67 0442 14294 04114 4412 3.08 382 2432 3.60 0.701 Ce96 C,22 0.45
252100 3.00 18 3.56 0482 1.265 04113 4,01 3.02 3.63 2.93 1.53 1.039 1200 0.C1 0.21
20 100 3.00 18 3.22 0430 14165 04005 3.67 4.27 3.33 2.08 4431 -0.145.1.00 C.13 0,42
21 100 .3.00 23 5.04 0.43 1391 02108 8.49 2.97 4§20 2.49 4203 —0.093 0.95 0.04 0 .21
21 100 3,00 23 _ 3.8C 0464 1e318 04210 4,25 3,00 6,07 0.00 0.0C -1.302 0.89 C.64 0,A7
21 106 3.00 25 4,21 0453 M.430 04129 6,66 2.42 4,41 2,29 4,28 =0.141 C.B) 0.57 0.6%
25 100 £e50 38 8¢59 0585 1581 0097 Seld Pe87 3.86 2.85 4.69 ~0.209 Ca96 0s18 Nu57
25 100 C+S0 34, 4.88 0.53 1.580 0.056 5.33 2.43 5,01 3.86 2,02 N.616 1.00 0,01 C.01
25° 100 0e50 35 4486 De56 14575 0e112 S5e31 228 8.97 3,97 1462 0.933 1.CC 0.33 0.80
26 125 3.00 30 6469 0.73 1.898 0.110- 7.18 1.75 6.94 4.7 3,38 0.067 C.72 0.C0 C.02
26" 125 3400 30 65455 0e75 1e878 0e112 7,00 1417 6473 5413 1.98 04685 0aB7 0a24 0407
26 125 3.0C 32 6462 1.06 1.877 04161 7407 1421 6497 369 “3.02 D163 0.58 0.04 0173
©28 125 1.00 30 5466 0.91 1.684 o;iva ‘%x@l"lodo 5078 2.70 3633 04609 0.66 Cs40 0.65
28 125 1.00 30 5.88 1,06 1748 0.186 6¢29 1421 6422 230 3.72 —0.028 Ce24 0.30 0.67
28 125 1,00 30 635 1 eC8 loé33 OCelB8. 6480 1.19 65682 ~5.09 12695 ~-0e738 Le05 »sl3 Ctgz
29 125 0430 30 5¢51 126 1680 0s238 5,96 102 5.98 1.77 3.27 0.085 0417 0400 N ,25
29 125 Ce30 30 6460 1¢19 14870 0.194 7.C5 1.08 7,08 0.13 6437 -0.410 025 0,20 C.B7
20 125 Ce3C° 32 6416 la1l 1.80T 0,188 6.61 1415 5.58 2.00 4.22 -0.130 0416 0.07 0.52
33 250 1400 30 1131 2230 2.898 01222 11+76 0056 12425 =1.47 6e51 0,472 Cad7 £431 0,85
13 250 1.00 30 10.66 2401 2350 04212 11e11 0264 11253 -9.69 12.31 =0+720 080 0.16 0,90
33 250 loOQ 31 10.88 Je73 11 .51 a.%a 383 ~NaeS51D La?77 066 O-qq

1e75 24373 04167 1133

A\
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"TABLE B (Continued)

