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SUMMARY :

anduction and space cha¥ge theqries in dielectriecs under
direct voltage conditions are reviewed and anélysedf

Published informatiqn on gas discherge processes in insulation,
cpnductivity, discharge detection and measuring methods are also

sumarised.,

A cqmbined technique whereby both discharges and current can
be studied simultaneously is employed in the investigation of non-
ohmic cqnductibn in solid dielectrics at moderate d.c. stresses.

Experimental evidence suggestz that none of the cqnventional
laws of conductiqn adequately explains the observed phenomena e.g.
the thickness dependence of conduactivity; and thet the operating
stress 'E! éalculated as the ratio of the externally applied voltage
to the thickness of the dielectric may not be the actual resultant
stress,

Some snomalies ere explained on the basis of a new dielectric
equivelent circuit, Q modified Maxwellian 'n' strata dielectric end
induced interfacial or space charges.

The discharge behaviour of gaseous voids in dielectries is
anelysed using an equivelent circuit incorporating the resistivity of
the void gas. Extinction is explained partly by an extended
Maxwellian polarisation phenouena.

It is postulated that the empirical relation of the form
5 . =KEexp (o + B.E + v.52)
vol o] L L L
ya ap >> By >V
(vhere Tl = volumetrie (bulk) current density instead of the normal
definition obtained as current per wnit area E defined as above
K, s BL’ Y, are constants for a partiéular thickness of dieelectric),
defines more accurately th: conductivity stress relationship.

Stress distributions in & polythene cable are snalysed using an
e

IBM 1905 computer and assuming an approximete logarithmie current

stress relationship.
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1{t) = it step function
v =  V{x) voltage at x
VA = externally applied voltage
Vo.l(t) = gtep voltage of steady stete value v,
E = electric field strength
= voltage applied to thickness of diejectric . vetio
only under ohmic conditions in a uniform field.
Eo.l(t) = electric stress in the dielectric due tq an applied
voltage of V = Vb.l(t)
Ex = E stress at any point x within the dielectric
f(e.e) = function of pefmittivity and electronic charge
F{exp{(E,T)} = exponential function of temperature and stress
P,I. = particular integrel
C.F. = complementary function
a = subseript relating to void
i = subscript relating to insulation
1.c.p. = initial charginé phase
€PuPe = eventﬁal polarization phase
i.d.c.ps = initial discharging phase
s,s.i.v. = steady state inception voltage
t.1.v. = trensient inception voltage

Other constants and symbols are as defined in the relevant

paxt of the text.

A definition of terms is also provided in oppendix 1,
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CHAPTER 1

Introduction.

The conventional method for transmitting electrical power is by
emplo&ing alterﬂaiihg volitage techniques. This is frim;rily due to
the esase wi£ﬁ which.alterﬁating voltages can be transformed from a
lover level ﬁo a higherllevel and vice vérsa. Hence the theoriéé and
design information in connection concerning a.c. transmission are
aburdant.

When transmission of electrical power is required at high voltages
and over long distances, the use of alternating voltages becomes very
inefficient and costly.

One of the reasons for this is the high dielectric hysteresis
losses which increase as the square of the voltage and to high corona
losses causing power losses and radio interference in the popular
amplitude modulated wavebands employed by several radio and wireless
broadecasting stations.

The above mentioned effects are believed to be greatly reduced
under direct voltage conditions. Apart from this direct voltage ,.
transmission has thege other advantages.:  The peak voltage on a
firect voltage line (unlike thatlon an alternating voltage line) is the
same ss the rated voltage, thus the former can carry more power than
the latter for a given maximum voltage between conductors. Also a
direct voltage transmission line needs only two conductors instead of
the three required for the three phase alternating voltage system.

Another aspect which is different from slternating voltage
transmission is that continuity of transmission can be maintained with
one line out of service in a two conductor direct Qoltage line by ﬁsing
the earth as‘a return line. Consequently a direct voltage line costs
about twenty fivei,per cent less than a three phase alternating
voltage line of the same capacity. Moreover due to difficulties over
frequency and phase matching, direct voltage transmission is preferable

vhere there is an interchange of power between two countries.
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These sbove advanteges and relative cost must be matched against
the high expense.of terminal equipmeﬁt suck as rectifiers, inverters
etc., needed for conversion and inversion in the case of direct voltage
transmission.

Hence a direct voltage line is usually more efficient and econcmic
vhen power must be trensferred at high voltages over long distances by
land or by cable under water between two systems or two countries.

As a result of the above advantages however there ﬁas been a gresat
increase lstély in the demand for high voltege direct current
transmission for the various equipments which provide this, and in the

design end working knowledge of these pieces of equipment.

1.1 Voltage and stress distribution.

Theoretical and empirical information acquired over the years of
alternating voltage transmission firmly estahlishes that at working
voltages the stress distribution in a dielectric (insulation) largely
depends on the permittivity and obeys Ohm's law.

On the other h%@ theoretical considerations prediet that under.
direct voltage conditions the voltage distribution in the dielectric
‘epends on the resistivity and should obey Ohm's law up to stresses at
vhich field emission from the electrodes may be expected to occﬁr.

This meens that at working volteges, well below the accepted field
emission stresses (with respect to information gathered in experiments
with vacuum) the stress distribution should be ohmic. Some experiments
have esteblished that non-ohmic characteristies could occur at these
working voltaeges.

Information on this line of research has been rather conflicting
and scattered. Nevertheless one faet stands out above all: that the
major problem lies in the mode of conduction in dielectric under direct
voltage conditions for this will determine the stress distriﬁution.
This conduction has in the past been measured at very low or very high

electrical stresses and information on the medium stresses working range
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is scanty hence there has been a tendency to attribute any non-ohmicity

to field emission from the electrodes.

.1.2 Blectrode material and screens

As a result of the theories of field emission the effect of
electrode materials has been greatly emphasized. For example, it is
reported that for some dielectrics evaporated carbon films are
superior to evaporated noble metsl electrodes and to the widely used
colloidal graphite and silver paint electrodes. It has been mentioned
that the latter two give rise to thermal hyiteresis and possibly
deviations in mesgurements. This would seem to be in direct
contradiction with Baarden's theory of surface states according to which
within the limits the electrode surface is immsterial. The relevance
of this in connection with direct voltage equipment design cannot be
over-stressed since as, for exemple, il the case with a.c. cables,
carbon impregnated (semi-conductor) materials are used extensively to
serve as screens or electrodes. Obviously this situation needs

clag;ification.

1.3 Surface and internal discharges.

Ag mentioned earlier one of the hazards of high voltage work even

with d.c. is that at high stresses air trapped in cavities in the

insulation or at the interface between insulation end electrode or
conductor tends to ioniseausing discharge2 and consequent energy loss

354 Bven though the

and in some cases breskdown of tk dielectrics
unsteady nature of conduction current (in dielectrics under direct
voltage conditions) after the initial transient has disappeared and
other snomalies like non--hmic behaviour have been attributed in some
cases to microdischarge within the dieiectric, ﬁhere appears to be very

little published information relating the effects of discharge on the

conduction process in dielectries. Tt is apparent that the study of

. dis da o QS B \‘QXM t Sa Heaosed 3 eP—
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conduction in dielectries since the decay of surface discharges under
direct voltage conditions appears to exhibit similar time constent
characteristies to the decay of current through the dielectricss.
Moréover it appears thet discharges tend to increase the Antrinsic
conductivity since they invariably lead *o breskdown at vhich the

conductivity is infinite.

1.4  Space charges

Some workers have attributed the causes of non-ohmic conduction in
dielectrics to space charge formation occuring as a result of non-
uwniformities and inhomogenei£ies within the material and‘éﬁe electrode/
material interface. Experimental evidence of this in connection with

high resistivity solid dielectricshas been rather limited.

1.5 ©Eguivalent circuits

Engineers generally prefer the use of equivalent eircuits but it
appears that due to lack of information at medium direct voltages, high
voltaege engineers invarisbly fall back on simple equivalent circuits of
perfect and imperfect characteristics derived at low stresses.

These equivalent circuits are insufficient if not misleading.
Moreover if the claims of non-chmicity and space charges at these
working stresses, apparently before the onset of field emission, are
true, then new equivalent circuits to simnlate conduction, discharge
performance and beha.viour6’7 correctly are badly needed.

In short there is a need to draw up a more comprehensive theory to
include conduction and discharge characteristics of dielectrics under
direct voltage conditions.

It is hoped that this work will meke a constribution in this
direction. ' It is based on en investigation into the affect of space
charges on the conductivity, equivalent cireuits and discharge behaviour

of perfect and imperfect dielectries. It is therefore appropriate to

start by reviewing the gencral processes of conduction in dielectries.
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CHAPTER 2

Conduction Processes in Dielectries

General macroscopic measureable conduction can be caused by any one of
the following effects: caemical, electrical, mechanical and thermal.

Chemical condnctiogiighcaused by & concentration gradient can be
observed a&s a matter current, levelling the concentration (diffusion).
M electric field causes an electrical conduction which is characterised
as ionic current, iomnic coﬁductivity or dielectric loss mechanism.
Mechanical stress fields and the vibrations of sound field cause
mechanical movement which is characterised as an elastic deformation or
diffusion creep {piezocelectric effect) and thermal conduction is
generated by a temperature gradient the observed effects of which are
the concentration gradient (Ludwig-Sonet effect) and an ionic e.m.f.
{Seebeck effect).

Usually the observed‘pacroscopic effect depends on a number of
atomic variables, such as the concentration, mobilities and relaxation
of the ions and the general behaviour of migrating charged and uncharged
defects. 'These in turn are functions of external parameters depending
on experimentsl conditions, these include temperature, pressure, frequency,
doping species, concentration etc., and an adequate analysis requires an
investigation into the effect of each of these.

In genersl, however, these conditions are inter-related and it is
worth noting that the general conduction processes governed by
irradiation, presence of disloecation and/or ceolour centres, and
boundary effects, polarization capacity, reorientation of substituted

molecular iong like OH could be included in the above considerations.

2.1 Electriecal processes

The basic concepts of defect movement in crystals have been

covered in detail by Frenkel, Schottky and other58’9 but it is relevant
o

to mention the motion of a defect from one equilibrium po?fioh in the
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lattice to the next since this constitutes a fundamental conduction
process. Some defect dipoles have no total charge and therefore take
no part in electric conductivity, but can be very effective for
diffusion. They can reorientate into geometrically allowed directions
(hindered rotation) and thus cause relaxation phenomene in 'time'
dependent electric or mechanical fields.

It hes been postulated that diffusion of defects results from the
statistical succession of a large number of jumps with a jump defined as
a movement of an ion or charged defect from a lower energy state to a
higher one and described by

T . G 5 I

mo ) .2
W = Rexp- T = Qexp - XD - Lm eee see ses ees (2.1)

’ :
where 0, is a mean jump frequency to 2 particular neighbouring site,

Sm and Hm are activation entropy and enthalpy respectively. Gm is the

Gibb's free energy of activation and @ a vibration frequency of the

order of the Debye limiting frequency (10128—1). This leads to a net

current of defects down a concentration gradient (grad. x). Any class

'i' of parallel jump paths of length r, forming an angle ai with the

direction of the gradient (0 < B; < gﬂ contributes an amount - (Axi/n)

H

wm?Cosai to the current where Axi |gradx|rCosei. The total current

is - wm;E Igradx/QIECoszei. Considering a particular case: for a cubic
lattice ECosaei - %nCosae =n/6 {n = number of attainable neighbouring

sites), the diffusion coefficient (factor of - |gradx/al

L 2 2
D""l/6 nwmr -gwma " e ‘e e e se so e sse se e (2.2)

where 'a' is the lattice parameter, =snd ‘'g' includes a geometric factor
characteristic of the jump geometry, 2.g. g = 1 for shortest jumps in
& cation sublattice of say the Nacl Structure when 'a' is taken as the
large cube edge.

With regard to ionic conductivity, from equation (2.1) an epplied
electric field E modifies the activation enthalpy Hm of singly charged

defects by smounts + 3 eErCosei where ir is the distance between the
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saddle point and the equilibriumposition of the defect and Gi is the
angle between the jump and field directions. Hence every pair of

opposite jump direction yields an excess probability.
Cos 6.

——2) for jumps with a component in the

Ao = 2mm sinh {3} erE o

field direction. The resulting contribution to the current density

X

J is AJ = S

er Awm Cos ei agssuming that the neighbouring site is

re?ched on a rectilinear path. For 1/2 erE << kT, linear expension of
Awm gives a field-dependent conductivity %-= g = xeu/Q with a mobility
T ge32 wmfﬁT cea ser sev wes ase mes wes ees ess ses (2.3)

where g = nracos2e/2 ag as in equation 2.2. Expension of Awm to the

third order introduces a non-chmic correction factor (1 + g, eeazEalkaTa)

on the right-hand side of equation (2.3) with g = nrh Coshe/thah.

Conductivity and gelf-diffusion are of course related by the well
known Nernst - Einstein relation~% = E% as is evident from equation

{2.2) and (2.3).

2.1.1 Dielectric relaxation

Dielectric relaxation may be viewed as é distinct phenomenon
separate from the contribution of ionic conductivity to dielectric loss,
This phenomenon is of special importance in cases where the migration
of-a charged point defect is restricted totaily to a few jumps, there-
fore being detectsble only in e varying electric field.

The simplest example is given by tightly bound defect dipoles.

In a time-dependent field they orientate with a relaxetion time 1T, that
is, the distribution of the dipoles over the energetically different
orientations relative to the external field follows its variation with
t, T is given by the frequencies of the individual jumps contributing
to reorientation and therefore depends on the jump geémetry.

According to this theory let M be the absolute value of the

effective dipole moment of the pair in the special case of ME << kT,

constant field E esnd cubic symmetry (00326 = 1/3) then polarization
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P = =50 vhere x,; is the mole frasction of the dipoles. This means

o Ae - fold increase of the original (defect free) polarization with the
dimensionless relaxation s?rength Ae = ?/eo (e-1)E. T 1ags behind the
time-dependent field by t, causing dielectric loss. For instance

after s?itch off E at t=o, the relaxation current density is given as

J = (Bk) exp (-t/1), for Ohmic conduction. The above theories

explain non-ohmic conduction at stresses lOO.kV/cm for Kel, KB and Nacl
on the basis of conduction mechanism by clectrons emitted by the cathodic
electrode due to a locally high field in front of it or by the
possibility of ionic space charge limited processes. - 100 kV/em for

KC1l ete.

Most of these processes are however grouped under the emission and

conduction laws:

0.1.2 Laws of electronic emission and conduction

=il
1 L]

Several laws of emission have been postulated to be due to 5tiéf
the following mechanisme. N
Thermionic emission «ee ser see oo Richardson-Dushman
.Pure Schottky emission » eed ser oo Schottky emission
Field assisted thermionic emission ... T-F composite Schottky/FN
Pure field or cold emission « «es e Fowler—NordheiﬁETunneling
Fhoto-electric emission -
Secondary emission caused by electron bombardment
Pmission caused by metasteble atoms.
Almost all the emission processes 1isted above are known to be connected
with electron emission from metallic surfaces. The first five being
the most common. Of these the least relevant to the present
investigations is the pure thermionic emission, (the experimental work

was conducted at room temperature) where current dengity JO is given by
_ 2 -ed
g, = AT exp (kT)

where A = constant
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The field emission laws which are dependent on some function of the
field are the relevant ones, it is therefore desirable to study the
background to these laws sinece much work has been done to evaluate the

various factors which influence them.

2.1.3 Imsge laws and electronie field emission

Consider the following:

The diagrsm on figs. la, 1b, lc illustrate the effect of an applied
field.

Once en electron has escaped from the metal into either a vacuum,
geseous or a solid dielectric, it is attracted back to the metal due to
the charge induced on the metsal surface. From the theory of electrical
images the foree on aﬁ electron having a charge -e is given by

-ealheTKTxa, where x is the distance from the metal surface (for large

x)} and € is the permittivity for the dielectric region, €, equals unity

T
for gases and wvacuas. KT is a constant equals 1 (in C.G.S. units) equals
br (in M.K.S. units).

The energy of the electron at x is ezlheTKTx.

For an applied field E, the field E provides a contribution -eEx

to the potential of the electron. Therefore the potential of the

2
electron V(x) from the interface is given by V(x) = -eEx - E;iigi (x > o).

Thus the electric field reduces the height of the barrier and the
maximum height of the barrier is given by the value of x when

e2
-¢E + 5

heTKTx

av(x)
dx.

iee x = % <
| o Y EK €m

el
€t

This gives the maximum value of the potential barrier to be over-

and V(x) maximum = e y

_—
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come by any electron (Fig. 1ib).
The basis of Poole's and Frenkel's theories are very similar to
the above considerations but it will be more instructive to treat them

separately.

2.1.4  Poole's Conduction theory

Poole's11 conduetion law might be explained as follows: According
to Maxwellls law for the electron distribution the number of electrons
possessing a given energy u should be propértionéa to exp (30/3%2)
where v, is the mean electronic energy. As regards insulators in a
very strong field, sufficient energy may be contributed by the field to
enable some with high energies to escape intozﬁanduction band, For
this to be possible the electron energy should not be less then Uy - U,
vhere U is the minimum energy required to move into the conduction band

and U2 is the energy to be contributed by the electric field. U2 may

be expressed as U Eed,

2

d = some atomic distance

flence the number of available electrons and so the current might be
expected to contain exp (3Ede/2Um) as a facto?.

Poole's equation in its current form is explained as follows. If
the diagram in fig. 2 represents an insulator with traps or energy
barriers then in the absence of an applied field the probability for a
jump is P 7€ exp {-V/kT) in all directions. When a field is applied the
probability of a jump;in the field direction p,°Ccexp - (W-3Ed) /xT and
against the field Py exp = (W+#3B4)/KT. Thersfore the resultant current
flow is given by Py - pE«CSinh eBd/2kT this reduces to pec eEd/2kT when
E is large i.e. at high stresses,

Thus fhe final equation obtained is of the form c.= 0, exp bE at

constant temperature.
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2.1.5 TFrenkel's conduction theory

Frenkel8 in his approach points out that because the illumination
of ean electronic semi-conductor or dielectric results in an additional
increase of the conductivity independent of E, this shows that the
increase of electrical conductivity at high fields is due to an
increase of the number of free electrons and not of their mobility.

The dielectric (or semi-conductor) is then described not as a
gystem of free ele?trons moving in & self-consistent periodic field of
force, but simply as a system of neutral atoms. This refers to the
normal state in which there are no free electrons,

After ionization of an atom, the electron is then described as
free moving in the surrounding medium of neutral pdlarization‘atoms
and the field of the remaining positive ion.

Since this field is screened by the polarization of the surrounding
atoms, the ionization energy must be decreased in the ratio e:i where
€ is the electronic component of the dielectric constant.

In an spplied field E, this energy is further reduced by a
mechanism similar to that of Schottky effect in the thermoelectronic
emission from metals. In fig. 3, the full line represents the normal
potential energy of the electron as a function of the distance from the
positive ion whilé the dotted line represents the same quantity in the
presence of the fileld. The height of the potential barrier is lowered
in the field by the amount.

A:S:*I = ei’}ro + :—21:—
: 0
where r_, the distance to the maximum from the ion is given by

ee/ero2 = eE, thus r_ = (e/eE)% and

.
&V = 2¢Er_ = ve(ek/e)?