STATISTICAL RESULTS PER ONE THIRD SEGMENT OF EXPERIMENT

i : k 1 I o - b q

:; 2:; c.:;\ :L 15.96‘1.58 2.370 0-?78 11341 o.gz 11.69 -0.09 7?32 —o?aaa 0.49. %17 .70
35 250 0.75 10 11406 1495 2.370 0.187 11,51 0466 11.83 1.74 5.57 -0.371 0.86 0.61 C.94
35 250 0.75 31 9.84 1.57 2.270 0.170 10.29_9:32 10.46 2.0°  S.79 -0.351 0.84 0.22 0.57
35 250 0.75 33 1051 2.00 2.333 0.207 10.96 0.64 11.31 0,49 5.82 -0.354 0.78 D.09 N.6a
35 250 Cu75 33 1Ce99 2.06 2.377 0205 11444 2.62 1134 —2.78 7.95 -0.530 0.72 0.17_0.90°
35 250 0.75 33 9,89 1,58 2.278 0.5170 10,34 DeBl 10.52 1-99.‘ S.F?l ~0e354 0659 0626 0 457
© 36 250 1.50 29 9429 1,89 2.216 0168 9476 0.86 9¢86 3¢38 4.51 —0.181 0.21 C+03 0e39
36 250 1¢50 29 9e71 1446 2262 0162 10616 083 12+31 1418 6.39 =0,453 D07 0.03 0,24
36 250 1,59 37 10,06 1,65 2.296 0167 10.5|ro:39_}o.63 5.20 3.23 04097 0.39 0L37*3.63
“38 250 3.0C 30 9.C2 148 2.187 0«15 9.47 0.87 9.36 6032 1.90 0.701 0.15 0,15 .03
38 250 3.00 30 9.74 1.40 2.270 0.146 10479 2492 10422 5,68 3,22 0+101° 0428 0411 O 38
38 2s0 3.00_ 31 VeS8 198 2.238 0.208B 10,03 065 10.18 ’4.:6 2e 661 D313 076 0421 € .28
39 250 Co30 30 10430 1298 24313 04205 10475 0e65 1108 1,21 5.29 ~0.293 0.84 041 0. 36
39 250 0430 30 10467 2.00 2.350 04195 1112 0468 11,40 3,91 3.78 =0.042 0.39 0.65 0436
32 wZMES") 0.30 32 10637 150 26362 04155 1118 0’-"’!') ll-3‘_5m 4-32 ,0-6? —0-»1_9‘3 QeS56 0.16 ’3._‘:':1_6_
42 125 Co75 25 5425 068 14652 0e127 5¢70. 190 543 3482 2.23 0.495 C.96 0.C2 C.01
A2 125 0.75 25 4484 0,80 1'a575 0,156 Se 34 t1.67 ‘5-'3’1‘ 3«63 1l.61 DeIS7 0e91 0 .CO0 0-03'
42 125 ".75 27 5.25 0487 1,645 04166 5470 1448 3.53 2,93 2490 0,200 0.52 0.14 037
42 125 0.75 29 517 0,63 14636 0,119 Se6”2 2.04 5;33 3.95 204 06602 0e98 Coab6 0,05
42 125 0,75 29 8,99 .77 .1,597 O.l146 S5.44 1.67 Se13 378 1«62 NDe 4O 097 ol A C-ql“)'
42 125 Ca?5 29 5418 0,89 1.630 04172 5.63 1445 5.46 2.85 2.88 0.222 0.61 0.13 0.36

-5¢¢-



-

e L ) _
. TABLE B (Concluded) .STATESTICAL RESULTS PER-ONE ‘THIRD -SEGMENT UF EXPERIMENTS %o
a b c d e bl g “h "~ i~ 3 k 1 m n o} p q
A4S 250 0430 31 -6.82 089 1.912 0.128 7,27 1.44 7,06 4,98 2.18 0.518 0%83 2.15 0.14
a5 2S0 0.30 31 i Se86 0637 12160 0065 6531 3.46 5«01 3.a0 787 =0.525 100 0.02 0.48
a5 256 0.30 32 6403 033 1.796 0.054 .48 3489 6.14a 5.16 2.88 0.208 0.00 0.00 0.00
46 125 1.00 30 6425 0477 1.825 0.125 6e70 1466 653 3.65 ’3.76 ~-0.,035 0.83 0,45 0.72

‘ 46 125.1.00 30 6412 079 1,804 0.128 6+ 57 1.63 6+ 36 4.23 2657 De327 D77 0420 0420

. 46 125 1400 31 6429 0.66 14834 0,100 674 1:96 6¢53 4,09 3.75--0,035 092 0,04 0.12
47 125 3.00 30 8430 14845 2.101 0.186 8.75 0.89 8.87 1.47 5.45 -0.312 0.39 0.07 0.67
47 125 3,00 30 B8a17 L-Qé 24085 0.183 8.6? 090 8e.72 1 «96 Se01 -04255 6.46 0.33 Oe78
a7 125 3,00 30 Tell 097 1,953 0.141] 7.56 1.33 7«49 2,71 Se23 —0:285 0.02 0,03 0.48
48 250 1,00 31 11+09 2,17 24386 0.205 11458 0459 1191 271 4+356 —0.155 0.96 0.85 0.92
48 250 1.00 31 7.45 0475 2.003 0.100 7.90 1.72 7.68 5.49 2.84 0.224 0488 0e11 0ol4
48 250 1,00 32 6695 0,60 1.935 0.090 7.;0 213 7 .20 3438 6694 =0e459 0.96 0,18 0.67
49 250 0.30 33 667 1450 2,145 0,177 F.12 Q.85 919 4,22 3. 26 0,090 054 0,09 0,14
43 250 6.30 33 65e73 0475 1900 0.110 Tel8 1.71 594 S.04 2.39 04410 0.95 0,09 C,22
49 250 0.30 3a 3.97~9-A671.939 0066 Te82 2.79 7.12 5,73 2.98 0,188 1.00 0.02 0.05
;8 250 3.00 22 1227 2443 2.‘85 06219 12472 053 13.28 ~4.,79 Be 35 —0.555-0.67 0.10 0.82
S0 250 3.00 22 B8.70 0,84 2,159 0,097 9.15 1.52 B.99 6,32 3.09 D.139 0.65 0.41 0.50
S0 250 3.00 22 7485 1413 2,051 0152 8431 1414 8433 0477 Te42 -0.495 0406 0.08 0.62

 TABLE ¢ STATISTICAL RESULTS OF MIREDIUIMP RATE PXPTS. COMBINED - (Sec. 4.7)

s A 150 Mix'd121 5.02 1424 1,586 04228 5447 1403 5418 3¢33 1437 14234 1,00 1,00 0.83
B 150 Mix'd120 3e 97 D76 1e363 05183 4042 1069 Ae14 2466 1478 0793 1,00 0e2%5 067
C 150 Mix'd 96 4479 1428 1.5384 04250 5224 1400 5500 2e88 . 1452 1048 059 0e2! 0eS6

TABLE U STATISTICAL RESUETSTOF HYBRID TWO RATE EXPTS. (P. 131)
G 250 W.373T129 ©9el13F 2435 2,180 0247 958 0eS5 9e63- 5409 178 06795 0498 05 33 0,27

. B 100 3/.75121 3,98 0048 1.374 0,120 4,43 2.65 4410 3002 2407 04583 1.00 0445 037
D 250 -3/6 126 9.76 2410 24250 04219 10421 0o 61 10044 4021 2e¢87 00213 0559 0e21 0s56
F_ 125 1./3.130 7425 1050 14960 04205 7470 0¢86 T467 3493 2.35= 0e430 D99 0046 0e67

-9zz-=



. =227~

APPENDIX 1V

SUMMARY OF KOLMOGOROV-SMIRNOV GOODNESS-OF-FIT IEST
PROCEDURE

Generate.a sample Tl'TZ"""Tn whose distribution is

supposed to be F.

. Convert to uniform variates F(Ti),F(Tz),...,F(Tn).,

Order these values to get 02X 3%, 2 ...3x =1
(Optidnal) Plot the staircase (Xi,i/n), and the diagonal
(Xi,Xi)-

Compute:

D, = max { i/n--xi )

+ 1

D_= max( X;- (i-l)/n )
D = max (D+,~D_)
Pl= 1 -1 exp( -2nDE )
2
P3= 1 + Z,Q:f—l)k exp (-2n92k2), i.e.,

P3= 1 - 2t + 2th - 2¢% 4 9¢16 525 | 4,36

P2= 1 - exp( -2nD

with t= exp(—2nD2) )

Then, P1,P2,P3 are the probabilities associated with

.

the observed deviations D, D_s D . They'may be taken

as uniformly distributed/on (0713‘pr6vided that n is
large, say n=50. However, P1l, P2, P3 are not indep-

endent .