Now if, in the sabsence of the electric field, the number of free

electrons due to thermal ionization of the atoms is proportional to
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exp(~WO/2kT), vhere W_ is the ionization energy (decreesed in the ratio
£:1l) compared to an isolated astom, the electrical conductivity in the
presence of the field will be proportional to

exp -(Wo - AW}/2KkT
thus 0 = o exp (e3E/e)%/kT

X
differing from Poole's law by the substitution of E? for E.
Most of the laws arising from the above survey and claimed to

govern conduction are as follows.

2.,1.,6 (Gas and vacuum conduction

For pure Schottky emission, J the current density per unit emitting

area is given by

= & ——
J J-o exp e(Eweo) AT

o
o8 ot constant temperature

J = B7° exp (8E %/T)
vhere B = constant

§ is & function of electronic charge and permittivity
For pure field or cold emission, a Fowler-Nordheim emission or

for Tunneling.

J = A1E2 exp (-o/E)

a GonSlemt”
where Al island o depend on the metal to vacuum work function and mass

and charge of an electron.
For field assisted thermionic emission known as composite Schottky/
Fowler/Nordheim or T-F emission’ J is given by a mixture of the

Schottky and Fowler~Nordheim equations given above.

2.1.7T Solid dielectric conduction

The process of emission and conduction in metal/dielectric/metal

systems as opposed to metal/vacuum/metal system are not very clear.
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Although it is held by some theories thalt because of contamination,
induced dipoles etec., the stress E (defined carlier) is no longer
uniform hence the laws of emission should be differecnt; others believe
that the introduction of the dielectric merely affects the work function
and absolute permittivity in the Schottky end Fowler Hordheim laws
listed earlier and may meke emission start at lower stresses. Still
others believe that because of possible traps present in the dielectric
e hooked in space charge is produced which alters the potential barrier
and hence potential barrier and emission laws.

It has been generally recognised however that solid diélectrics
exhibit two main steady state forms of conduction when subjected to
direct voltage stresses, these may be classified as ohmic and non-ohmic.

Ohmic conduction is characterised by an equation of the form:

J = gF ‘ 2k
o

and non-ohmic conduction by:

3 = 3. tle,e). F {exp (E,7)} 2¢5

At low stresses the conduction is ohmie, the process changing to
non-chmic as the stress is increased, The precise value of stresa at
which non-ohmic conduction starts is not clearly defined for a
particular dielectric although it has been stated.l2 thet for polythene
the transition tskes place at stresses above 40 kV/em.

Equation (2,5) is open to several different variations according to
whether most of the electrons for conduction are obtained as:
{a) a result of field emission at high fields and low temperature,
() a result of thermel emission at high temperatures and low fields.
(¢} a result of both field and thermal emission at medium temperatures
and moderate fields.

Thus for Fowler-Nordheim {or Zener) emission the expressions for

the current density is of the form:

J = A exp (-o/B)

and for the Schottky emission
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J = B. exp (SE%/T)
where A and o depend.on the electron mass and the metsl to dielectiric
work function and where B and § depend on the permittivity and ohmic
properties of the dieslectric.

The type of conduction described as being due to the Richardsone

Schottkyl3 effect gives an expression of the form:
B E%
0 = g_.exp (——)
o] kT

which may be modified to take into account the Poole-Frenkel effect as

follows:
B E}
o =o. exp (F)
o' kT
(63 )%
WhereB :28 = ——e———
pF 8 weo GF

The Poole-Frenkel relationship is claimed to be effective when the
conduction process is bulk 1imited and the Richardson-Schottky type
when conduction is electrode limited,

In addition to the above expressions the Poole conduction process
leads to the following expression for conductivity:

0“= UOE exp bE
vaere b is a constant.

It is believed by some authors that at very low field the.only
- conduction under steady state conditions that can ocecur is of the
Richardson-Dushman type at very high temperature e&'3OOG°K, that at
mediun fields # 100 kv/cm, no Fowler-Hordneim conduction can oceur
and that conduction at medium temperaturés (1000 K}‘;ﬁithese fields
are of the Bchottky type, and of the T-F type at very high temperatures.
It is suggested that Fowler-Nordheim conduction can occur at arcund
roon temperature only at high field{:lOOO kv/cm)but some '«;ror?rma-rsl’4 have

pointed out that in presence of various dielectrics and as explained

earlier conduction may occur at much lower fields.,
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There is no doubt however that there is conduction at moderate
fields 30 - . 100 kv/cm and several attempts h#‘re been made to explain
this on the basis of the existing lews listed above. It iz found
however that experimental current densities measured axe not compatible
with the <alculated quantities predicted by the various laws.

Some other explanations have been offered on the basis of patch
fields, particles on electrode surface, and different surface condition
but although these may explain some of the a.'bnqrma.lities obtained they
do not by any means explain ##% conduction in dielectrics.

It is believed that the sbove anomalies could be explained on

spece charge basis.
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CHAPTER 3

Space Charges in Caseous Dielectrics

The concept of space charges has been in use for a long time.
The most prominent area of its usage has been in connection with gas
conduction, corona and breakdown theoriesl5’l6’17.

' The application of space charge theories to insulator or dielectric
conduction has been rather limited because of the lack of consensus as
to whether zpace charges can be claimed to exist in insulators at sll,
Only in the field of semi-conductors are sﬁace charge theories as
applicable to dielectrics acceptedlao

This survey therefore beging with the review of a general. space

charge theory for all poor conductors and then continues with accepted

forms of space charge as obtains in air/gases.

3.1 Space charges in poor conductors.

In order to appfeciate :the concept of space charge in this

g.which involves two

connection, consider this approach by Herzefeldl
distinet possibilites: (i) space charge due to electrons between
parallel plates end (ii) space charge in an ionized medium between two

plates,

3{1.1 ‘Space charge due to electrons between parallel plates.

For the first type he quotes the results of an earlier worker where

p the charge ~ density and Vx the potential are given respectively by

o < BT _2a%
F Cosan
V= %2 log 0032 Ax + B

Here the point of origin from which x is measured is between two plates.
F is the Faraday equivalent i.e. F = ionic charge multiplied by number

of molecules per mol, and A and B are constants., From further
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calculation it is concluded that the number of electrons vhich would be
present in the centre of the plates should be high enough to give

measuresble electron conductivity, if this number were limited by space
charge and not by the surface foreces. Accordingly, he concluded that

surface forces are responsible for the absence of these electrons.

3.1,2 Space charge in an ionized medium between two plates.

In this cese he assumes a uniforn generation of ¢ pairs of ions
and a recombination of a (n+) (n-) per second per cubic centimetre,
where the number of positiv¢ and negative ions present per cubiec
centimetre are n+ and n- respectively, and a is a constant.

The diffusion of the positive and negative ions are D+ and D-
respectively.

Let E be the electric field and V the potential and y = VF¥/RT.
Assuming that both ions have the same chargey Waieh might be a
multiple of the charge of the electron, in which case F must be taken
as a multiple of the Faraday equivalent.!

All quentities referring to the left plate (X = -L) are designated
by the subscript 1 and all those to the right plate (X = +L) by
subsceript 2 where 2L is the distance between the plates with the origin
of coordinates at the middle of the plates and the potential at this
point assumed to be zero. Let the current density be J. Then using

the expression
%e _ Fo

X BEE .
D wT NRT
where
k = R/N the Boltzmann's constant
= gas congtant R divided by number of molecules per mol, N,
end e = the Faraday equivalent divided by XK.

The equations of motion for the ion were then written as
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2
D4 {dal(:eﬁ) _ % %x_ E{n+)} = (on+) (n-) - g

2
%x%;)' JH% g; E(n-)} = (ant) (n=) = q

D- {

and Poisscn's equation gives

*

dE _ LT
= o (n+) - (n-)

From further analysis and aspproximetion a very complicated

expression for the potential V is obtained: viz Langevin's

approximation.
V.x L2 exp.-¥ '
Y 4oFL 1 [ 2xg}
Ve ot 2 T-exp.-2y { (a+)y = (04)) = S (1-exp. yyx/L)
elly; 1

2y, 4 2
- [y - e, - *a%-] (e -2/} + EE 10 Gy + 29 - 1
L

+2nF 1
€N l—exp2yl

{9 - (), em(-2yy) - (o), +(2-); exp(-ayyoyya

(l+exP-2yl) (%:; + %:-_—) } x{x-I)

]

2y-q 2y.q
+ ]-l"ﬂ']:‘.']'.l2 ((n_'_)e - (n+)l - ui + [(n-)l - (n-)2 - G: ] C"-'XP--Y:L}
eNyl

If it is futaer assumed that all ions are discharged immediately

upon reaching the electrodes as in the case of geses. This means

(n+)l = (n+)2 = (n—)2 = (n-)l.= (n-)2 =0 and.the expression for the
potential is reduced to:
v V,x 8FL2 exp.=y; (l-exp ylx/L ) l-exp-y, x/L)
L T eNy Neexp-2y at o=
1 1
2 2
LeFL, 1 1,x X
M TR AL Bl L (5 -1)
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+ 2TF ffff?:ff&. (er) (e - 2y BTFL (I« exP—yl)
e M1 l+exp-2yl AE=LNeF T o eNyl ot - Ee

Another approximation is then considered which gives for the

potential an expression

1Y

RT ¢ A x A X AG A
V=3/2—— Jx iG+ = {(g-2/3) = (G - =+ 3)

FqLa . 4 12 60 LE 2 3

< AG ) 2 8 11 2% -A2)2

i

A AG 4 A A x_ il I
"3%0 6 -5 -7+30) * %08 B (G - §5 AT + 25~ 55

where
_ 4gF® 4
A'efm D L
b
A 7 - {(A°/16)

and G = 1 +
360 14o0a/320 + 4%/960 + a%/3840
Making a further assumption that no ions are discharged on the
plates under normal conditions without field and that the number of
ions without field is uniformly the equilibrium number throughout space.

It is concluded that

%
E = JNET -~ A8 cosh éx
2FnD
o
v 81rF2n0
where § = TRT
= (3 =% =nt
end n_ (a) n”, =0 _
This finally gives V as
g kX 1, sinh éx - 8x
Vvt () - V) S en - on
nere V.© = E.L
where V, 5
-Eo = EE%E__ + AS (the electric field at the origin)'
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and Vl-vl; = A (sinh 6L - 8L) - the excess potential

Other cases are considered which first takes into account
diffusion and then neglects it for comparison., The conclusion is that
" since 1f one considers the relative importance of the current due to
diffusion and that due to the electric field in the equation for the

stream of ions passing a certain cross section

4 F .o dlom TE

- pn F_
Dn e (Alogn + T AV)

and because n within the brackets is a log function, except for a
potential drop of the order of a few volts, the effect of diffusion can

be neglected,

3.2 Space charges in gases.

3.2.1 Child's analysis.

The most prominent amongst space charge theories is Child/Langmuir's
three hal@power law for gas conduction in vacuum tubes.

In order to appreciste its similarity with the semi conductor/
insulator theory wiven elsevwhere congider the following analysis.

In this analysis it is assumed that the currents are predominantly
carried bykharges of only one sign and that the net charge is not zero.
It is assumed thet the motion of the charges are sufficiently slow so

that electrostatics formulae are valid and Poisson's equation holds.

Tklus V2v=-;L e e L N sen LA N s LN N 3 L N 2880 a8 (3‘1)
v

vhere V is the potential, The charges are supposed to be similar and
associated with a mass m and to acquire their energy entirely from a

superimposed field., Thus if their velocity is v and charge e, their




energy 8t a point where the potential is V will be

ma.‘ 2e (Vo e V) 48 BA® &48F B8E Ee4 wEE  ees  wan (3.2)

where ¥ is their potential of origin. The current density at any
point is given by

T 5 PV eee oae oss ses ses see sss ses ese (3.3)
The simplest casel is the one in which the charges are fredl.in
unlimited quantity at the plane x = ¢ and accelerated with a total
potential V to a plane x = b. At the surfacé x = o charges will be
freed until there is no Jonger en electric field to move them away 80

that the boundary condition at that point

dv - .
("&'}_: = 0 toe [ RN see (LK} se e see XY X R ] (3!l|')
xX=0 .
Here all the veloeities are in the x— direction so that eliminating p

and v from equation 3..1 by means of equations 2.2 and 3.3 we have

32 3

T S -
——2— = P I.E—e(v;-:—-ﬂ] aew (XX "ee ‘e e (3-5)

Ix v

>

Multiplying through by dV/dx and integrating from V = Vo and =y

dx
dav
to V and Ax

’
. _ 3
we have (glr-)2 = kg z (Vo V)]
dx ev 2e

Taking the square roots of both sides, integrating from V = V_,

)
x =0 toV=o0and x =b and solving forI
=X 28y 2
J - 9 (m ) b2 aee “ae 400 [ E X ] e s e a "s e (3.6)

This is known as Child's equation. It shows that with an
unlimited supply of charges at one plate, the current between the
plates varies as the three helves power of the potential. Such a

current is said to be space-charge limited, It can be seen from
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equation 3.6 that the space-charge limitation is much more serious for

charged atoms than for electrons because of their greater mass.

3.2.2 Cylindrical co-ordinzte system.

In practice the emitter frequently takes the form of a émall
circular cylinder with the charges being accelerated to a larger
concenfric cylinder. In this case, uzing cylindrical co-ordinates and
if I is the total current per unit length of cylinders equation {3.3)

becomes
I=2ﬂrpv - o8 L E N ) LN ] [ 3L aee *w *+t® aRe *e S (3.7)

Writing equation (3.1) in cylindrical co-ordinstes, eliminating p and v

by equation (3.2) end (3.7) and writing V for v, -V,

2 3
a7V av -X m

P e e B e (__. ess ses ses see ese ews (3.8)
dre dr 2ncv 2qV

The @irect solution of this equation in finite terms is difficult,
if not impossible.

One may however obtain a solution in series as follows:

Assume that q,m and V enter into this solution in the same way as
into equation (3.6) leading to a solution of equetion (3.8).

Try the solution:

3 .3/2
_Bj'f'y' ('gg)! E""{"'é’ [ N} aes . ee se LN ] ade (3.9)
9 m rg

-I

and check if 62 can be detetmined to satisfy equation (3.8).

Substituting 3«9 in equation 3.8 gives the equation.

2 2
a’s a8 ds 2 -
38 d72+(dv *“Bay‘“ﬁ'l 0

vhere Y = log GE)

Thig equation can be solved in the regular way in series which
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gives

L
h

2
: - n_=2 xr P z
1.e, B = log (a) -5 (1log a) + 150 (1og a)

Here a is the radius of the inner cylinder. Tables of B as &

funetion of r/a heve been published by Lengmuir.

3.2.3 Space charges and Townsend's gas conduction theories.

In order to evaluate the anomalies in the results chtained using

20,21 the workers concerned

Townsend's electron avalanche theories
assumed that space charges occurred (A phenomena neglected by Townsend).
The following analysis was presentgdga.

Consider two parallel plate electrodes encleosing a gap L. Assume
that the potentimls at the terminals are zero and VA respectively, also
that a current of electrons io ig released at one electrode. According
to Townsend (meetion 5.1) these will travel through the ges tow.rds the
anode producing by ionization collisions further electrons and associated
positive ions,

At any point in the gap at a distance x from the electron releasing
eleétrode, the .I-ctron current ix = io exp.ox wvhere a is Townsend's
first ionization coefficient.. The current arriving at the receiving

electrode is thus given by i, = io exp. al,

L

From the condition of continuity, the. total current crossing any
plane parallel to the electrodes must be a constant. Let there be

ancther charge carrier of_mobility iM

e 1=1 0+ iM {assuming that i

L is of similar form to iL).

M

To determine the effect of space charge, Poissca's equation must be

solved

.i.e. VQV:-PI\&L
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d?V

-
———

-p
i ML,

By using the equations

J = pv
and v = uE
u = mobility

by writing B = %% and inserting the values of i and'iL assuming that

at the receiving electrode i, = o (This last assumption is made to

M
simplify the analysis but the generality of the analysis is not lost)

Then iy, =i (exp oL ~ exp ax)

.

exp (oL) ~ exp - ax _ exp ox

-J
a(av/ax) _ 0
Hence dx av/dx |

where Jo is the electron current density at the releasing electrode.

If it is assumed that

vp, 7> My
av a ~Js l
Then & 45 (av/ax) = W [exp {aL) - exp ax

Ed—lﬂ-—fﬂl (aL) -
= = o exp (o eXpox

Now'%- = f (%J or at const@nt pressure

a = f(8)

Now for Townsend's equation to hold the stress in the gap E must be

uniform, If space charge is present and the field is not uniform then

X

i, % 1 ex £ adx

The equation to be solved then becomes
. - 4 X
® :
g & - ﬂ_2:] {éxp (f edx) - exp (f adx)
dx L o )

This equation with certain assumptions is solved in the above reference

for selected values of J0 in air.
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CHAPTER b,

Space Charges in Solid Dielectrics

Space charges and their effect on the conductivity in solid
dielectrics under direct voltage conditions however has not been very
clear. Whereas some authorsa3 ignore its effect at operating voltages,

2h,25,26 stress its influence.

others
The former assume that (in the absence of field emission) the

initial current density at switch-om, (J(t)), is given by:

a .
J(t) = ¢ Eo.v(t) + 121 Xi(t). Eol(t) T e e e h.1

where Xi(t) = 0;. exp (—t/ti)

o5 depends on the conductivity of the dielectric and ti depends on the
polarization time,

The final steady-state current denzity is governed solely by the
applied voltage across the specimen and its thickness. Hence the

conductivity in the steady-state condition may be expressed as:

U =Uo’. em (Kl Ex+K2T) LE N ] *Te LN LI N L ) h.2

where Ex depends on the externally applied stress and XK., K

Eare

constants.,

In the case of a parallel plate capscitor in which the dielectric
ig held at a constent and uniform temperature, an application of the
above argument results in the following eﬁpression for the stress, (Ex)

at a point within the dielectricy

E =.V_A.
x L
25,26,27

Other writers argue that space charge within the dielectric
will effect the stress distribution and, as a result of this together

with the consequent interfacial polarization, Poisson's equation will
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hold, i.e. under steady-state conditions

diVD=p [ N LR N ] L] *e e L N ] aew [ X N ] LN N ] h‘3
J =ney, grad V — pkTe grad B see  sse  sas Wb
u/Di = o/kT (Einstein's equation) eec eee  eae 45

Solution of the sbove equations hsows that, for example, the
stress distribution in a parallel plate capacitor will no longer be

23

linear™ ™ but will be of the form:

S(X) EE(X) +G(X) "o e tsa e 'Y eve “es )406

In other words the stress distribution, S(x), is made up of two
components, one, E{x), being the distribution when space charges are
assumed to be absent and thie other, G{x), the distribution due to the*

space charge.

4.1.1 Current densityfapproximate solutiond

In order to obtain a solution to the above set of equations, L.3,

L. b and 4,5, it may be assumed that diffusion is negligible and that

divd =0
Jd = pv
ne = ¢
then, Di =0
also
ne = p under steedy state conditions
hence J = neul

This simplification of the eguation for J assumes that the mean
therﬁal energy of the space charge is greater than the energy gained
Prom the electric field, (since continuous collisions with the lattice
tend to dissipate the latter)., Hence en expression is obtained for

the drift velocity v in terms of the applied stress snd the current
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carrier mobility in semiconductors viz v = pE. This should be

the relationship between veloeity v and stress %-is obtained by

equating the kinetic energy of the electrons to the accelerating force
(3 m v = ve) neglecting the thermal velocities of the emitted electrons.

|
|
contrasted with the case of the vacuum diode (analysed esrlier) where
Now solving the equations

\

J = neuk
2 2 |
then from‘—i—g =--% !
3
and p = ne
-9 |
UE i
& _ g
dx2 veR
|
2
a4V av J - |
Then —5 == = —
d.x2 dx 41} ‘
2
coos 4T &
J 2  dx
dx
gy (4% .
e (& x*Cy

} 1
(B = (x+c)?