¥

Course 6308-690D Computer Methods in Probability

-and Statistics
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Prof. Marsaglia ,

APPENDIX V ’
{ ‘ . THE PEARSON SYSTEM

X -t

£ (x).

, ~ £ =
’ ’ ' c2x2 +c1x + ¢,

then there are three types of solutiom—finite interval, half-infinite
interval, and infinite interval. The finite interval solution is merely a

| .
translated and stretched beta density, which occurs when the roots r; and

7 , 1 s
r, of the denominator spam the mean, r; < E(X) < rj. The half-infinite
interval solution occurs when fl <ty <E[X] or E[X] <r; <r; and the infinitc

interval solution occurs when the denominator has no real roots,
3 % '

We will call these types Pl, P2, and P3. The standard forms of

these are as follows: . “ Y
’

STANDARD TYPE Pl. The beta density .
' ’ o i a- b-1
. gly) = ky (I-y)" 7, 0<y<l

Then

(a-1) o - b-1 g = (2-a-b)y + (a-1)

@) gy ‘l-y y(1-y)

STANDARD TYPE P2,

b-1 ‘
. b-1 -a~b

ag(y)'k—l—;;g'ky (1+y) 77, D<y<eo

x (1+y) ‘
» | ’

b -1 a+b -{a+l)y + (b-1)

2 ''e - -
@ e rTyresTy e y (1)

This is sometimes called a beta type II density. DNote that I-é-7 has the

>

( ' beta density. ¥

[
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STANDARD TYPE P3.

g(y) = k(1D aretan ),

(3) . gte-fAL g b _p.Brc L
1+ y? 1+q° 1+ y?

METHOD FOR DETERMINING TYPE: ¢

If

—m(y(w

t

e . X - t - X -
f (X) f(X) CZ(X'TI)(X'rz)

c2x2 + X + ¢

f (x)

where rj<r, are the roots of the denominator then we get type Pl when

#1 < E[X] < ry, type P2 when 1] <1y < E[X] or

the -roots are complex. Details are as follows:

'

Type Pl. When r; < E[X] < rp then

ry =~ X
Y = ————— .
r; - 1)

has the beta <(a,b) density with

«~t § 1
a=1H+

cp(ry-ry)

b=2-a+ 1 .

S¥

Thus the density of X has this form

E[X] < r] < 13

X

and type P3 when

£
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Type P2. When r; < ry < E[X] then
X-rz
{

r2 - ry

-1 -g= ) ‘
as dehsity kyb (1+y) "2 b. 0<y<e® and (ry-r;)/(X-r;) has the

bieta (a,b) density, where

. a=-1-1/e, oo

ry - ¢t
b =] + ———
Cz(rz-rl)

¥

— ‘ { S
v v . f 7
r) r, mean ~

When E[X] <r; <ryp then
rl—X 2
[N Y""—"-""
. r2 — 1)

-a-b

has density kyb-1(1+y) y 0 <y <o and (ry-r;)/(r;-X) has the beta

[

(a,b) density, where

a=-1-1/c; g

. t:-rl

b - g —— ’
SryYComTy
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Type P3. When c,x2 4+ c1x + ¢y has no real roots, that is, Q= c% - begey < 0,

!

then
Y= X-s)/r . ;

has density
1. k(l+y2)ae—b arctan y,

-m(y(w

where

V=Q/ (2cp) : o

.H
K

‘g = -cy/(2cy)

.S/CZ ’ 9 ! ) \

b
"

:
=2
n

(c142¢2t)/ (c27=Q) : ,

L !