A

P V=5 &+c)  +gq, |
, 32
if V=0 at x = 0 = first boundary condition C, = -3 Cl
3/2 3/2
o, (ER 2 2 - 2
e G 5 (x+¢)) 3 0

and for an applied voltage V& and thickness of dielectric L, that is

for Vv = VA at x = I - second boundary condition




3 3/2
4l =2 3/2 _2
Gr) VYy=5 ey 3G
9 A
The sbove equation reduces to the familiar J =-€ €} -ﬂ§~ when one
L
agsumes that at x = o {electrode dielectric interface) g% = o,

Notice that in this case J is proportioned to 13,

Current density - series solution

The other methog assumes a series for G(x) or p - {e.g. Taylor's
. 28 . . . boundary = .
geries .) The equation being solved by applying the appropriate,conditions.
In this cese 1t is more instructive to separate the charge carriers

into positive and negative charge carriers and the equations tecome:-

2

VV = :e':" (P"‘n) LN ] 80 LI LN ] LICN ) om0 . L) e o h‘QT
= - + - b LN ) *ra .
J e grad v (upp unn) kT (up grad p - u grad n) 4.8
e? 3,
d].VJ:eK""‘e""" (up+un) pn"_" Et »ea "o LI LY s e e 1!-.9
(p~n)e = p
where K = number of pairs of charge carriers generated per unit volume

per unit by dissociation,where p and n are positive and negative charge
carrier densities respeckively up, u are the mobilities of positive and

negative charge carrier densities.
and Ew- (up + un) pn = recombination factor

The rest of the symbols are defined as before.

Now assuming that up =u =M and writing

pl(x)%gfn = nl(x) tee  eae ave  ess U.10

fl

p+n= Al(x) vhere p

b
]

p-n = B'{(x)

w
i

The equations 4.7, 4.8, for the one dimensional case can be written as
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2
"a_-g' = :-EB s s as aes LX)
ax €
I 2B
J—-e 3 A kT ax LN ] LI ) [N )

Differentiating 4.11 with respect to x:
1) -

o

8 3 oV 34 _

A% TeHA T3 - ew oy S - KT
ax

From eguations >
J _ & 2 2
4.9 and 4,10 '%E = eK- 3 u (A" - B%) ...

LN ] (K] e “ve )'I'all
L | LR ] L LI h.la
g
3x2
“ea LR LI ) [N 1‘-13

Assuming that p{x) and nl(x) across the dielectric are as shown

in Fig. e, then A(x) and Bl(x) are as shown in Fig. b .

1, . . 2
Now let B (x) = ¢+ Bx+ oy X

Assuming symmetrical charge distribution systems as in diagrams for

pl(x) end nt{x).

"+ B(0) = p'{o)n'(o) = o.

~nd since Bl(x) is symmetrical sbout the origin.

2
2 =0
X
X=0
£ =0
e Bl(x) = le

rd

Substituting B.x into 4.1l and integrsting
1

é 2
W, -e B* + (&
ax e 2 ax _ LR N J L N L N 3
x=0
3 v
=€ Bx v A
Therefore V = - + (ax - Xt

4.k

4.15



‘ Pl(i) np(X)

-L/2 %= | x = 412

Fig. ka - - _ il pe

fig. by,

Assumed charge carrier distribution in a dlelectrlc in a parallel plate
Cepaicitor conflguratlon.

_8£_
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v

where V, is the voltage applied and A is the consequent

A 2

in the absence of space charge.

If boundary conditions are such that

at x = -L/2, 2L, =

5% Sand V=0

Equations ﬁ.lh and 4.15 give

lEeJ vA
B =_ (S--—_) [ N ] LN | LN * e d h @ > an L N ]
1 eL2 L
X 3 s
ax %=0 2 L 2

From the continuity equation

1(0) = 3(- 3)

Also from equation 4.12

-eu ('9'!) Al(O) - ].lkTB s8 L] “e e .4
Ix %=0 1l

J(o) =

Considering Fig. 4B and from equation 4.13 at x=o

2
1l . ¢a B A
87(0) = (=3) = (== 0
3x X0
x=0

also under Steady state

o

— o

oK

2 .
e = 2
. . eK""é'E ]JA(O) =0 cs e s e e ven caw

From equations 4.18 and 4.19

-J(0) = J = Yen (%%)
x=

. V2eK + KT8, e eee eee
o]

voltage at x=o

.16

4.17

k.18

4.19

k.20

L L ]
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By substituting equations 4.16 end L.1T in equetion 4.20 the total

current J may be obtained assuming thet

v A
oxt L
x=-1
. . oV . .
Then substituting for B, and IE; i.e. equations 4.16 and 4.17
x=0
in equation 4.20
v, 12¢V
J = Yeu 3 A V2eK + kT A
2 L 3
el
and X = K_ exp (-W/kT)
where W is the ionization energy.
4,2 Space charge formation.
1%,29,30

Most other papers o:: the subject recognise the effect of
space charges when there is field emission but apparently not before
though this is not made very clear. Others even explain the decay of
durrent in dielectries in response to a d.c. stress as a result of
gspace charge accumulation due to electrical inhomogeneities within the
dielectric.

The question is whether there is space charggfgoth low and high
stresses with and without emission and if so at what stresses is its
effect felt nmost. The case for space charge in presence of field

9,30,31

emission seems well established? but so far experiments carried

out to investigate stress distribution in other cases have not been
widely accepted because of the claim that the insertion of probes .

within the dielectric to measure the stress may in itself effect the

25’27’32’33. Another uncertainty is whether deviations

from Ohm's law are necessarily due to field emissionah.

gtress pattern
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CHAPTER 5

Gas Discharge Processes in Insulation

) Serious and systematic study of discharges in insulation began
with the work of Gemant and Phillipoff(35). Bince that time this
type of investigation hes become a major part of the study of electrical
insulatiog breakdown. The background of the work however ddtes back
to the work by:Townsend on electron avalanche éupplemented in some

respect by the work of PeekJ.'6

5.1 Townsend's theories.

Townsend20’2l postulated that if n negative ions are moving in a

ges between two parallel plates at a distance 4 apart, also if E is
v,V
3 vhere Vl and V2 are the
potentiald of the two electrodes respectively and P, the gas pressure

the ohmic electric stress given by

of the gas iAPetween the plates, fhen in covering a distance dx the

n ions produce on dx others where o (known as Townsénd's first icnization
coefficient) is a constant dependent on E and P and temperature. (The
coefficient & is practically zero for small velues of E unless P

is also small, i.e. %'= F(%)- In the absence of space charge this

L..as been shown to be of the fbrm-% = Aexp (%E) thus dn = on A% «o» 5.1

B.ndn=n0 CXD OX eee e “re ®ee sas ere e cas s . e 5-2

Hence n ion' starting at a distance x from one of the plates ﬁill
give rise to n, (exp ax-1) others. When the ions arrive at the‘ﬁlate
the formation of new ions cesses and the current stops. ILet n, be the
number of ions produced per unit volume. The total number of ions

produced per unit area will therefore be

4 n,
i n exp axdx = — (exp ad-1)
O

~ vhere, nod is the number produced by the rays per unit area hence

e = il -
i =3 (expod-1)
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_where i is the current for a large intensity E and.io the current
compesed of the ions produced.
Townsend's second ionization ecafficient y is introduced by
assuming that there are other mechenisms solely or partly responsible
for the production of secondary ions. Consgider first the case where

secondary electrons are produced at the cathode by positive ion

bombardment.
Let n = number of electrons reaching the anode per sec.
n = number of electrons released by externsal radiation.

n+ = number of electrons released from the cathode Ey positive
ion bombardment.
y = number of electrons releesed from the cathode per incident

positive ion.
. ’

Then n (n0 + n+) expad
n, =y{n - (o + n+)] | ‘

Eliminating n_.,

expod
o l~y(expad-l)

n=n

* e L LR ] *e s [ "o L] LN ] 503

expod
o l-y(expod-l)

or i

® e LIS L LI LU ] LI N L] LR Sih

Note the similerity between equations 5.2 and 5.3 when y = o.

From equation 5;h breakdown is deemed to oceur when

v(expad-1) = 1 tee nes ses ees  sas ses ses ses 5.5

Here y is taken to represent the nuwber of secondary electrons per
positive ion, noting that this may represent one or more of several
mechenisms. The value of y(expad-1) is zero at low voltage gradients
but increases.as the voltage gradient is raised until equation 5.5 is
satisfied. In general at the value of o corresponding to breskdown

gxpad >> 1 and therefore equation 5.5 can be writien in the form

vy expod = 1.




5.2 Btreamer theories.

The other notable gas breskdown theory epart from Townsend's

36’37. This was enunciated becsuse the

theory is the Streamer-Theory.
very short time lags of breakdown recorded when wniform gaps were
overstressed were not consistent with Townsend's theories. The very
irregular nature of breskdowns in long but supposedly uniform geps also
did not conform to the known theories. Thus as a result of experiments
by Raether end Meek and Loeb, the streamer theory was postulated. The
theory.is centred around the space charge properties of the medium,
which is claimed to transform the single Townsend avalanche into &
plasma streamer, after this trere is o sharp increase in condﬁétivity
and there is breakdown in the channel of this avalanche.

Tor & streamer to cause breskdown apart from the first Townsend
~avalanche there must be a large amount of photoicnization of gas
molecules in the space -head of the streamer and a rapid increase of
the spatial stress by the ion space charge at the tip of the streamer.
Obviously there must occur a distortion of this spatial stress pdtern
due to the space charges. This space charge is claimed to be formed
oy the large difference in mobility between positive ions and electrons,
as a result the avalanche formed by the electrons leaves behind this
positive space charge.

If the stress due to the spacé charge is designated as some
function Er = KE vhere K is a constant and E the externally applied
stress calculated on an ohmic basis then at the head of the avalanche
where the ion density reaches its maximum value, the stress at this
point will be (1 + K)E. .

"It is further postulated that when the avalanche has crossed the
gap, the electrons at the head of the first avalanche are swept into

the anode, the positive ions remaining in a cone-shaped volume.

Further suxiliary avalanches are formed as a result of photo-electron

ionization and the streamer proceeds across the gap to form a conducting
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channel.

An avalanche is considered to be able to develop into a streamer
when Er-F'E' In order to calculate the approximate value of Er asgsume
that the positive ions of charge Q, ore contained in a spherical volume

of radius r at the head of the avalanche. Therefore Er at radius r

L 3
s -0 .3 nrone . ome
r hweora hne;a 3e,

|
is given by
In a distance dx at the end of a path x the number of ions nmass

produced is aexpox and therefore

_ aexpox dx
ne= R Trvay |
_"rE dx |

- -fae;_gggx
r

Thexrefore E = @oeXpOX volts /metre
b o 3eoﬂr

. E0expox
3re&i

The radius r is that of the avalenche after it has travelled a distence

x and is given by the diffusion expression r

t

]
|

where D is the diffusion coefficient and v~ is the velocity of the
avalanche and therefore of electrons in the applied field hence v- = uE
where p is mobility.

' Thus substituting for r in the expression and assuming that
et _ - tuexpox
permittivity €, = 1l for E:, Er w3Vi2D(x/v

Now v = B

- e0eXpox
r = () E

« = E

From further consideration of the value of-% for electrons the expression
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wea raduced to

‘B = 5.2Tx 1077 fexpox v/em
(x/p)?

The condition for the propogation of a streamer is Er = KE where K ~ 1.
Raethers criterion for anode directed streamers is similar and is

given as when the applied stress = SO8XPOX  uhere r is the avalanche
: hnr©e '
o

radius,

It has been esteblished by several workers that for a value of Pd
much less than (,000 mm Hg cm where P is pressure in millimeters of
mercury and 4 is electrode distance Townsend's mechanisms are the main
ecauges of breakdown of gases though it must be remerbered that the
transition is also affected by the ratio %— where E is stress in volts

' for

per centimetre. Howeverpvery small gaps breskdown could be assumed

to be Townsendie.

5.3. Breekdown of air voids in insulation.

fa be
Breskdown of sir voids in insulation is consideredxsimilar to

Townsend's theories of electron avalanches Zﬁ“ﬁizne metal electrodes

end several workers have established this. Mason38 showed that though
the discharge-inception stress in non-ventilated void;:§olythene is in
fair agreement with the mean of collected results for the breakdown
stress between plane parallel metal electrodes the values for the former
were 10;20% lower than the latter. He also established that if the
void was adjacent to a metal electrode, the deterioration is more rapid
than is with the void totally enclosed in the dielectric though no
explanetion was offered%he also explained discharge extinetion as being
due to excessive carbonization. Mason also obtained the stress Ev in

a void enclosed in a dielectric as approximately given by

€ (e—l)tl d'l
EVEEO ?-—(ETl)’F-" {l-t'l'(E-l)'tl prng SRR 5.6

*(see chapter 9)
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w&gre E is the initial stress in the dielectric (=V/t)
= permittivity of the void meterial (=1)
thickness of the dielectric sleb
depth of void
diameter of the void
a > tl, the function F is defined by
P = x°/(x°-1) {l - (x2;-l)-% src Cos x-]]

L 4

and when 4 < tl is given by

arc Coshx - ]
[ (1-x2) : -

where x = %;
1

The above equations apply to voids cylindrical in shape, with s
thickness alweys less than their diameter, within a plane slad of
dielectric alweys much thicker than the void but not thick compared
with the diameter of the void,

When d is much greater than t, E is given by

E=E, e/{}+(a-l) t/ti} and for t, << d <'t

E = Eo‘e/Ee - (e-1) F} cee sse ses  eas

Other expressions are derived for the field strength at the
inception voltage of voids in metal electrodes, at the“end of a
carbonized pit which forms a conducting exﬁension of one electrode and
at the end of a conducting pit which is close to an electrode.
Expressions are also given for the voltage distribution when a
conducting pit is enclosed asymmetrically in a dielectric slab between

parallel electrodes and for the magnitude and energy of discharges.
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5.4 Direct voltage discharge theories.

5.4,1 Rogers and Skipper.

The development of discharge theories under direcet voltage

conditions

is also modelled and given treatment similar to that under

a.c. conditions - a practice which has been criticised by some workers.

The literature on d.c. work ig scanty but Rogers and Skipper

39

analysed the stresses in cavities and the discharges repetition rate

under direct-voltage conditions and showed that the time between

auccessive
uniformily
vhere E. =
1
'El )
1 =
by
a:
P =
2¢ =
950 =
92 % %
a.-
T:

[?Soa/c)+(cl -02)(l+u2))[yaarc cotu-l]—c2

and el, €2

cevity.

discharges, T, in an oblate sphercidal cavity located in o
stressed, infinite dielectric medium is given by
H e Ei
¢ q.= T loge (1 - +=)
) :
. € AE

discharge inception stress in the cavity
uniform stress applied to the dielectric

l-(%—)(aarc cota-1) [ osoa/c)+(ol-02)(l+a2a
5 _

semi minor axis

semi major axis of the oblate spheroidal cavity
focal length

the surfacé conductivity of the cavity boundary at the
poles of the cavity

conductivities of the media inside and outside the cavity

respectively

S - ) (wv\’ - M e I ¥ TMM m%w)

c!

2
€, (elneg)(l+a Y{aarc cotowl) - €€,

"o se 5.8

= relative permitivities of the media inside and outside the

The expression for t is simplified further when minimum
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1 .
. -12 A +c2-1 . . 7 1
1, = 885 x 10 —— 1is considered. (where A~ is the value

9
of ) when Ooo = o) (see appendix T)

Hence it was concluded that the maximum discharge repetition rate

which occurs when the surface conductivity Uso = o depends on the
1

permittivity and volume conductivity of the dielectrie, the ratio %—
i

and the shape of the cavity. Thus for a laminar cavity the maximum

11 gt

o F~ma ]
2 E, "

discharge repetition frequency, fl is given by fy* .13 x 10

5.4.2 Salvage.

Salvageho analysing the stresses in cavities assumed that the
gaseous cavity had zero conductivity and that the electric stress in
direct voltage conditions is egual to that cbtained in alternatiné
voltage conditions when the permittivity of the solid tends to
infinity. Thus for a cavity located .n an infinite dielectric which
is subjected to an electric stress E that is uniform at very large
distances from the cavity, El -~ the electric stress in the cavity for
an elliptical cylindrical eavity under direct voltage conditions is
given,

The stresses in a circular cylindrical cavity and an oblate
spheroidal caviiy are also given. For the case of two infinite plane
parallel electrodes whose distance apart 't' is not great compared with
the dimensions of the cavity, the electric stress for a laminar cavity
is obtained as Ell =-§§. (wvhere 2n is the thickness of the cavity).
In conclusion he points out that the volume and surface conduetivities
of the cavities which have been neglected in the above analysis may be

appreciable and signifi-antly alter <the electric stresses in the

cavity. (see chapter 9 sppendix 6 and T).
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CHAPTER 6

Current end Discharge Measurement Techniques.

It is convenient to start the review of dielectric current meesurement
with dielectric relsxation measurement techniques since every steady
state condition for dielectrics under direct voliage conditions is

41-hh

preceeded by some form of relaxation

6.1 Relaxation current messurement.

(15 The first experimental approach to dielectric relaxation was the
work on 'defect dipoles', alternating voltages in the commonly studied
audio frequency range were used in conjunction with a.c. bridges. The
average detection limit was sbout l()-5 moler fractions of dipoles.

For long relaxation times however (of the order of one second or

43,45,h6

more) direct voltage methods are usually employed The
techniques rely on the fact that when s static electric field is
guddenly applied or removed the time~dependent charging or discharging
current display the relaxation of reorientating dipoles. With
sensiti%e vecuun tube electrometers, the effect could be measured and
recorded. These currents may be conveniently obéerved et temperatures
(-80 to 25°C) and at low stresses where the normal steady state
conduction is negligible.

Plots of log I versus time are made and the linear regions with
different slopes taken to correspond to various relaxation mechanisms.
Their activation enthalpy Hd is taken from measurements at different
temperatures and the concentration of dipole evaluated from the initial
current.

46, b7

(ii) A recent d.c. method mekes use of the depolarizetion current
released by slowly warming up a crystal from a temperature TO where I
(relaxation time) is of the order of several hours. Previously the

dipoles were assumed to be polerized to saturation at a high temperature

_Tp by a field EP acting for an intervel of time tp >> To? followed by
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cooling down to To and turning off Ep. A linear rate of warming up
(dT/dt = const) makes the evaluation of the ionic thermo currents (ITC)

versus T plots very lucid. From them T, and H, can be obtained in two

d
different ways and the area delig;%ed by the ITC band being
proportional tEVEP/Tp gives the initial number of dipoles. Overlapping
ITC bands corresponding to several relaxation mechanisms can be
distinguished by repeating the cycle with a modified temperature
programme snd possible pseudo-relaxation ITC bands originating from
space charges or electrode effects can be easily identified. In the
various experimentsITC's down to lO"'16 amperes have been measured as a
difference of potential across a resistor with a vibrating grid
electrometer {vibron). The response time does not reach 10 seconds

and the rate of warming up is about O.lOKs_l. The detection limit of

(f

the method approaches 10 ' molar fraction of dipoles.

6.2.1 Steady state conductivity (Low resistivity dielectrics)

Resistivities of up to 108 -cm are sometimes measured using
conventional a.c. bridge methods. Difficulties arise however due to
polarization effects located at the crystal-electrode interface. They
are normally overcome by using unpolarizable electrodes consisting of o
cation metal if possible {especially when operating in the high stress,
high temperature region). Silver and copper halides are sometimes
employed. A possible solution is to apply alternating or pulsed
currents thus recording the initial current before the build up of
interfacial space charge. The frequency or reciprocal pulse time
should not be toc high in order to avoid contributions by reorientating
defect dipoles and by pther possible relaxation mechanisms e.g. by
dislocation. In KCl it is claimed that up to 250°C polarization effects
of this kind play an important role but it is thought that the Joffe
type space~charge polarization is still present too. Both types of

polarization appear to have been emphasized alternatively in the past.

e
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A possible third kind of polarization is claimed to operate from a high
resistive surface layer.

It is obvious that the above method of measurement is suiteble for
dielectries with little or no polarizebility and low resistivities.
For dielectrics with very higﬁ resistivities different methods are

employed.

6.2.2 Steady state conductivity (high resistivity dielectrics).

Direct voltage methods which are more suitable for high
resistivity aielectrics (ec.g. polythene) are widely used (especially in
the low temperature medium to low stress region).

The method employed is easentially a voltage divider method.

6 to 10"lh

This ensbles a reasonable d.c. load (10~ amps) on the dielectric
obtained as a result of d.c. stressing to be measured directly by
measuring the potential drop across standerd resistors connected in
serieg with the sample by means of high gensitivity electrometers
especially of the vibrating reed or capacitor type (vibron)., The limit
of the response is set by the input impedance of the valves which
appears to be of the order of 1016 Q.

The steady state value of current after the initial decay is the
relevant value. Temperature, visible light and ultraviolet light
ete., are also known to affect the steady state conditions.

One method which involves both a.c. and d.c. measurement is the one
vhich makes use of the fact that upon applying 2 sinusoidal voltage
together with its first harmonic any non-ohmic term gives rise to a

direct current. 'This is of course only aprlicsble when one is

operating in the non-ohmic regionm.

6.3 Discharge detection and measurement.

, |

6.3.1 Non electrical methods. l
i

|

Different methods have been used in the detection of discharges in
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dielectricsha. Those dependent on the human senses of hearing
(hissing) and seeing (corona glow) have been tried. Chemical
deterioration of the dielectric and changes in temperature and pressure
have been presented asipeans of discharge detection. These methods
give little or no indiestion of the magnitude and number of discharges

and their sensitivity is very poor.

6.3.2 Electrical principles and methods.

Some attempt has been made to improve the above methods of the

h9-51

senses by employing electricsl eguipment but most modern methods

have been developed along different lines.
Most of the work in this field has been carried out with
alternating voltages and even where direct voltages have been used, they

have been mostly connected with simple tests to predict alternating

~52-5h

voltage performance
55-57_

criticism

, & practice which has received considerable

Thus the following review of discharge detection and measurement is
made for both alternating and d.c. testing techniques since it is from
ithe a.c. techniques that most of the direct voltage work has emerged.

The main electrical methods employed in the detection and
measurement of discharges are
(a) Bridge methods
(b} Photomultiplier method
(¢) Methods involving the measurement of voltage or current pulses

produced by discharges - High frequency discharge detector.

The principles involved in (a) and (¢) have been aimed at either
detecting the chenges or phenomena caused by the appearance at the.
terminals of the specimen of a sudden changé of voltage of the form of
a2 unit function following a Townsend discharge (discussed earlier see

chapter 5).
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6.3.2.1 Bridge methods.

The bridge methodssa’sg may be subdivided into two
(i) The power factor methodso.

This involves measuring the contribution by discharges to both the
in end out-of-phase components of voltage at the fundamental fraquency.
Thus assuming that the power factor of a discharge free gpecimen is
constant at increasing voltage the smallest detectable increase of
power factor may be judged as the onset of discharges.

(ii) Lissajows> Tigure or oscillogrephic bridge method.

The set up of the equipment is such that the test specimen and s
discharge free capacitor form the high voltege branches of a Schering
bridge. The signal from the detector branch is fed to the horizontal
plates of an oscilloscope whogse vertical plates are supplied with a |
voltage 90° out of phase with the bridge supply voltage. An ellipse
is then obtained with it3 major axis vertical and the discharge voltage

superimposed on this.

6.3.2.2 Photomultiplier methods.

In the photomultiplier method, the light accompanying the discharge
actuates a photomultiplier. This method can alsc be used for both a.c.
and d.c. discharge detection with only minor alterations though it has
the major disadvantage that it can only be used with translucent

61,62

dielectrics e.g. polythene. Nevertheless several workers adopted

the method.

6.3.2.3 The high frequency discharge detector method.,

The circuits usually employed are derived from Fig. 5 where Cscis
the test object capacitance and Ch the high voltage coupling capacitance.

Ld’ Rd and Cd are the elements scross which the high frequency voltage

is produced. Cd is the effective detector capacitance. This basie
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circuit can be formed into a bridge in which case it is a bridge method
(high frequency‘type) or can be used singly.

This method can be and has been used for both A.C. and D.C.
discharge detection by sppropriate modification of the detector
impedance.  The signal across the detector impedance is usually
amplified and detected by one or more of the following oseilloscopes,

pesk, r.m.s. or average reading meters pulse and signal counting
appropriate detector may be a tape recorder or an ultraviolet recorder.

6.3.4 Discharge detector response.

|

|
devices such as the conventional scalers or in the d.c. case a more

|

|

In order to show that the high frequency discharge detector circuit
measures the magnitude of the discharge, consider & brief mathematical
analysis of the cireuit (which is the same for both a.c. and d.c.
discharges once they he e occurred since the discharge itself is a high
frequency phenomenon).

Assuming thet a discharge of initial magnitude Q occurs in the test
object Cx’ then if the output impedance of the high voltage source and
associated filtering or limiting circﬁits is assumed as infinite.

Let q(t) be the charge on and i(t) be the current from ;. at time

t.
Therefore Q%%El +i(3) =0 (see tig. 5 (ii)}
Thus in Laplace transforms
p‘a“ = "'i-+Q T e LI I ] LR X L N ] ae e * o0 L ] - 0o L N ] 6.1
also %.- = I{ ‘—é— + 2 PRL } a s e 4 [ N ) [ ] - a8 6.2
x Py P RIC, + pL + R

vhere p is the Laplace cperator but definable in-transformations as

- -

» =‘j'multiplied by angular frequency. and'a and 1 are the Laplace

transformations of q(t) and i(t) respectively.
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From equations 6.1 and 6.2

-i+Q R S DRL
PCx I

LN ] 6.3
PO, P2 RLG, + pI+R

} +e s L *0 0 [ R L [ ]

Rearranging equation 6.3.

. - {C‘x(paRLCd + L + R) + DRIC,C ¥ ¢ {p° RICy + oL + R)
—— = .
pC . 2
X pC.be (p RLC, + pL + R)
_{pz'[RL (cCq+ 0.0 +C;Cf +vL( +0) +R (¢, + c}:{)}
=73 5
pcx,b (p RLC, + pL + R)
2
. - QCb(pRLCd+pL+R)

2 pL . R
g, + C:C o
{c Cd' C b + cdpb} {p"RL + + =}

Cbcx
.Where m = Cd+ o ic:

b Tx
But V = 2pRL

paRLCd + ol + R

- PQRLC,
Therefore V

) " 2 . p 1
RL (C:Cy + Cely + C O™ + =+ 22)

1 1
L WLy (v + 33 ~ 55
T{cw +C) + L.} 1 2 2
JEANE %a (p+""—2mR) + B
2 1 1
where f§ = —— =~
Lm hm232
Hence

2mRB :

-

| - 7 in Bt.exp(t/2mR)
v(t) = c}-{-(l + gd/cb) ¥e, [Cosst.exp(-tfamm _ sin exp 'l

. -t/2mR ) .
Therefcre V(t) = Q’_ exp( [: Cospt - S:LnBt/2mRB:T!
C {1+, /C, )+Cy

In practical cases the values of Ex’ Cy» Cq» @nd R are such that

the coefficient of Sinpt 1s much less than the coefficient of Cosgt.
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s

Q.exp(-t/2mR)
c:§1+c d/ C, 1+C a

Hence V(%) CosBt.

o Seexp(~t/2mR)

Cg

COSBt ar e LN LX) *e . LI LI ] 6.""

where C, = equivalent capacitance

cx (1+cd/cb) + cd.

For en inductive~capacitive detector impedance, that is, with R open
circuited.

V(t) =EQ‘_ COSBlt s ses LR s o o ee e sen LY 6-5
E

where (Bl)2 = 1/Im.

For s resistive-capacitive detector impedance

V(t)=-§*— exp {~t/Rm) ves ses ses sss see sas eas ees b.6
E

Equations 6.4, 6.5 and 6.6 mean that the peak value of the voltage
developed across the detector iﬁpedance for the three possible cases is
always equal to Q/CE.

Hence the voltage developed across the detector is directly
proportional to the megnitude of the discharge occurring in the test

object.

6.3.5 Calibration of the detector.

The calibration of this type of detector is usually obtainedby
injecting a pilse of known magnitudes Vq in series with a known
magnitude Cq at the appropriate terminals e.g. Fig. 6a., The discharge
megnitude will in the following snalysis be shown to be given by the
product chq modiiied by a function F(Cb,cx) and independent of the

detector impedance.

In the circuit of Fig. 6b let the capacitance of the cable and the
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Fig. 6b
Equivalent circuit for the calibrati

on of the discharge detector
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self capacitance of the system to ground be C_. Assume that the

generator is of zero impedence. Now let, Ca, c., L, R be'replaced

a* "a* "a

by an impedance Z. (Fig. 6¢).

If a voltage Vx sppesars in series with Cx the voltage across Cd

V. 1/(C +Z)
= X a.
1/chfz) + 1/cb+1/cx

If a voltege Vq is supplied by the calibrating pulse generator G,

the voltage across

¢
c,=V_ - 5
+ 7 + +
a q cq Z cbcx/(cb cx)

If these two voltage sre equal
4 vce
X = 9.9
1+ (cq.+z.)(cb+cx)/’cbcx (cqu + C.Cc /(c +C )

C.ve =V cq [ c - (cq + z)(cb + cx)]

X x Q
Cy
(cb+cx)(cqfcz) + cbcx
€, +C,

. +C

= veg | 2 L)
qq b

Cx

= v (1 +==)

¢ Cy

The sbove expression is independent of % hence the detector may be
calibrated by inizcting pulses of known megnitude from & relisble stable

pulse generator. In fact in a commercial discharge detector63 (ERA

Model 3) thir is an incorporated feature.




Figo 60 ' . . . . ] .
Reduced equivalent circuit for the calibration of the discharge detector
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CHAPTER T

Experimental Inveatigation of Conductivity and Discharge Phenomena

The set up for this investigation was a combination of one of the
current measuring techniques with the high frequency discharge
detection method, The current measuring part was the voltage divider
method where the voltage across & standsrd resistor in series with the
test object was measured by a vibrating capacitor method in this case
an EIL vibron6h electrometer commercially available (Model 33C, capable
of measuring currents down to 10'1h amperes). The two circuits were
connected by means of s hy;pass capaéitor. The choice of this
capacitor was crucial because its dielectric resistance had to be
higher than that of the vibron‘input resistor and had to be lower than
the dielectric resistance of the test object in order for it not to

affect the results.

7.1 Egquipments

The complete set up of any particular test was as shown in the
diegram (Fig. 7, plate 1) where the signal from the détector impedance
was fed to the detector amplifier (forming part of = ERA discharge
detector model 3)65 part of the output from the amplifier to the
discharge detector oscilloscope screen was fed to a high speed peak
voltmeter, the circuit diagram of which is shown in Fig, 84. The
peak voltmeter was provided with fast diodes (1GPT) with very high cut
off frequencies and the signal was then passed on to an EKCO automatic
scaler66 {type NSBOG capsble of counting above set levels) to be counted,
or to a fast bridge diode rectifier circuit provided with the
appropriate time constants by means of C and R (see Fig. 8b) then passed
on to a twelve channel ultraviolet recorderGT. The above processes could
be carried out similtaneously, thus at any time it was possible to
observe, count record or photograph the discharge pulses., The current

from the vibron was also fed to one channel of the ultraviolet recorder
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PLATE |. .
Equipment for current and discharge measurement.
Left of picture ~ U.V, recorder.
Right of picture ~ Automatic Counter (scaler)

: ) top - part of vibron measuring equipmcnf.
Middle of picture ) centre - discharge detsctor. |
N ) boffom ~ discharge peak voltmeter.
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provided with suitable galvanometers. Thus the current through the
test object and its discharge characteristics could be studied and

recorded simultaneously.

T.1.1 High voltage direct current sources

Two high voltage, direct current sources were used for the :
conductivity and discharge experiments. One source was provided by a
portable high voltege generator68, type MR30/R capable of a discharge
free output of up to 30 kV, of reversible polarity at 2 mA. It had s
ripple‘of less than 0.1 per_pent_at full outfut end & sfability of
better than 0.5 per cent. It was provided with a trip mechanism to
switch off the high voltage sufply vhenever the current exceeded the
maximum value or as & result of breskdown ete. (plate 2).

The other h.v d.c. supply for higher voltage and larger current
drains (as for example in the.equivalent circuit experiments) was
derived from a Cockeroft-Walton d.c. generator set designed by the
author. (see plate 3). It was capable of an output of 130 kV d.e.,
of reversible polarity at 20 mA. Its transient d.c. discharge
inception voltage was better than 100 kV d.c,.

Voltage measurement was by means of a high voltage resistor (1000
megohm) erd a 100 kilohm resistor forming s voltage dividerA(see fig.
9a) the output from the voltage divider being fed to a Marconi valye
voltmeter. The voltage control was by‘means of an sir cooled regulator
(Gresham) and the rate of voltage epplication could be better than 10

" kV de per second. On bringing the regulator to its minimum setting,
the decay of voltage across the.test sample to zero could be obgerved

by means of the valve voltmeter mentioned above. Fig. 9b.

7.1.2 High alternating voltage source

For comparative alternating voltage tests, the high voltage was

derived from a smell English Electric high voltage transformer rated at

[ .




68

‘PLATE 2. ,
Equipment for stressing solid dielectrics.
Top left - Brandenburg generator.
Top right ~ fransparent perspex colls.
centre = switching box. :
bottom left = part of vibron measuring equipment.
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PLATE 3.
Cockcroft ~ Walfon d.c. generator - a source for discharge
tests.
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50 VA, with a maximum output of 20 kV. Voltage control was by mesans
of a variac at the low voltage side of the transformer. Voltage
measurement was by means of an ERA Robinson high voltage resistor

divider and its associated meters.

T«l.3 Test cell and electrddes

The test cell was of cylindrical form, manufactured from thin
walled perspex, 10" tall with a diameter of 6". It was sealed at the
lower end to which was rigidly attached an electrode support fitted
with a thread to which could be screwed electredes of different
materials and shapes. The top electrode was screwed on to a threaded
ﬁrass rod to which was connected the high voltage supply. Pressure on
thé top electrode was provided by means of lead weights {see fig. 10,
and plate k).

Parallel plane electrodes were employed (plate 5A) the edges of
some of the electrodes oreing machined to follow a Rogowski profile in
order to reduce edge effects (plate 53). The above system was used
both with and without guarded electrodes in order to obtain comparative
results. The guarded electrodes were manufﬁctured by surrounding the
central circular electrode with a shell of approximately twice the
electrode diameter, filling the annuler volume with resin and allowing
the resin to set. {plate 6) The allowable radial resistance of the
annular guard gap was fixed by the input resistance of the electrometer
(seeF&g T ) since the guard gap‘resistagce efféctively shunts the
electrometer. The electrodes were kept clean by constant polishing

and buffing when not in use,

T.1.4 Test samples

Three types of polythene were used in the test:
Type X - commercially availsble polythene sheet menufactured to

B.S. 3012 (1958).




-‘ PLATE 4. '

Test call - proof to visible light, for solid dielectric
| samples, with smal] diameters.,
| .
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Type Yl - polythene (Alkathene), Q1388 ~ manufactured espocially for the
tests and eontaining no anti-oxidant.

Type Y, - as type Y, but with the addition of 0.07% Santonox R anti-
oxidant.

Type Y, ~ as type Y but with the addition of 0.14% of Santonox R anti-

oxidant.

The samples were obtained in different thicknesses ranging from
0.02" to 0.06" for.type X and from 0.001" to 0.03" for type Y. Some
of the epoxy resin samples were cast between parallel plane electrodes;
they were of thicknesses up to 0.02", different types were used both
with apd without fillers.

For the internal discharge and breakdown tests artificial voids -
within and at the interface of dielectrics were prepared by first
moulding a hole in a thin disc of polythene. The sample contazining the
void was then attached to one or more other void free samples of
poljthene by heat treatment (fig. 1la).

| Other samples of dielectrics were specially machined to éémulate

a partially enclosed void (fig. 11b).

7.2 Methods
T.2.1 Celibration

With regard to the current measuring part of the circuit one
method of calibrut;on was by injecting a known voltage (millivolts)
from a standard cell and comparing this with the voltage reading
registered cn the vibron indicating meter. (A4 comparative check was
also made with a Keightley electrometerég).

Another, performed end periodically checked in the standards
laboratory (of the department) was by putting across any of the input
resist rs a known voltag. and comparing the calculated current with
current registered on a sensitive meter. Most of the resistors

calibrated in this way were within 1 per cent of their nominal valuesz.

The celibration of the discharge detector was as described in the
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previous chapter. In order to assess the level of pulses being
counted by the scaler, calibration pulses of known magnitude were fed
to the scaler at a fixed repetition rate. The levels of the
calibrating pulses were adjusted till the rate counts registered on the
scaler matched those‘produced by the calibrating source. The ultrs
violet recorder could be celibrated in & similar way. The sensitivity
of discharge detection was better than 0.3 picocoulombs.

The effect of the by-pass capacitor (where used)} on the conductiocn
current in the main test sample could be ascertained by comnecting,
then disconnecting the cap=acitor from the circuit, taking a set of
results in eitler dase then comparing them. There was no measurable

difference in the two sets of results.

T.2.2 Conduction and surface discharge tests

(i) The first set of experiments were designed to evaluate the effect
of stregs on steady state conductivity. In pursuance of steady state
conditions the followin, procedure was followed. The current and
surface discherge variation with time were observed and measured almost
continuously for the first 6-8 hours and thereafter at 24 hourly
intervals. These 24 hourly readings were continued till conditions
were attained where any sets of readings separated by a L8 hour interﬁal
did not exhibit an apprecimble change. This condition which in some
cases wes obtained after a period of continuous stressing lasting more
than two weeks (336 hours) is termed steady state.

Later, in order to investigate some of the laws listed in Chapter
2, testshwere carried out using brass, copper, aluminium, silver and
graphite éiectrodes. In the case of silver and graphite, solutions
of these materials were brushed on to give thin coatings. A special
switching arrangement (fig. 12, plate T) was designed for the purpose
of these tests in order to facilitate the simultaneous observation of
discharge and current patterns in identical test cells with similar

dielectrics but different electrode materisls.
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PLATE 7.

~ Switching box.
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Further experiments were performed in sn ﬁttempt to discover the
stresses above which ohmic conduction did not apply using the
different dielectrics aveilable, thése tests were répeated for
various thicknesses of the same dielectric.

The conductivity of the various samples of polythene was
measured at a fixed stress for semple thicknesses down to 0.001",
the diameters of the test samples ranging from 2" to 4%,

Surface diécharge counts and ultra~violet recording of
“results weré mede during the conduction current tests, these
were prolonged until‘the current recorded on the electrometer

reached a steady state value.