\k(1+y2)ae-b arctan y

'y = (x=8)/r’

o—m(x(m

ri
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FLATS PINETTY
S1452.83.5¢ @

DIMITNS TUN wK1 (S
REAL TITLT (12
INTEGIFE A/ZY® ),

-

MOOALXIN N =X TVIT NV VTN AT D~nO0O DO ITW

N

PRePLT . NDATE = 77203 c7/732715

SURLQOUTIMN POEPLLTY (Sls S2s S3, Sa)

ITVEN FIST a4 MOMSNTS
TCUR MCMENTS UsS D

D
I
n

Yy WK2{(SCY, WK 3I(ZD), T1Z2(50)
s12%0 0y g

El

PFALXZR S1eS24S5 380 aT T 4C14C24F -
CIM NS ION X(SC),Y(52)
(Z) = DFEXD( 4%+ DLCG( 1eDC + 7%Z) /7 C2 —B*% ATAN(Z)) g
(Z) = SXP(*A* ALNDG (ABS( Z R1)) + Bx ALOG( ABS (Z-R2)1)) 0
ol =] 450 . - -
1= A . I}
= DSGRT ( S2-S]%x2) g ‘ 2
SJ3 s+ <2 a 3
2o (S% S84 44% 1 %S 3.m GAC2RED)RSIIGERD - ] 2xT%E rt
1 = ("2 (3%32%%2-GL ~2%«S51%S3) A% (S2%S3= St *346)%x31Gk%x2) /D 0
2 =(3%[ *F -2%( 2%31%53+ S4. 3+T2%k%2)%SIGAx%*x2) /D o
Cl + S1%*(142%C2) o
C = (T-2%C1)*%xS1 (1+3%C2)*S2 1Y
= C1%C1 - Aa%CP%C" ~
A= SART( ABS(Q)) )
F(NeGTele)BN TN 3 5
=( Cl424%72xT)/(C2%30Q)
FIMT 31451¢TeS1G- - g
NPMAT (MO FFAL PONTS3, MFAN=',G1Ce3,'MODE="', G10e3,°'SIG='+,G10s3) 3
C TO F o+
1 — JEX%(=C1/C2 - SNA/DABS( C2)) ) )
2 = JEA(LC1/C2 4 CO/“A?%(C?) ) 3
FINT 33, F1ls,R2,S1,T,SIG o
ODMAF('FCQTS:"?GII.3| TMEAN=' ,G1GCe3,'"MNDT =1 ,G1Ce3,'SIG=*'sG1263) 4
=(T- F1)/ (C2*(F2-Q1))
= (T=F2)/(C2%(T1-02)) - 8
UM = C,¢C - - 3
02 I=1,8" [ 03]
(1) = S1-€03eC1 -~ L12+1)%51G b
= X{(1) 54
Fl Qal TeCa) Y(IDI=FPI2(SNGL(2.%C2% V +C1)/51)
F(QOOLT.CQ) GC TC 2 [ae]
(1) = Co. . =
((F1=V)I*(D1~51)3GT20esdANN(R2=V)*(F2-S1)aBTels) Y(II=FPI(V) o
UM= SUM + Y(T)%¢2 = T1IG T
O 8 I=1,57 -
(1) = Y(I)sSUM . =
ALL MULPLT( TITLE o S g¥sX 91724 3,846,14WK1,WK2,WK3) «Qa
= TURM
Aln
MOTFEM IDWFNRCDIC, SOURCF Nﬁl_lJT.NF‘DE"K.LOAP.NF‘NAD NOTFST -
= FrePLT VIUINECNT = .
QTAT'MFNT? = 44 PFOGTAM Iz< = 3srac

A XA
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Lo TaaN TV 61 RELEASE 2.7 P LM i DATL = 77270 “3/1/744
- S TUREQUTINE FSTINMN { ZeM 4 3)
- C LTS CENSTITY Y P14 F SANH Y METHOD
- I DIMERSICr Z(M) e XxLO13C)e Y101 3d), Z1(130)
071, CRTMERNSTILE W11 23T), WK1 452), ¥ 3IC127), [2(13C)
: o POURLE FRECTSION ToXUIM, 2,00 0Ly 3UAsF oF 1 of 2451
TG - DEAL TITLE(1Z2)Y/7129s vy
bl INTEGEY A/*xey
~ g LIS 11,170
Tlow = T1Z201)= A
orc 3 . 0N e I=1.v -
| A B Z1(1)y= z2(1)
311 ) CUNTINUE
- N C
« T OMULSTY bf CRNMLPECT SVMALLEST T LAZTGEST-
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