The stresses used vere mainly in the range 10-600 kV/cm, this
being in accordance with the aim of the tests in attempting to
obtain information at moderate stresses. A few results were

obtained outside the range for comparison purposes.

(ii) Anomalies cobserved in the first test were studied in
detsil. Different parts of the first method were repeated for

different dielectric samples and for different polarities.

In order to assess the effect of visible light(70, T1, T2)
the transparent perspex cell was in some cases replaced by &

visible-light preof cell for some of the tests.

T.2.3 Internal discharge and breskdown tests.

In order tn test the validity of conventional discharge and
equivalent circuit theories and the influence of internal or
space charges various circuits were set up in order to study
discharge inception voltege and discharge behaviour together

with the polarization phencmena in air geps by themselves, and
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in air gaps in various configurations with solid dielectrics.

Some partially or totally enclosed voids in layers of thin
samples of polythene were also tested in a cell under oil (Silicone oil)
for discherges. Other samples as shown in Fig. 1l1b were tested in air.
The positionrof these voids and air geps in relation to the high
voltage source or earth were reversed in some cases so that any
influence on the discharge performance (if any) due to the relative
void position could be assessed,

Some cable discharge tests were also made. (See appendix).

T.2.4 Comparative am.c. tests.

For comparetive purposes some of the void gap breakdown and
discharge tests were repeated wnder alternating voltage conditions.

All the tests were carried out at a thermostatically controlled
room tenmperature, it is expected that under these conditions any
variations in characteristics due to changes in temperature.would be

negligible.

T+.3 Experimental results

The values of steedy state conductivity obtained at various applied
voltages were plotted against corresponding functions of stfess (rPigs.
13-17) in accordance with the various laws stated in Section 2., The
points on the graghs are not joined since it would appear that different
regions on some of the graphs could be interpreted as either straight
lines or curves each of which appears to be valid over & part of the
range considered. If straight lines are used then once again the
slopes are difficult to determine, they eppear to be complex functions
of the vaviables, i.e. temperature, stress, low frequency or high
frequency of permittivity and electrode to dielectric work function.

Some of the laws however clearly irmply that widely different
electrode materials should not give the same results. The validity of
these concepts, which depend upon the presence of electronic field
emission, was tested by plotting grephs corresponding to the different

electrode naterials (Fig. 18).
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Soda-glass (for comparison with polythene)
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Plots of the variation of current and surface discharge with time
(Figs. 19-21) were also made, in this connection the behaviour of the
type X polythene (Fig. 21) should be noted in particular éince this
appears to present a different pattern compared with the others. Plots
of current through different dielectric samples placed in the transparent
cell in some cases and in the visiﬁle light proof cell in other cases,
with time were made. Surface discharge/time plots were also made.

Results of equivalent circuit tests are also presented in Chapter
9. More results discussion and conclusions are presented in the

succeeding chapters.

T.4 Observations and comments .

Teh.1 Nature of 'transient ' current

It was observed tha§ the current response to a Qtep voltage change
had two distin;t time decay processeé. | A short fast decay and much
longer decay which took aours. At low stresses the latter was too
small to be measured.

It was also observed that, sbove stresses of about 220 kV/cm, the
conduction current of one of the samples of polythene tended to decay
with time until a point was reached at which the current begen to
increase again (Fig. 21 and U.V. record 1A). This is in contradiction
to the normally = _ected pattern of behaviour in which the deeay is
permanent. This phenomenon which has previcusly been observed in some

T3l T

semiconductors is treated in more detail in the next section. The

results also show chat the current decay rate is faster for the samples

Y2, Y3 than for the sample Yl; This is probsbly because of the

various aosages of anti-oxidant sample Yl seemed to have the highest
initial charging current.  Above stresses of about 500 kV et the

transient current of Y3 tended to exhibit peculiarities similar to

that of sample X above about £50 kV cm._l {sece fig. 22).
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U.V. record 1B

d.c. discharges - behaviour of discharges with time with increase of
stress (compare with U.V. record IA(a)).

Sample as in fig.|lb , paper speed - 0.02 ins.sec -1,
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For stresses up to the value at which polarization current i

anomalies occurred in sample X, sample X had the highest initial current
and decay rete. (see figs. 23a, 23b).

The effect of vizible light was not investigated in great detail
but it seemed as if it affected the rate of transient current decay
(see figs. 2ha-2he).

Oscillations of current through the dielectric in the sbsence of
discharges were observed, these became more pronounced at the lowest
stressés. : Various explanstions have been offeredTB’Tg

when noticed in other dielectrics and the possibility that it may be

due to the interaction of two types of charge carrier cannot be dismissed.

T.5.2  Steady state conductivity

|
|
l
for this effect i
}
It was spperent from the messurements that, in the absence of }
surface discharges, the gteady-state conductivity was not in?}uenced by |
the use of & guard electrode system. All the graphs indicate that the
current through the dielectric is a logarithmic exponential (non-chmic)
function of the applied stress although it‘is impossible to conclude,
so far as the stress‘range considered is concerned, which of the precise
|
|

laws listed earlier the curves can be said to'obey.

The tests on'sample X of the polythene with different electrode

naterials and at stresses between 30 and 300 kV/em show thaﬁ, whilst
conductivity still appears to be a logarithmic function of stress, it is
independent of the electrode material ﬁnd hence there is no evidence
that field emission from the electrodes plays a significant part.

Therefore it would appear that the non-ohmic logarithmic conductivity

is an intrinsic property of the dielectric material. y ?5/;
: 25~2b 2 :
It mey be seen from Figs. ¥2=~i% that the effect of reducing the f- ig

thickness of the semples whilst meintaining the stress constant was to
reduce the non-ohmic conductivity of the dielectrie. This effect has

been observed previouslyao and has been interpreted as a relative
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increase of dielectric or electric strength, other explanations have i
also been offered?l. Non-ohmie conduction beging at different
stresses for different thicknesses of the same dielectric, the general
tendency being for this to begin in thicker dielectrics at lover

stress, With the polythene samples tested there was very little
| difference in this criticsl value of stress up to 0.01" but for
thicknesses greater than 0.02" the chenges were quite obvious. (Figs.
25-26). The results indicated that non-linearity started at much
lower stresses in the resin samples compared with those manufactured
from polythene {Fig. 2T). The steady state current results also showed
that, for the different polythene samples (X, Y., Y, Y3), up to
thicknesses of about 0.01" the conductivity for samples Y, and Y, were
practically the same, however for thicknesses greater then 0.01" the
steady state conductivity of sample Y, was more than that of sample Y,.
On the whole the steady state conductivity for the sample X was the
highest for the four types of polythene. The steady state conductivity
for Y3 was more than that of either Yl or Y2. It must be noted in
connection with this that up to steady state conditions the transient

conductivity of Y, was usuélly more than that ot Y3. The eventual

2

polarization times for the samples Yl and Y2 were the longest, and the

tand
sample X with the shortest polarization time.

7.4.3 BSurface and internal discharges

The magnitude and number of discharges over the surface of the
insulation decayed over lbng periods (Fig. 19-20}. This period of
decay seemed to be of fhe geme order as the time it took the current to
decay to a steady state value. (This appears to bear out the work

5).

of Davies This "time constant' however was in some cases more than
just a few hours. This order of time constant is far higher (hours)
than the normal polarization time constants (seconds) predicted by

dielectric theory.
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J.

These graphs also show that the decsy rate of the surface discharge

for the sample ¥, was faster than for the sample Y, .

2 1

It was also observed that the behaviour of internsl discharges in
response to a step voltage change was very similar to the current
response (U.V. record 1B)., There was an initial burst of discherges
vhich rapidly reduced and a much slower decey which took a considerable
time (Fig. 29). The former is the effect which is normally recognised
as being due to a charging polarization process. However this initial
burst of discharges occurfud gbove a certain voltage. Below this
voltage (termed the transient d.c. inception voltage) there were no
discharges at all on increasing or decreasing the voltage (see U.V.
record 2A). Above this voltage (Vi) and below a second voltege (Vg)
this initial bﬁrst of discharges otcurred on 2 step change but rapidly
decayed to zero. Above V2 discharges occur on a change which take a
much longer time to decay to zero. (Compsre with the a.c. casé: U.vV.
record 2B).

If however the voltage is decreased sonme discharges start in the
opposite direction (after a short time lag). These discharges could be
very severe and cause & breakdown even though no d.c, steady state
discharges occur with the voltage fully on. (Fig. 30 U.V. record 3#).

On still increasing the voltage asbove V., one arrives at the d.c,

2
steady state inception voltage, where the discharges decay to a steady
state value with a fairly regular repetition rete, Fig. 31. This
repetition rate increases with stress (see Rogers and Skippers work?gso
did the discharge magnitude to a lesser extent.

If at this point the &oltage is reduced these steady state
disﬁharges decay fairly rapidly to zero. As they approach zero,
reverse discharges (with direction opposite to the steady state ones)
toeke over, increase in repetition rate and magnitude to & maximum and

then decrease to zero eventually.

With regard to the discharge and gas hreskdown tests, the following

I T
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anomalies were observed: the breakdown voltage to gap length ratio
decreased with gap length, Fig. 32. Alsoc vhereas under ohmic conditions
the discharge inception voltage was independent.of the axial gap void
position (in a parallel plate configuration) for an air gap and
dielectric in series. Under non-ohmic conditions the position of the
gep/void influenced the inception voltage. (See U.V. record 3A, 3B).

It was also observed that if a dielectric was connected in
parallel with an air gap, little or no change occurred in the inception
voltage or repetition ;gte. Only when a resistance of value less
then the overall resistance of the gap was put in parallel with the

gap was a drastic change observed, -In any case ncne of the polymers

connected acrosq}the'gap had any measursble effect on the discharge

cherecteristics of the air gap. (See figs. 29-31, also see chapter 9).
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CHAPTER 8

Non=Opmic and Anomalous Conductivity in Dielectries

In order to anslyse further and appreciate the resulgs it is
necessary to introduce a new dielectric equivalent circuit to replace
the simple equivalent circuits,(Figs. 33a, 33b) whic;:;ormally used
to represent the bulk properties of the dielectric such asg its
resistance capacitance and loss angle and also to explain the variation
of current with voltage and time,

This new equivalent circuit and the ideas presented are intended
to explain some of the anomalies such as the very long times for complete
polarization, non-ohmic steady state conductivify, the possible increese
of "polarization' current with time and the thickness dependence of
steady state conductivity. In order to achieve this it is assumed that

there are at least two distinct charge carriers operative within the

material for example, electrons and ions conduoting simultaneously,

8,1 Theoretical considerations
31,81,82

Several workers s have gtated that the current absorption
formula for dielectrics is I(t) = At™ vhere I(t) is current at any
time t and A is a constant n being an index between o 2nd 1. Objections

to this formuls have been raised on the basis that this is not a tfue

representation of current response of a dielectric to a step funetion

since this meahs that at t+ = o I{t) + =,

end at t = «,I(t} + o,

Nevertheless this has been and is useful in explaininé the complex time
decaying phenomensa in dielectrics at low stresses. At high stresses
however this current response may be misleading to certain workefs
(notably high voltage engineers) since it has been observed that at high
stresses I(t) at t >>> o may be quite comparable to I(t} for t + o,

Also the circuits mentioned sbove create the impression that initial

"charging' and eventual polarization time constants are equivalent.
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In order to deal with the phencmena of initial charging and
eventual polarization, assume tﬁat initial charging and eventual
polarization are different parts of the same time decaying processes.
Then (from Figé. 3k, ) Rﬁ mnd 05 will represent the time constant
of the charging process and Rl, T’ CT the time

constants of the polarization processes, (These parameters are stress

R C together with R

dependent see Fig. 35). This type of concept is similar to the parallel
series equivalent circuit employed as a Maxwell-Wagner two layer
condenser (Fig, 36b)} to explain interfacial polarizationh3 at inhomo-
geneities within the dielectric or surface and bulk effects in
heterogenecus dielectries.,

If the preferred equivalent circuit is to be consistent with the
type of exponential decay fUnctions observed by the author and others

83, then there must be

and also obtained by the irradimtion of polythene
at least two time dependent exponential functions to explain the
current response instead of the single exponential function yielded by
the Maxwell-Wagner circuit (see section8.3.}.}) Also the time constants
of the response are such that an equivalent circuit containing an
indactance is inadmissible. (seé appendix 25).

Hence this particular type of the two layer circuit was selected

This cireunit also covers the type shown in Fig. 36c as a star delta

transformation will estsblish.

8.2 The new dielectric equivalent circuit

In the circuit in Fig. 36a assume that the components R and

li
2, R are character;sed by conductivities 9 and o, or by charge
carrier mobilities My and Hy and let the relative permitivites of CS
and Cy, be €, and €, respectively, Then if a step voltage v = o,

t <o, v= VA t > o iz applied, the current through the system can be

shown by Laplace transformation and inversion to be (see appendix 2)
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A/ W - T {.?_ESFTRaﬂs = OqRp = CglBy * RS)] exp-(anB)t
R. + R ESCSCTRQRS ]

1 Ry + Ry, 1 ¥ Ry

BCC R R, + C R, + Co(R, + R,) T
. (srnst iy * CglRy s] exp-§ +8)t ... 8.1

28C5CrRaRs
where 2a =
) CpRo(Ry + Bp) + CR, (Ry + Rg)
= O, (R, ¥ Ry
nd 32 ) ; 8 Rl + R2

CSCTR_‘LRa(RS + RT)

-

assuming that R, >> Ry end R, >> R..

It should be noted that the character of the exponential functions
in equation 8.1 is very similar to that deduced for charge decay to
explain reversal of charge in dielectricsBh viz.

a B .
alt) B_]f-‘o exp {~t/7) + Lq,o - B—?_i—?‘} exp (~t/7 )

[}

where
T = the relaxation time of the persistent polarization;
T = the relaxation time of free charge with an allowance for

short-circuiting (in & non-short-cireuited electrect

Ty = e/lmo
B = T/t
Gp, = the initial hetero~charge density numerically equal to

the persistent polarization.

2’ Rs’ R]_’

CT’ CS the coefficient of the exponential expression exp-{a-8)t may

The equation 8.1 also shows that for certain values of R

R2’

be negative, when this happens the type of response observed by

Gershun and the author will be obtained.

Applying the principle of super-position and writing the
pCy
. PR P 1 D .
admittances of R, snd RS with C] as R and T4 o7 (see Fig. 36a)
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respectively where p is the Laplace operator p, the total current I will
v
be given by multiplying this by the Laplace transform of V i.e, §é3

writing the Laplace inverse function and adding Il'

vy v,
i.e. I total = ‘ﬁg + = exp(-t/CDRD) + Il

P
‘ >> -
where R2 end Rl RD >> RD N Cs and CT >> CD

8.3 The Maxwell-Wagner equivalent cirecuit

8.3.1 The conventional analysis

When the same treatment is given to the Wagnei--Maxwell two layer

condenser one obtains a current of the form

2 . . .
- V,C.Cq s v (RlCl - 3202) vt C, +C,
- E
cl + 02 clcleRz(cl + 02)(Rl + RE) 0102 (Rl + Re)
. e & LN ) 8.2
R, + R
where W = 1 2

Rlﬁa(cl + 02)

and &t is an impulse function.

It is obvious from equation 8.2 that since the coefficient of
‘exp-yt is & perfect square the response mentioned eérlier (Fig.21) will
never be obtained for all values of R, C. R Cg, hence the equivalent

83 17172
circuit adopted by Adamec is inadmissible,

8.3.2 A modified analysis I

A different expression for the current is however obtained for
the circuit of Fig. 36b if one solves for this current by first solving

for the voltage across one part say V. and *hen writing the current as

Il = Jl "" '5"‘_5""" X} as s "o 'R ‘e .9 % e 0w s aa 803

in terms of a time changing voltage. In this case
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—
. v,Cy CRp = RO, . Ry (cl + 02)
as - ae
17T + 6, C, (R +R,) & ¢, 'R, *R,

Let JlﬁolEl (Say) “rn LN ) LN L ) *e e “e s LN ] LN LN
and for simplicity

Dlgt‘El [N} aen an g s LR N 3 LI ] LI ] aee L) LR} LN Y

D

In general J may be defined as J = clf(E) and =

vhere D is the normal electric charge displacement.

E. is the normal electric field intensity.

oy
"

current density

Q
n

conductivity factor

permittivity factor

0
)

From equations 8.3, 8.5, 8.6

- _3
L =0 + 55 (&F)

]
= "'5'"x" ]Ulvl""l 3t V:LI Y] coe e s eee ev e san

€ _
assume == = 0O
but from 8.k
avy _ V,Cop (c,R, - R,C,) oo (o8)
3t Cl + 02 02 (Bl + 32)
R. + R
1 2
and ¢
RlRE(Cl + 02)
-V
av A
therefore —— (0232 - Rlcl) exp (-yt)...

= e
3t R,R,(C, + C,)

Therefore substituting equations 8.4 and 8.8 in equation 8.7

805

8.6

8.7

8.8
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R, + R

r -2 §% 0 R, - CR) oxo (_¢t)+3_1 (Cl+02)}
1 ax G+ C, 02(31 * Ref : 02 1 2

rd

(C,R, - C.R,) exp (-yt)
2 oo T 1Ty ,
RR,(C) +C,) .

= BZA f:l T ;l + (02R2 - ClRl) ;Rlig(fé ++cg)); ?;R1++RR§ )] exp (~yt)
TR0 T e - 1 Fp (O + G2 (R + Ry) § _

Once again this expression can have a response of the form shown

in Figt 21.

8.3.3 A modified analysis II

An expression whose response is similar to that in Fig. 21 can
also be obtained if one solves for the current with an applied voltage
of the form {gee Ap_pendix?

w

v=1‘2 fromt =o0otorand Viromt =o0otoev=1V

fromt =T tot =

then for t < I

v [(—t;?-l + l] vhere K >> 1

A K

In this case the expression for current is given by applying the
theorem of superposition.

v v

i.e. i, = —%}- + g (from eppendices 2.2 and 2.4)
Péy, Kp<2
L
' v,0,¢; (R Cy - R2C2)2
i-eo i (t)" - 4 6t + exp (-‘pt)
e C*¢, C,C,R. R, (R, + R,(C, + Cy)
g+, , 1 s
C,Co(Ry + R,) £ 4 ccrRY

172712
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22 19, _ —metmey = emmien S S exp (<9t)

C.R. + C.R 1 (R Cy

—

o o
clalczRaw C,R,C R ¥ Clc2(Rl + R2)

But here again the solution can be eliminated from the possibilities by
meking k very small or T = o.

The foé%oing anelysis show that the conventional Maxwell-Wagner
equivalent circuit as exists cannot produce the observed response,
since it essentislly contains s single exporential deRaying function with
a positive coefficient.

Bearing this in mind it is obvious that the circuits of Sillaus85

others%’BT (Figs. 37a~38b), by inspection, cannot also give this

anomalous current response.

8.4 Formation of an internal or space charge

88

8.h.1A8spbokionof Maxwell's analysis
Now if the circuit in Fig.3% is the equivalent which gives the

response in Fig.2l at these stresses, then R, must vary independently

1
from R2 hence there must be at least two possible types of mobi}ity or
conduptivity within the dielectric. If this is so then Maxwell's theory
of composite dielectric can be evoked.

Consider o parallel plate capacitor configuration with 'n'
thicknesses of dielectrics with differing properties.

Then if we apply the theorem of superposition end consider
isothermal conditions. 'The conduction and displacement currents can

be separated into the following components

* = A L LN N ] * e P L ] 208 L] L ] LN ] L]
J¥, = 0,8, expk By 8.9

-.n- LS L) LI ) LR ) LR ) e e [N se 8-10

=
it
o

= -a"];)' LN L] 8-11
Il_Jl+3t L] * e s e a0 » 0 LI LI
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and plz"'—'DE-Dl ten e sas coe s e coe

9p
12
Bt had Jl"Jz ‘e "o [N X s ee LN ) * e * 0 LR} e 80.13
where as and € in the above case are defined as conductivity and
permittivity functions respectively &s against the conventional
definitions.
Differentiating equation 8.12 with respect to t and equating to

equation 8.13

also from 8.9, 8.10 and 8.11

3B

I = o.F expklEl + € 3%

1l

3
b ol
1 Oy ekE) o+ e 5p)

*Under conditions where expk 1 i.e. kXE = 0 the response in Fig. 2l.

1 i
has not been observed.

_ 341

If one assumes that El across the elemental layer is linear then

v =Ed + Ed + 400 L L ) LN ] Ed
nn

A 171 22
- e _a"_-"l i_"‘l
TeV, = {dl (cl expklEl te, T + d (o E2 expk E2 te, at) +
- 3 -1},
Foeee el @ (crn expk B+ € 3¢ }
=1 dlk 1+ ¢1k 'g?)-l + e e (LG b E
40y expky B, Ty expkyE) Oy expkyl, pBXPLE,

2yt



n 1 __m_fp 3 )-1
o_ expk En g expknE at
I ok %2 o m o €
oy expklE1 75 expk2E2 % expknEn expkE
d d
3 1 2
Then V, (1 + —S50 ) = + +oees +
. A cexpkE 3t 0y expklEl oy expk2E2
d
N
% expknEn

-

Now in tue ideal case where €, = €, RIRLTERETI N and oy expklEl

= 0, expk2E2 = ses see =0 EXp knEn for dl = d2 = hus ene dn
and kE + o.

{say in the charging of a capacitor at electronic voltages i.e. at

\'s
very low stresses)., This reduces to the familiar I = §£ + C %%

where R is the charging resistance in series with a capacitor C. In

this case kE is obviously zero.

At high stresses encountered in high voltage d.c. work however

o and 0, may be different due to the possibility of more than one type
of charge carrier.
Then under steady state conditions where

J1=J2= LN LN ] LR XS vay LN 4 LN = J

we have J, = oy El expklEl

-

J2 =0, E2 expk2E2

i

J

n Gn En ekanEn

and assuming

Dl =€ El and D2 = c2E2 eas aes =ss and Dn = enE

We may consider the following ceses
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{i} ohmic conditions

k,E,, k?.E?_’ k B, are approximately zero

[
Q

[
[

W

and D, =

I
o

.'+« Under steady state conditions

€ &
2 1

end Total py eve eee B pp ¥ gz tog e eee wee Foryy

€
CeIp = (;2 - -;i) J For the simplest cases
n 1

but in general the total internal charge will be the sum of the

separate interfaciasl charges.

(ii) Under non-ohmic conditions if J = oE expkE
Then log J = log ¢E + kE

In genewal kE »> log cE

Y

+« Pyp 18 given by
€ €
. 2 1
0 = logd (— - =)
12 k2 kl

In each case the total charge within dielectric equals zp(r—l)r

Once again at electronic voltages this difference Pio is negligible
or zero. At high direct voltages it mey be significant end may well
explain a lot of the anomaliess9’9o observed. (see figs. 39-k2, U.V.

records 4A, U4B.
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U.V. record 4A . _
‘Polarisation current - (1} Sudden docreasc of current with
: : decrecase In stress (initial .’
' . discharging phase) _
(11) Fast recovery to higher current
value.
(ii1) Gradual decay to stecady state value
' (eventual polarisation phase).
i1lustrates decrease of bullt up
internal charge (Compare with U.V.
record 4B) , *
Sample X, appiied stress - 500 kvem 1,
paper' speed - 0.02 ins.sec” -1,




U.V. record 4A ! o
Polarisation current - (1) Sudden decreasc of current with
decrcase In stress (initial .’
discharging phase)
(11) Fast recovery to hlgher current
value.
(i1i) Gradual decay to steady state vaiue
{eventual polarlisation phase). :
Illustrates decrease of bullt up =
Intérnal charge {Compare with U.V. .
record 4B)
Sample X, applied stress - 500 kvem !,
paper speed - 0.02 ins.sec” -1,
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U.V. record 4B : - :

(a} d.c. discharges - Comparison of number of discharges at

} _ constant voltage with reverso discharges _

o With decrease of voltage. _ : i
”‘ Time lag before reverse discharges f

e (Compare with U.V. record) sample as in flg.lib.

b)  Applied voltage trace : '

5 paper speed - 0.05 . ins.soc™!

|
'|
i
o
|
f




U.V. record 4A .
Polarisation current - (}) Sudden decreasc of current with
decrcase In stress (Initlal .-’
~ discharging phase)
' (i) Fast recovery to higher current -’
i ' value. : o
(i1i) Gradual decay to stoady state value |
{eventual polarisation phase).
11lustrates decrease of bullt up -
intérnal charge (Compare with U.V.
record 4B). .
Sample X, applied stross - 500 kVem !,
. paper speed - 0, 02 ins.sec™ -1,

e
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: U.V. record 48 _
(a) d.c. discharges - Comparison of number of discharges at
’ constant voltage with reversc. dnscharges
with decrease of voltage.
Time lag before reverse discharges
(Compare with U.V. record) sample as in fig.llb-
“Applied voltage trace - =
paper speed ~ 0.05 Ins.sqc '
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8.h.2 Application of Poisson's equations

Now if zp(r—l)r is not zero Poisson's eguation holds

ieee DivD = +p

This means that unlike the case wvhere zp(r-l)r =0 '%E' (e %% =

Therefore E, ¥ E,

This means that for a parallel plate cﬁpacitor assuning it is
possible to adopt a general dielectric constant € for the system and
that assuming p is uniformly distributed in the dielectric (i.e.
applying the divergence theorem) hence writing Poisson's equation

&, e
dx? &

* Qo0 on e LI LN LI LI ) LR L L L] 8'1’4’

In order to avoid making assumptions about boundary conditions for
X = o with respect to the electric field, let us write a complementary
function and & particular integral for equation 8.1%, If this is done
for

a2

il
[o}

&m <

complementary function

eV, = A+ BX

1 1

2
and for 2—%* = £

ox ¢
'Particular intqgral
' 2

L ex
V2 = £ ( 2 + Cx)
e Vo= T (General Solution)

1 x2
ot =
Al + Bl x + = (EE_ Cx)

gince € is a constant, V can be expressed as
= o ‘s s *o e "o LR c e 01
v A 4+ Bx + 5 5
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The only boundary conditions which need to be used are the

cbvious ones viz

vV = Vyat x =o

V.= 0 atx=1L

Vo= v, -x (2 o+ =2} o 8.16
A L 2" 2-¢.- LA L& e g LI -

for an applied voltage of —VA gince the direction of the steady state

current J in the earlier analysis is reversed and p for positive VA and

p for negative VA are opposite in phase but not necesserily cqual.
Hence Div D = -P

and by a similar treatment to equation .y

28 LI ) . s LI} LI} LRI LR [N 3 " s 8017

Vv = A + Bx

The boundary conditions this time are

vV = -VA at x =0
and V = oatx=1L
p o x2
. = y By L I
- - V - x(L + 2‘ ) VA 2€ [ N ) LI ] - e L N N ] aese - oa 8'18

By differentiating equations 8.16 and 8.18 it can be shown that
the electric field density at x = o is not zero. The above treatment
has been selected to avoid making this particular asswmption which

91,92 and other593’9h

Jaffe mske and which is very popular in semi-
conductor theory. Discharge tests have established that the stress at
the dielectric electrode interface cannct be zero. (see next chapter).

It must be borne in mind from equation 8.9 that p is a function of
the current density, (J/E = + F(V,L)95’96) hence the effeet of p is

felt most at high curreny densities.

Thus the integration of equation 8.1% is not strictly correct but

should only be considered as an spproximate solution. Note that in

this case relative permittivity is defined with respect to vacuum not

.
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free space {as with electronic voltages) since the space charge carrier

density in air at these stresses is quite considerable.

8.5 Space charge and polarization theories
97

It is claimed by some authors” ' that space charge theories are
incompatible with conventionallpolarization7analysis, thus before
drawing eny conclusions from the gbove analysis it will be informative
to evaluate this controversial statement.

Thus for the microscopic inhomogeneity just outlined consider en
analysié on the basis of conventicnal polarisation theoriesga’gg.
All capital letters are vectors. For a dipole of moment M = gL

the potential d¢ due to the dipole per unit volume at & point within a

dielectric of permittivity € distance r from

MI

the dipole is given by d¢ =
Lrer

where I is unit vector

M. UE) .
i = e where ¥V = II =

Now

div (aB) = a V. B+ B. Va

. e My 1 i
LY d¢ = "Fie— [dlv ("I':) - ;’ VQM}
+ » For the total volume, potential ¢
. M 1
¢ =T¢%E [idlv(;)ﬂ-; V.M] av
v

applying the divergence theorem viz:

§ E.Nds=/ aivE dv

U B 5 | 1opoEM
5] v

r




= 1hT -

Therefore interpreting the above equation in the light of the

foregoing analysis, the surface charge (M§E) may be regarded as the
Space-

bagis for initial charging. The internal or surfeee charge which in

the general cese includes all charges (bothi free and injected charge

carriers) inside the volume (see appendix ) may then be treated as a

basis for eventual polarization. Above all the equation means that

theories of space or internal charge within a dielectric can be

congistent with and interpreted in terms of polarization phenomena.
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CHAPTER 9

" Behaviour and Iquivalent Circuit of Gas/Sclid Dielectric Systems

The implications of intrinsic non-ohmic conduction {discussed in
the previous chapters) in connection with discherge processes and
breakdown in gaseous and solid dielectrics are cbvious but on a
mgcroscupie scale non-ohmic effects caused by mixed dielectrics can be

examined in more detail, Such a study can have two beneficial effects:

(1) It %ould help to clarify some non-chmie behaviour at the mieroscopic

level.,

(ii} It could explain to some extent anomalies in results obtained
with mixed systems such as air/solid dielectric, oil/paper, glasses etc.
(Figs. 40-47 U.V. records 34, 3B).

Unforﬁﬁnately this has not always heen done becsuse of the need to
simplify equations and experimental interpretations. In some cases
such an approach is valid but in other cases this type of treatment is
incomplete and renders inadequate and or misleading results.

This chapter treats this kind of problem (as it applies) to gas
discharge processes in insulation and discusses its effect on discharge
breakdown behaviour and equivalent circuits of imperfect insulation.

It is hoped that the similarity of treatment between mecroscopic and
microscopic internal or space charge (treated in chapter 8) and their
relationship to some of the unusual results obtained in this

investigation will become apparent.

9,1 Theoretical considerations

Most papers on the breakdown of voids under direct voltage

conditions in dielectrics represent the void as of infinite

39,40

resistivity s i.e. zero conductivity, and hence calculate the

equivalent stress in the void and its discharge characteristics

neglecting the conductivity of the gas within the void. This has led
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to equivalent circuitsLL8 {see Fig. 48) whick have neglected the
influence of the conductivity of the gas within the void and hence
misinterpreted information &s to the discharge performance and in
particular discharge extin-tion under direct voltage conditions.

In the past at feirly low stresses with dielectrics of relatively
low resistifity thié has been sdequate but the experiments with air,
polythene and epoxy resin dielectries using & parallel plate configuration
have shown that the conductivity of the gas is comparable and in some
cases more than the dielec*ries in parallel with it.

IP the sbove factors are considered, the formation of a macroscopic
internal or space charge at the air/fsoclid dielectric interface is
evident. This together with the very long times of complete
polarizetion could account for much of the discharge behaviour—20»10%

of voids within and at the interface of dielectrics when subjected to

high d.c. design stresses. It could &lso explain in particular some
38,102,103

aspects of discharge extinction under high voltage conditions
(the possibility of applying this theory to the alternating voltage
case where necessary is outlined in appendix 6). The characteristies
of this macroscopic internal charge should be fairly similar to thét of
the microscopic space charge outlined earlier. For simplicity however
it will be assumed that the overall effect will be dominated by the
macroscopic internal charge a2t the interface. The influence of the
microscopic space charge for each dielectric will be evaluated in an
equivalent circuit as a variation of conductivity with stress and its
effect outlined.
In order to-assess the effect of the mecroscopic internal charge on

discharge processes consider the following.

9.2 Equivalent stresses in voids

9.2.1 Maxwellian anslysis

In the analysis of gas filled voids at high d.c. design stresses

the conductivity of the air is finite, therefore the air and solid




Fig. 48 ' | ' =

Conventional equivalent circuit of a dielectric containing a'cavitf
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j£) ﬁmw"!u"ﬂA

capacitance of void
capacitance of sound insulation inseries with void
resistance of sound insulation in series with void

capacitance of the remaining sound dielectric
resistance of the remaining sound dielectric

resistance of void walls
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dielectric system should be treated as a composite dielectric composed

of two leaky dielectrics and Maxwell's theory of composite dielectric
treated earlier (phapter B}used in the analysis).
Thus for a parallel plate configuration, considering elemental

thicknesses La and Li and assuming that the stress ascross each element

is ohmic,
then V

J
&

3D,
* =% 9.4

| ap, . D ‘
In the classical theories-—gi and-—g% are assumed to reduce to
negigible proportions after a few seconds. In practice, at normal
oD,
i

operating stresses for high resisitivity insulstion —5¢ Mey take much

longer (e.g. > th secs) to decay to zero. (see Fig. 19). This means
that there will be a long term build up of charge st the void
dieleetric interface.

The charge difference at the interface Py con be expressed as

p = . ' cos 40 905

Hence, under
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Again, at practical operating stresses,

o’

o

g, Be exp Aa Ea

L

and J

os E. exp AiEi

[*N

9.2.2 Application of Poisson's equations

The formetion of o, &t the interface means that in the

d
célculation of discharge inception stress, apart from the fact that
one cannot use the straight forward charge equality relation as under
alternating voltage conditions (see chapters 5, section 5.3), one
cannot also use the straight forward resistive distribution formulse

1o calculate the stress.

riz:aince g >> o, and L. < L.
a i i i

La Li
y & — - v
a g / ag,
a i
v .
- - L £y U » L. *r e s L N ] * B e o6 e L I 1 LR N ] L]
a a i
%
i.e. mean stress' in void ?'E_ times mean stress in dielectric. (For
a

if this were so the inception stress in the vold will be virtually
infinite irrespective of void position. However as a result of
experiméntal evidence if has been found that this is not so and that
the only analysis which suggests reasonable assessment is by the
application of Poisson's equations. Thus let Pa be represented by a |
distributed charge density Pig {i.e. invoking the divergence theorem

v

where every surface charge can be represented by an equivalent

volumetric charge).
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Hence writing-%% = .p. (for one dimensional case)

1

and considering a complementary function

= 4 -
Fl A+ Bx . )
P18 *
and a particular integral F2 =~
Q
This leads to a general solution of the form
2
Pia *
vx-A"i'Bx-_é-éiQ”—"" a0 s o as aos ses T 9-9

where A and B are constants

The constants A and B can only be evaluated bty epplying the
appropriate boundary conditions. This means that the position of the
void within or without the dierectric should be taken into asccount in
the assessment of discharge behaviour, that is, the fact that a void
is bounded on only one side or only two sides by insulation or whether
it is neur or farther away from the high voltage electrode ig relevant
to its behaviour since the boundary end initial conditions alter
significantly.

Hence for a jaminar void bounded on one side by insulation, with
the other side facing the h.v. electrode, the boundary conditions are:

(see fig. L49)

vx = VA nt x = 9
vx = v1 at x = La
- A= 0
Pie Laz
- + - P ———
and vi VA BLa e
Q
1 ' Pia La2 Pia x2 -
& — -— + — y m—me—— e e 'R .
hence v_ =7V, % vy VA e, ) x 2€Q 9.10

Similerly, considering an identical void with one side adjecent

to the low voltage (earth) electrode or void totally enclosed by




- High voltage __ |

Fig. 49
The effect of

VA .
High voltage |

void position on void stress assessment

-65T-

e —— v

n




- 160 -

insulation:
1 _ L 1.
\rX = v, at X7 = 0 wvhere X & -x
vl = v, at xl =L
b4 3 a
R Al = v,
2
hence v, = v, +B, L - Ei?-’—Li-
3 2 1 's 2e
Q
LR
. 2 )g_)
1 1 Pio T\ 1 Pia(XN
= + = - + —— i —— ' s s
and v o= TVt (vym vyt X - 911
a Q Q
In the case where one side of the cavity is earthed:
Vo = 0
2 1.2
p. L p.  (x7)
1 1 ia a8 1 ia
a.nd 'V" = v + e (V + I — X - sew " e 9012
L 2¢ 2¢e
X 2 o 3 ) q
From (12}
1 2 o 1
ov x, _ 1 (pia L, '+ ) Pig *
1 L 2¢ V3! T ¢
Ix 8 Q Q
r p xl
=pia a (_3. - ia )ll. LI N ] L3N K ] LN N L LN I 9.13
2eQ La. G:Q
v, p 2 p
X 1l ia Tg ia
From (10) — = =— { + v, -V, ) -
L 2 A
_ x 5 GQ 1 GQ
2
D . v p: X
= %—- ( ;: = + Vl) - (LA + :a ) L vae 9.11{-
a q a Q
L v, ~ V
a 1 X
= p. 5= + - p:. )
ia 2~cQ La ia  €g
In practice VA >> Vs VA >> Vs VA >>’v3 also Vi Y, and v3 are
of the seme order except in cases where v, = 0. Hence the stresses

2
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in the two cases are different. The easiest verification of this
theory is represented in the most obvious and simplest cases by Figs.

43-47; U.V. records 3A, 3B.

9.3. Equivalent circuit responses

g.3.1 Maxwell-Wagner response

The conventional equiv?lent circuit does not normally cater for
the possible formation of éia at the interface since only the resistance
of the dielectric in paraliel with the void is considered. As pointed
out earlier this resistance is'shunted by the much lower resistance of
the void gas.

Moreover an analysis of the conventional Maxwell-Wagner two layer

equivalent circuit gives a voltage response of the form:

l o= -c__-'.._.._c——— 3 F—(m C m‘) . LN ] 9015

Ve, OBy m Oy By (cl +C, |
1% %2 2’1" 2 2 1T

. R, +R
I -
where ¢ © = R, (C, +C,)

This is not a suitable response because of the fact that it shows
a single exponential decay function a response never obtained in
practice and also the time constant means a fairly quick decay. It
does not also cover the possible increase of conduction current with
time,

Hence a new equivalent circuit was developed in order to simmulate
nore correcﬁly discharge behaviour and in particular dischsarge
'extinction. This approach treats the system as & problem in
inhomogeneity (just like the Maxwell-Wagner treatment) but the present
equivalent circuit unlike the Maxwell-Wagner type includes an extrs
pair of resistive components termed the initial ‘charging resistances.

This coupled with the pailr termed the everftal folarization resistances
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would it is hoped represent the two distinct phases of complete
polarization encoutered in practice and also present an extra

exponential term to meke the response more realistic.

9.3.2 A more mppropriste response

Referring to the figure SO,ra, r.; R , R.; Ca’ Ci mey be called the

1 & 1

"eharging" resistances, the "polarization" resistances and the
capacitance for the air and dielectric in series with the void
respectively.

.o

Then if, in practice, R1 >> r., R > r_ we buve, for an applied

direct voltage step function vy i{t).

VAr Y +r. R g¢ C.{r R.-R r.)}+C.R.-C R
v a {(a 1) a.+ a A 8 1 a 1 1 8 a e (C!-B)t
a r +r. R 4R, =» 28r C C. (R +R.) XE
1 1 a a4 i a 1

scaci (raRi-Rari)-CiRi + C.R,
ascacira(RafRi)

exp-{a+B)t}.es ... 9.16

S ¢ (R.+r ) + C.R.
a 1 & 11

vhere o = STEEYR.CLC
a 1i'71i7iva
82 o A2 Ra+Ri
& ¢ C.R R.{r +r.)
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From the above analysizs (equation9.1§ the initial "charging" and
eventual polarization are identifiable. It follows that steady state
conditions would have been achieved when the voltage drops represented

by these terms have decayed to negligible values.

9.4k  Practical considerations

In practice due to the possible values of the perameters C_, ¥ ,

R., C.

a? Cis Ti» Ri {a fair assessment of these may be obtained in
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Equivalent circuit of an imperfect dielecctiric.
- bulk resistance of dielectric.

ry = 'charging resistance of diclectric,

Cq = Capacitance of dielectrie. (bulk)

-£91-
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capacitance and polarization current tests) the constants o and § ere

very nearly equal. Hence the first exponential term in equation 9.16

will decay very slowly (the extended polerization effect) with a
corresponding delay in discharge extinction (see U.V. records 1B, 2A, 3A, ,
3B, 4B). The second exponential term will give rise to a decay at a

much more rapid rate {the charging effect), the discharges due to this

will extinguish immedjately after switch on.

Referring to equations 9.7, the incremental increase of relative
conductivity with stress is very different for the eir and the
dielectric. In a few cases this may result in a sign change in the
coefficient .of the polarising term thus giving rise to an initial
discharge extinction followed by subsequent reignition6, this process

mey then be repeated to give an oscillatory sequence of discharges.
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CHAPTER 10

Conclusions (and Suggestions for future work)

10.1 Conductivity in dielectries.

Conductivity measurements in dielectrics under direct voltage

conditions, lead to the following conclusions irrespective of polarity.

That oscillations in the steedy state current response and other
snomalies are @dependent of surface and internal discharges.

Also that in the sbsence of surfaces discharges samples with and
withaut guard gaps give the same results under steady state conditions.

It has also been established that non*ohmic (exponential}
conduction is a basic property of the dielectric. 'This non-~chmic
conductivity and its variation with thickness elicits the conclusicns
that the operating bulk stress for all dielectrics and all thicknesses
cannot be calculated simply as a function dependent only on the
externally applied voltage V, and the thickness L, of the sample, since
this would give a result which 1s independent of thickness in the case
of a parallel plate capacitor.

The experiments so far conducted seem to suggest that the current

variations shown in Fig. 28 are of the form:

- ’ 2
vol = KE. exp (aL + B E+ vy ES)

where uL; By, anéfo are constants depending on the particular type of
dielectric and such that ay >> BL >> Ype Jvol is the bulk volumetrie
current density as opposed to the current density calculated on the
basis of electrode area only and E is the ohmic stress defined by the
voltage to thickness ratio of the diele?tric.

Typical stress ranges over which o s BL and Yy, predominate, for
polythene, ar for stresses up to aboutqgo KV cm"l,“ﬂL for streé:%etween

l, Yy, for stresses sbhove 2 MV cmfl.

about 30 kV en L and sbout oMV cm”
The sbove empirical conductivity relationship with stress and the

snonalous nature of the polarization currents discussed earlier seem to
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indicate that conduction in dielectrics is most probably by both
electrons and ions and that the bulk 'volumetric' properties outlined
above should be investigated in more detail in ell aspects of

dielectric proPertieslgh.

Also if div J 90

ot
and div D = p
fhenrg-h(cE) =p
ox
hence Ex = f{kpx)

This means that constant stress COnditioﬁs along the thickness of
dielectric in a parallel plate capacitor configuration can only be
assumed if snd vhen piﬂ o or ig negligible. Thus if p is constant or
is varying as is the case in a long polarization process then for all

practical purposes div D has a definite value and the stress along the

axis of a parallel plate cepacitor is not a constant.

10.2 Space charge and anomalies

Attempts have been made in the preceding chapters to explain some
of this aanomolous behaviour in terms of some sort of internal or space
charge.

1}4,29-31 have been claimed to show

Experiments with some crystels
that in the presence of field omission a space charge exists within the
crystal., Although the tests described in this paper have established
that field emission from the electrodes is unlikely at these stresses,
nevertheless the conductivity dependence on thickness points to a space
charge explanation, the explanation probably resulting from : .
inhomogeneities and trapping levels within the dielectriclos.

The above considerations leads to the conclusions that authors,

who have observed similar anomalies, are interpreting Ep(r—l)r as the
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setting up of a reverse electro motive force in the materiallos’loT.

Obviously the setting up of Ep(r_l)r within the material should explain 5.
the results of several authors with or without field emission, for
example if the conventional capacitance is expressed as the surface .-

charge per unit voltage the capacitance will Vary1°8s109

with a variation
in stress or current density since zP(r—l)r is altered.

It was also observed that if an air gap was stressed from the very
low stresses to the very high stresses a whole family of curves obtained
for the solid dielectrics {including that of Fig 4 would be generated.

This seemed to indicete that the behaviour of charye cerriers in solid

dielectrics above certain stresses might be very similar to that in
airllO—lla_

91,106
If this is the case then Jaffe and Joffe's theories should be

examined more closely especially that which appertains to the boundary
conditions at the metal dielectric interface, that is the stress is
zero., Objections have been raised to this because of the concept of

’
carrier blockingl’3

at the electrodes and the fact that the boundary
conditions (strietly steted) reduces the steady state current to zero
since J is proportional to XE. It should be noted from the analysais
in chapter 8 that this assumption need not and should not be made as
indeed the stress at the metal dielectric interface may not be zero.
This is consistent with some of the most recent considerationsllh_lls.
In fact the present investigations of the current variations coupled
with surface and internal discharge tests of air gaps, dielectrics and
air gaps in series with dielectrics have led to the conclusion that the

stress at the metal electrode interface is not zero but may be the maximum

in most cases.

10.3 Discharge anomalies

The snalysis in chapter 9 (see also ref 117) confirmed by

experiment has indicated that for thick specimens the discharge
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performance of & void particularly if partially enclosed, will depend
upon its position relative to the earth electrode. (This was attributed

to the existance of the macroscopic space charge Preg within the system),

The formation of Py Should not be confused with p,, which workers

12
in gas breakdown theory have termed space charge distortion2 to account

for anom.alieslls’ll9

in Townsend's theory for a stress to pressure ratio
below 100 (where stress is measured in volts cm - and pressure is measured
in millimetres of mercury). It is interéétiﬁg to note that the
breakdown of air at S.T.P. occurs at a st:eég??o pressure ratio of
around 39 - the value around and below whi?h,most anomalies of‘Tqynsend's
theories occur. |

The formation of P, however will occur at stresses much smaller
than those at which complete non—ohmicityﬁli.e. significant formgtion
of plg) occurs in either dielectric separately. Thus to some extent

Pyp CBR De considered es interfacial charge formation on a microscopic

scale19 and Pig 28 80 interfacial charge formation on & macroscopie

. scale.

In this particular case Pra depends on the resistivities and
permittivities of the gas in the void of the insulator hence the
inception voltage will also depend on thelrelﬁtiVe resistivities and
permittivities of the gas and the insulator. o

In practice since the difference betweén the resistivities of the
systems (especially in cases of high resistivity dielectrics - polythene
ete) is far greater than the difference between the permittivities, the
resistivity ratio becomes the most importent determining factor. Hence
it is misleading to neglect the conductivity of air in the discharge
analysis or in the evaeluation of eavity strésses at these high stresses.

The steady state d.c. inception level is orders higher than the
equivalent a.c. value although once this latter is exceeded there are

transitory discharges with cvery increase in voltage. Above a
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particuler value there are discharges with every change (both increase
aﬁd decrease) of stress, after this point has been passed these
discharges, which decay with time, occur even vhen the stress is
reduced to & low value, Permanent (non-decaying) discharges occur
once the steady state d.c¢. inception is exceeded.

It is felt that, in the majority of cases, discharge extinction
(decay} in voids under direct voltage conditions can be explained by
the extended polarization properties of the dielectrics involved and
this is st least.as gsignificont as the formation of conducting paths

in the voids due to discharge products.

10.4 Equivalent circuits

The equivalent circuits so far discussed for both sound dielectrics
and for dielectries containing voids incorporate as far as possible
parameters %o give a response nearer the actual one, an effect Cole
tried to achieve by adding a time dependent impedance Z = a(lmr)-a/(co-cw}
to his equivalent circuit. This was in addition to the conventional
capacitences and instead of a straight forward resistance.

Hence the equivalent circuits coupled with the awareness of the
presence of a space or internal charge should present a better under~
standing of dielectrics especially macroscopically mixed dielectrics
for it is obvious from the anelysis on inhomogeneity discussed esrlier
that the anomalies should arise more eagily et high stresses with macro-

scopically mixed systems like glasse3120’121

s resins with fillers,

highly ionic crystals, semi-conductors, oil paper systems and impure
gases, impure liquids (Cole). On the other hand it might arise equally
well where the dielectric (say polythene) has been trested with some sort
of antioxidant. In general since it is virtuslly impossible fo

produce a homogeneous engineering material these anomelies should be
looked for. In the final analysis it is not inconceivable that charged

D . . . . . . 8
regions in the dielectric should oscillate as in gas plasma osclllata.onsT ’79.

R
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The influence of space/internal 6harge on design criteria

Finally it must be borne in mind that in spite of the fact that
non of the existing laws of conduction provide adequate explanation for
exponential conduction in dielectrics, the complexity of adequate space
charge equations (see chapter 3 ) and the fact that different assumptions
produce difforent results make thejrthorough application to practical
desigu eriteria difficult. Even now it is not very clear whether the
use of exponential conductivity formulae alone are sufficient data to
contain space charge effects.

In the sbove context two cases stand out in the present
iﬁvestigation, (i) exponentiel conduction slone caunnot account for the
boundary conditions effects encountered in the discharge experiments
(and discussed in chapter 9). Moreover the analysis of 3tresses in a
polythene cable (see appendix 8) assuming an exponentisl increase of
conductivity with stress and employing constants used in previous
practical calculations seemed to indicate that the stress at the core -
screen csnnot be as high as those obtained since if this were so a lot
more core-screen discharges would have occured at the core-screen/air
interface especially when compared to the discharge characteristics of
the cable under alternating voltege conditions, thus once again
indicating the necessity of the use of boundary conditions.

(ii)} exponential conduction formuls would have to take into account
thickness and volume dependence, and the problem that different samples
of material {e.g. X, 1, Y3) with similar ohmic characteristics may have
widely different non-ochmic characteristics end different log J/stress
gradients.

Nevertheless it is probsble that as more work is undertaken to
evaluate the parameters affecting space chenges, dielectrics could (in
the future)be designed (for example in the resin range with fillers) which
might possessrthe desired characteristics. Hence a lot more research
is needed to assess more fully the stresses within and around dielectries

in the presence of this space or internal charge.
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APPENDIX 1.
Definition of Terms
1.1 Electrical discharge:

Movement of electrical charges through or across an insulating
medium initiasted by electron avelanches and maintained by various
secondany'érocesses that generate further avalanches.,

Partial discharge:

An electrical discharge that only partially bridges the insulating
medium between conductors i.e. internal surface discharges and
corona.

Internal discharge:

Partial discharges in cavities or at the edges of conducting .
inclusion in non-gaseous insulaxionf The cavity may be entirely
enclosed in insulafion, or it may be covered on one side by a
conductqr.

Surface discharges:

Partial discharges from a conductor in a gaseous or liquid medium

onto or ascross the surface of solid insulation that is not covered
by the conductor.

Corona:

Partial discharges in gases or liquids around conductors that are

remote from solid insulation or completely exposed.

Discharge inception voltage:

A.C,: The lowest voltage &t which discharges of a special
magnitude recur in successive cycles when an increasing
alternating voltaege is applied to the insulation.

Steady State d.c. The lowest voltage at which discharges

occur under d.c. steady state conditions, i.e. number
of discharges not decaying to zero (depending on the
 sensitivity of the circuit) with time of epplication of

the voltage, at a fairly regular rate.
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1.7 D.C. transgient inception voltage:
The léwest voltage at which discharges occur upon further increasing
the applied direct voltage then decaying with a time constant of
seconds or less to zero., Below this voltage no discharges occur
upon increasing thé.applied voltage. (It is the lowest voltage at
which discharges occur upon suddenlty decressing the applied voltage.

1.8 Digscharge extinction voltage:

A.C. =~ This is the lowest voltage at which discharges of a specified
magnitude will reoccur when the applied voitage which has exceeded -
the discharge inception voltage is reduced.

1.9 Discharge magnitude Q:

Loss of charge, &s measured at the terminals of a sample, caused
by a single discharge.

1.10 Discharge detector:

A device for detecting and or measuring discharges.

1.11 Discnarge detector sensitivity:

The magnitude of the smallest individual discharge that can be
measured under particular test conditions.

1.12 Discharge resolution:

The time interval between two discharges that can be adequately
distinguished and measured by a detector.

.13 Calibrating pulse:

An artificially generated pulse or step wave voltage injected into
a discharge detector circuit to provide a guantitative comparison
with the magnitude of discharges in a test specimen.

1.14 ﬁogowski electrode profile:

An electrode with the edges of its contact faces shaped to follow
a curved profile to reduce edge (and or discharge effects).

1,15 Steady state conduction:

The state reached et which there is no apprecisble change of current

with time.

L



1.16

1,17

1.18
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Non=chmic conduction:

Any steady state conductivity o which does not cbey Ohm's Law
viz: J = ¢E,

The following terms separate the conventional definition of charging/

discharging vhich mean polarization/de~polarization, into two

viz: initiel cherging/discharging and eventusl polarization/
de-polarization.

Iaitisl charging/discharging process:

This is the initial burst of charge or current which has a very
short time constant on the increasing/decreasing, of a step
functionf This process is the only type noticeulle or meesursble
at low d.c. stresses and under normal a.c. conditions.

Eventual polarization/depolirization process:

This process is caused by the gradual 'polarization'/'depolarization!
process within or across the mediwm. Tt is characterised by a

very slow decay (or increase under special conditions) of charge

or current tq a steady state value. This Process may take hours,
deys or even weeks and it is most noticeable at medium d.c. stresses.

(*At high stresses with particular dielectrics the decay might

turn into an increase).
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APPENDIX 2 Current and Voltage response

Appendix 2.3

Current response for circuit in fig. MWa

For the cireuit in fig. 3 the Laplace transaform of the current is

given by
i = Y
P2y
vhers Z, = RR (p+ ClR ) RR, {p + -éi—-)
85 TRT

R B S TR

Let Rl >> RS and R2 >> RT

R,R_R .
. _ Mg [ 17[ 1) { 1 1
e Z.= p+ p+op) YRR+t gopp ¥ .
A S R LN 2l S, CF,
1 1
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2 1 1 1 1 f 2 1 1
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writing this as
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(RS + RT) (p2 +p ot o+ Dl)
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.. Writing the inverse and substituting for ¢’ and Dt
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if we assume that Rl >> RT
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Iet Rl-> Hs - RT ,
-.- ® e #
5 20 R e
N CTR2 + cs (R2 + RS)
¥ TEC R,
5
2ol 1 . ['CTRZ(Rl * By) + CgRy (R, + B X
By + Rp ~ CgRyCoRy 2CsCR Ry (Rg + Ry) J
. [cTﬂa * G5 (Ry + Rs)f kK tR
2CCflyRe + CsCrplty BBy
. lRl .[(:TR2 + Cg (R2 + ng, hCSCTRlRaRS(Rl+Ra)
[] 2 .
{C R ReR,)
Let R >> R,
|

=4
E’ o Bofy + Cg (Ry + R} - MO RR

2CSCTRERS

It should be noted in an extreme case where D1 > a2 an oscillatory
(einusoidal) response might be obtained.

Let C_ >> C a.ndRefLR

T 5 s

53
s & "Cp B, - YRR
2C5CoR Ry

Appzndix 242 Current response for circuit in Fig. 36b

For a parallel R-C circuit
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R . L.
—p¢ . _R_
1 1+pCR
R+=
pC

.'« Tor maxwellian, equivalent as shown in Fig. 36b

S .
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where (6t) is an impulse function

For n layers the coefficient of the exponentidl tern equals

- ﬂa
R.C, - (R, + R ) 1
ll 3 [N N ] Lo 0 n _1. + —l—
, c_
C. I 1 R, (R, + +R_ . +R)(C. +I
171 + I T i n-1 n 1 1
c, G C,

Appendix 2.3

Voltage scross one layer for the circuit in fig. ha

7 .-:-_-L

1 1+ pClRl

. = 2 R

T 1+ pClRl 1+ p0232

Therefore for a step function V=0 and V = V, t50

R
A O
1 P Ry
Rl . ?2
1+ pC,R; " 1+ pC R,
A 1

D 1+ 32(1 + pClRl)
Rl(l + pCERE)

A 1
P 140 (P + "ga_)
1 C, Ry
c, (p+ )
) C_R;
1
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= X 1 ¢y 1
P Preit © preR)

22 2 Il
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\;?2 0232 - R.C R

_ 11 4t , 1 c + 0,
-
Cy+C, HENERN Cy R ¥ E, )
R. + R |
1 P
where ¥ =
1 2(Cl + C )

2d;. Current response for waveform v = % tfort=o0otot =1 and v = V
for t > 7

For the circuit in fig.36bh assume that the applied waveform is as shown.

in Fig. 5la v '
. A - A \
YT Y T3

¢ Poy Kp“Z,

v

from appendix 2.2, 1, = -pTL-

By superposition and by applying Laplace as in the previous cases,
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c K T¥C, v CR T CR, C R C R 02
(e & yte1) |
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substituting for ¢ in the exporiential expressl on and simplifying

c.c

G 21 1,1 1 1
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2
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a
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€

Hence the full solution can be obtained by substituting for iA(t) from
Appendix 2,2,
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Appendix 2.5 Inductive response
Consider the circuit in Fig. 51b
- _ 1 1 1 1
T o= & & 2+ X o+ T UL
32 Rl pCy pL + R + o0
. == - V
for en epplied voltage, V, 1 = Y -1;
Let L™t = Laplace inverse function
v v 1l VA
S I(e) = E 4 p expet/ORy L' 5
g 2 1l pLh + R + ==
N »C
Now considex L:l of-—-f-l'—-—-i-— =£:1 (-21‘ T )
pL+R+-§é- Ly +Rp + 5
= & 1
L
R R 1
o +3p)" - L5 - 1@
&
L IE) = K (exp-R/2L)sinh at
= Kl(exp-R/ZL} {exp at - exp -at)
= }{l exp (&—Rla)t —(exp —(a‘t R/EL)t see e s coh LE}
How a =/32 1 . Koo
L2 LC Y e
Therefore for & to be positive
RC > LL
V . * . & — R ‘ hL %
slmpllfylnga-'éﬂ (l--_2- tee san e e T ses te e L3)
R°C .
Now from (Yand from U.V. recorder observations for£2) to correspond
to observations
R R
a+ -2—1.; >> -2—L- - a
a »>»» 0
of . . . ey s
If L should bejthe order of microhenries (since it is not normally
pessureble and R ~ 10" @ C ~ pFs
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then -1%'-—- << 1
R°C
R 1 4y « R 2L
From(3 a =2 == (les ===} = == o
) 2L 2 REC ?L RQC

By Binomisl expansion

Therefore substituting in'-(a)

]

sinee I{+)

gt exp - (R/2L-a)t - exp-(am/alj)t]

i

t) - Lexp -[21_/36)1: - éxp - (R/L - 2L/R20)13

once again considering possible values of L, R and C

I(¢) = k' El - exp—R‘h/I:}
;.
«'« time constant of anomaly © -E—
If L is of the order of uH and R of the order of lOﬁ
16

Time constant is of the order of 10 secs.
Now since the ‘time consta.nt! of snomaly observed is of the order
of minutes and decreases with app rent measured decrease in R, the

Fig Shheircuit cannot be the equivalent circuit.




Appendix 3

Polarization microscopic_ analysis

From Coulomb's law the force F botwoen two charges eoan be written

as
(R, - R,)
F = kq 9 1 2
1, ER _ Rga
1
wvhere g is located at Rl

and qzl is located at 32

Therefore the electric field at a point R due to a point 4y at the
point R is
(R - B))

bonf

This mesns that assuming superposition is applieable the electric field

E(R) = kq,

due to a system of point charges 9, located at Rj’ J 1, 2 vee ses

: n (R - R.)
BR) =k I q ——4i
j=1 IR - 353
If the charges are so small and so numerocus that they can be described
as a charge density p(Rl).
and if 8q is the charge in a small volume Ax Ay Az at a point Rl then
Aq = p(Rl) Ax Ay Az

Thus the sum above is replaced by the intepral below
1y (R~ RY) 1
BR) =k [o(®) B=EL a3

1

whera d3R1 = dxl dyl dz
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See fig. 51c ) pege 142

i
Consider the microscopic field due to one molecule with centre of

mass at point Rj while the observation point is at R. The molecular
charge density is pl(Rl), where Rl is meassured freo. the centre of mass
of the molecule. It should be noted that p%-generally depends on the
position of Rj of the molecule, since the distortion of the charge
depends on the local field present.

The microscopic electric field due to the jth molecule is

E.(R) =~ Vk | 03 (R — L R
J mol 'R _ Rj _ Rll

Expending the above expression in multipoles aruund the centre of mass

of the molecule by Taylor's theorem.

1}

C., . .
E.(R) - Vk 4"—' + Vj L . P. + sas L X +

R - R.
J

. 1 1

vhere ey = Imol pi (R7) a3r

11 1, 3.1
5 o1 Rpy (R7) a°R
are the molecular charge and dipole moment respectively.

The above expansion neglects higher terms; (quadruple terms).
Since microscopic variations of field occur over distances large
compared to molecular dimensions the quedruple term contributes

negligibly to the averaged field relative to the dipole term.
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» + Summing for =]l the mnlecules over j,

e,
E(R) = -Vkg }—d ) 1
(R) I'g R -, T (R-Rj)}

For the average the discrete sum is replaced by an integral, introducing

spparaently continuous charge and polarization denmsities,

p mol (R) T ej 5(R - Rj)

J

p mol (R) = Zp ; 6(R = Rj)

3

11
Thus E(R) = - Vk I d3R11 {O mol (R )

gumot AR J 4p mor (R1Y) . v (—E—
iR . R i

~ rH
Assuming that R11 is replaced by R11

Then it can be shown!‘L8

1 S ‘
ER) = - vk [ N(E&Y) &"1(13—)- + Pzl (RY). vl(--l-i-):la%l
R - R R - R

Where the lines sbove the vaiues signify average values.
On the microscopic level P mol ete. consfitutes the surface charge on
polarization.,

[ n(edy emol (r})

R - R*

The sbove expression represents volumetric charge snd in the
general case includes both injected and free carriers. It can be
deduced from the properties of delta functions that the above
equations for the electric field are similar to the ones discussed

|

|

|

=r 42
that the average of E(R) i.e. :
earlier (Chapter 8).

|
|
|
\
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Appendix )
Voltage nalysis: double layer dielectric

Convert the circuit in Fig.36ainto a Laplace equivalent circuit,

vhen a waveform of the type E Eg(wt+kx) is applied if one writes for

jw, the Laplace operator p then the total impedance for all t is given

- 1
FCq - T

1

R1+RS+pCS By * Bp #

Therefore the Laplace transform of a voltage V2 across R2 for a

step function V=o0, t <02 V=V for t > O is given by

V. o= L
273 . Ry el . N R Ry
Rg*R, CeRg”  }} ~  Cp(By*Bp) R, Ry
P+ -—(—)-l P+ —
Cg'Ry*Rg Cilp
2, . 1
/P P17 (R + Rg) CTRT TRT(Rl+RS)
L (R "RT)1 o [ T, RgR, (Ry#Ry)
Vo ERT RS+Rl cs(RfRs) CiRy  BoRp(RgHR, )
+ % 4 <
SR Cos
+ 1 + !
CSCTRT(R1+RS) CTCSRQRT(R l)

Assuming that R, >> RS end R, >> RT and simplifying

{p+P(CR * T + ccl }
va%_ TR'I' Orty Ry

EEE Tl

ey BRrls )
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v, =% {2, LT 8L b S 1 }
2 o1 Oty oy
RS+RT P RT RT+CSR]. CSRS+CTRa]p . Rl+R2
RT RS+RT CTRT RERTCSCT {R.* Rle}
since Rl RS’ R2 >> RT

; V2 ° ijg = [P2 + p e i L W }
gp P CgR C‘I'RT CoCopBiplty
24 ((’g(fl )*cs 1, Rl Ry
Ry IR CC CsCria Ry

T =

P + Ap + B
2 RS+R

p + 20p + D

2 RS*'R'I' p2+2ap+D' 92+2ap+D P p +20p+D

Then v, = ook E— + A — 43 }'-‘EH?'L)]

D 2

KRT{ (1...-1.3.) LB .3__‘+(A_2tlB) 1 _
A Dp p +2ap+D

Thus the inverse, substituting for A, B, C and D, simplifying and

agsuming Rl >> RS’ R2 >> RT is given by

R4+ R.R -R R —ut
B s*Pr, &R st e et et

Rg*Ry (R +R) Ry * R (R #R,) 5

ALE

R, =C -0t
1~C78p e (Bt _ E-Bt)]

CTRT(Rl+R2) 28

CT (Rl+R J+C_R

vhare o = S l
2(Rg*Rp )R, CoCr
R.+R
n
i i = a? 1*Ro

T R

If this is written as
\
|
|
|
|
|
|
|
|




RO S 751 S T {ﬁcScT(RlRT_RSRE)+CSBl-CTR2]
2 “RFR, ('R E, R, BRROCy B 7,
exp-(u—B)t
. BC Cq (R, Ry-RoR, )=CoRy +CoR exp_(a+B)t

QBCSCTRT(Rl +R2)

Modification of the enclosed spherical cavity analysis

In order to appreciate fully the significance of LIPS at the air
and solid insulation interface consider the two classical solutions of
(1) an earthed hollow conducting sphere and {11) a hollow dielectric
sphere in an infinite dielectric medium. Let the radius of the sphere
be 'al',

(1) If one assumes Laplace's equation for the potential in the medium
remote from the sphere even though there is charge accumulation on the

sphere then from lLaplace's and Legendre functionsla’123

¢.= ~ Er cos §
where the origin of the coordinates is taken at the centre of the sphere.
Now at infinity the potential superimposed on this due to the induced
charges on the sphere must venish so that no terms of the form r® can
oceur in it. Since this potential must be symmetrical about.the xX-gxis
no terms involving Sin 6 cen occur. The final potential outside must

therefore be of the fornm

¢ ? - E rCog 0 + 'Z Ah r-n Cos ne PP sus aee 'y ees (l)
n=1

flso in order to meke V = o at r = a for the earthed conducting sphere

“or =1l values of 9, oaly Cos n & with n=1 can be added to Er Cos ©

... ¢é = ~Erlost + Ar—e Cos 8 e ves Y] e e TR e (2)

whoere ¢2 is the potential outside the sphere.

Inside the sphere a solution of the type in (2) is not acceptable
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ﬁencé by inspéction a term ErCosB_is added which will cancél the
potential of the éxternal field so that O=0 everywhere inside the sphere.
(11) ~For the case of the dielectric sphere two separate potential
functions must be taken into accout. Hence by inspection of the

previcus case let the potential ¢i inside the sphere be

b5 = (Ca:--2 + Br) Cos 8

and ¢. = (Ar™2 -Er) Cose

1

since b5 is finite as r*a, C = o

‘The constants B and A may be evaluated by assuming that the redial
Dielectric displacement is continuous at r=a
le€s eiE2r = clElr
where €; and €, are the respective permittivities, also that the

tangential components of the electric field should be equal at r=a.

l.e. Eat = Elt

elsoc since ¢2 = ¢l at r=a this leads to a third boundary condition

Applying the above boundary conditions following results are obtained

3::2
¢1 = - ) Er Cos @
€l+€2
3 €.-¢
a 1l "2
b= = {1 = — } Er Cosb
2 S €tee,

{(111) In the case where the conductivities of both the dielectrie
sphere an& the medium in which it is immersed are finite there will be
a charge accurulation pla‘on the surface of the gphere (just like the
cese of the earthed conducting sphere) but in this case since the
pctential inside the sfhere is not zero, the treatment is similar to
Ctase II with different boundary conditions.

Here if ¢, = Ar~? Cos 8 - Er Cos ©

Cr~% Cos 6 + Br Cos @

and ¢l
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Now as ¢, is finite at r=o, .". C=o

then el‘ ¢ : L
o _82 ir = —pg_e
r=a
3t
Now 3—-—2- = (—E—Ai- + E) Cos 6
r 3
r
9¢
1
P = DCos ©

=3
Te 0q5 - (2Ar +E)ezcose -c

lDCose'

Algo the tangential components are equal

98
r=a

3

Now .. B = Aa - -E

. . = -2—A- _3 7

= pa—3 ,
+p,, sech = Aa (2\:2 e )+ E(Ea - el)
Cao 3 [E (el - 62) * 045 sece}
e A=e e
2 1

N S - [ .
D= pe—ie {E (el €2)+p12 secB] E

l {
= e ————e - 3B =p seeﬂ}
2e2 + el 2 12 .

. 1 .
N “¢l— e T e {3£2E-p12 secB] r cosb

' P

. 1 12

1.8 ¢l = Se o [352 - 3 sech ] FrCos8
2 1 , A ‘

¢'s Substituting for A

I
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) 3 p |
4,2 2 e 1 - 3 a (el—ead--—%':-z- sac © Coa 8
r (2ea+el)

124
(Compare the above analysis with Onsager's theories)

Appendix 6

Maxwellian Polarization under s.c. conditions

Assume that two medis A and I meet at & surface S and that a unit
normal N is drawn from medium A into medium I such that A lies on the
negative side of 8, with I on the positive side,

Then from boundary conditionsl22,123

m (g, - E,) =0, ... (1) w. (p; - Dy) =0 eee (2)

X = vector multiplication

vhere E_, D_ and E,, DA are the stresses and displacements in the media

I* I A
where e is the density of any surface charge distributed over S.

The flow of charge across or to the boundary must also satisfy

the equation of continuity:

; T
1eCe N- (JI-JA) - - 31.'. R sasa s a0 XX (X Y] e R (3)
Suppose that & waveform of type {constant e—;wt) is applied
Then (1), (2) end (3) give
E_E B =D e 'y see  ssn ses ves see (h‘)

a E E 33030 sen aae e ses  eee vae s (5)

%N~ %
(assuming Ohm's law)
where EI and eA

resistivities. p is only zero when

are the bulk permittivities, %1 and o, are the bulk

Py €y =Py €4 7 O

In the general case the above equelity is not satisfied and hence

from (&) and (5)

jwe ~0
B = I I P

AN eAgI-eIcA
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and By = JWEy ~ Ty
€A017€1%

Hence even for the A.C. case Maxwellian polarization is applieable

Appendix T

Modification of Rogers and Skipper analysis to include the finite

Conductivity of the air inciusion.

When one considers the earlier stages of the analysis of Rogers

. 3
and Sk:.pper9

1 o arc cot a—li aSOG 2
T"l"[ o, ﬁc + o - ap)(1 + 0%

Y S - 2 }i
and T =€ gel(lﬂx ){a arc_cot-a-l) -5-2~I(-:I‘+G- (o are cot a-1) + ]:i.f

(1+u2)(cs0 %-+ cl)(u arc cct a=1) ~9,, L}l+a2)(a are cot a=1) + Er

o 2 :
where a = afc = L}b/a) - il
and a, b and ¢ are parameters of an oblate spheroidal cavity deseribed

in the paper

a, b » semi-axis rnd redius of the oblate spheroidal cavity

¢ = Radius of the foeal circle of the cavity

9,9, conductivities of the media inside end outside the cavity

T = is the tive constent for stress response in the cavity
expressible as El(t) = Ell {1-exp t/1).

Ogg = surface conductivity of the cavity boundary at the poles.
If an air/polythene interface is considered then clearly
;o

Then 1= 1 _.[Ot arc cot a_l"!l
A _ ) )

a ' -
S0 2y [
— *0, (1 +a {j
and

4
T = cag € (1+a2)(a arc cot a=1) ~€, {(1+a2)(a arc cot a-1) + 1_1}

> <
1+a

2 .
‘ ‘ (OSO alc + cl) (1 + o) (o arc cot a-1)
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The time.ro required for the stresz to rise from zero to the
discharge inception value E, is given as

E.
T = = T log, U“T:EL?)

where I = Uniform stress applied to dielectric

For the minimum time o_,. 1s assumed to be zero.

80
If this is assumed for the above analysis then

o
%— = 1 - =+ 1+ ua) {a are cot a-1)
a A
€ .
and T = -U—o- €y = e2 [l - 5 1 |
1 (1 + a) (o are cot ..—l)J

From the analysis of Rogers and Skipper

B 3 > 1.5

(o arc cot a-1) (1 + <12) + 1

Mso (a arec cot a-1) (1 + 02) +1 <1

« « From the two inequalities
- 1< (a arc cot a-1) (1 + a2) <0

hence ll lies between 1 and «

1

Putting K= 1 - 5
(1 + o) (a are cot a-1)

L

= -2 -
T, 5, (el Kez)

k lies between 2 and = =
Hence for minimum T

E,

- _ i
T T, logs (1 - El)
a
€, ‘ Ei
[ e - F -
(el uez) log, (1 l)

1 AE
&
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Pur a taminar cavity

(1 + 0-2) (& are cot a-l) +~ <1

..' K = 2

o o]
1 _ 1 - 1 .

and Y - l + p T 5 Since ol >> 02

2 2
co Ul E1
¢ T 2 e—— - -
e T = (el 262) logE (1 l)

=
Q
=

<< Y

€ g. B
and reduces to 1. = —= (e, - Ke,.) I 2
m (34 1 2 1
1 02 E
B
=€, (el - he2)——ET
g
2
o, E.
When LI >

> 1 the expression for Th becomes infinite,

o E

In practice the performance is much more likely to involve a few

nore powers of the expansion of

cl Ei)

o, E

2

A

log, (1 ~

Thus neglecting powers greater than the second order just as an

example.

€, 9y Ei oy Ei
T‘m = € = K€2 -— -3 + (=)
1 2 E ¢. B

It should be noted that convergency of the expression

E.

log, (1 -—3)

A B

2
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can be a certainty only when

(1 + a2) {a arec cot a-l) = O

In which case

(el - He

where t -

The above analysis should give an idea of the influence the finite
conductivity of the included gases has on the discharge rate etc. The
analysis however is not complete since it ignores completely the effect
of interfacial charges and spa:e charges which prevents the voltage
immediately after discharge decaying to zero and hence ar implied
inerease in the discharge repetition rate,

The effect of the portion of the void on the discharge character-

istics is also neglected in this analysis. This is very significant.
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Agpendix..a

Some considerations on the design end performance of high voltage d.c.

Egbles.

It is the practicé to design most d.c. cables on the basis that the
conduction current is an exponential function of the stress. With
small orders of thicknesses end st relatively low stresses this might
suffice but recent breskdown tests¥with cables have indicated that the
influence of space charge or some consideration might influence the
performance to a great extent. In order to check this for a given
ceble, radial stresses were computed using %gﬁ 1905 computer and ICL
subroutines (to plot the graphs).
{* see refs, 12, 23, 24, 25, 27, 32, 33).

»

Theory I,.1:

In order to establish an expression for the D.C, stress distribution

125,126

in cable insulation it is assumed that the exponential conductivity
variation with temperature and stress is applicsble and that there is %o
space chargd within the insulation, |

Hence

Let Ul =g

E& *re e L AL LR 200 a8e se LI 3 »ea a9 (l)

- +oAT
and. 02"'0Te L N "an LR L ' L AL LA [ X N "o (2)

describe the stress and temperature variations respectively

where On, Ops k end o are special constants¥

How at E = AT = o 0 = o, = 0, say

.*. Combining (1) and (2)

g = Uo exp (GAT +’kE) »ese see e e cas "o sew e e ses (3)

Thus at any point within the csable

Ox = Uo exp (uATx + REX) s see easn R cesn "o e (&)

In order to assess the effect of esble loading in terms of known
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constants, consider the temperature difference scross the insuletion.
Treating this as a thermal—electrical snalogue snd considering the
section shown ;
sV

(fig.SQa) If 6R='I— cen se e ssn oue awe [ RN s snae "o (5)

and W (Heat loss/em) s I {current/cm)
K {Thermal Conductivity) % o {electrical conductivity)
8T {Temperature drop) = 8V {voltege drop)

Now for the electrical case for an elemental strip
R = %Eﬁfgg vhich from the section in Fig. 52a gives

. dx
53‘021‘_:{ s R LR N [N LA R [ R ] e e on Tea (6)

O
b=
B

Thug substituting from the thermal analogue for the electrical snalogue

sV _ &7

"I_' - _W s e se o e ave sew e sae (T)
. ST . L 8x
I W K. 2‘ﬂ‘x ae s cae s sen RN *e e sa e (8)

Hence remembering the direction of heat flow in a cable and
integrating between limits r, R for the cable (where r is the conductor
redius, and R is the radius over the insulation).

« « Total temperature drop

R
AT = [ 8T
r
R
W dx
| ¥ m
r

‘ = R
" e AT- p logs T aen s e tv e L] ene are svae (9)

W o r
“ ok logE {10)

Hence at radius x temperature Tx is given by T, - Tc 5

vhere Tc is the coaductor temperature

Thus writing equation (9) in the form

LA R
m - AT/lOge T (R e e so0 [N sse oo e (ll)
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*; | Fig. s2p°° _ L
! | . ‘core sereen
‘ Polythene cable (not to. scale}’ '
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., Hence from (10) =and (11)
AT, logs -%

R amn g *d e ae e L ) red - o8 LN R ] L

logg =

T =T
¢ X

In order to simplify expression (12) define B such that

8 _ AT
a R
loga .
. =8 I
* = Tc"Tx o loge X
. r o _C_l- _ .
L] » x - e}tp B (TC Tx) [ B L N ] L N ] L ] s s L L

Effect of stress!
Consider an insulation current of I per unit length.

Then stress at any point x in the section shown Ex is given by
I

E —
- LA ] LN LN ] LN L N ] LI

+
x g2mxX exp (kEx aTx)

lLet the stress at an arbitary position rm'be Em

E = I l..‘ L *e 8 e e LN ] LN )

m o2nr  exp (kEm + aTm)

Therefore from (14) and (15)

i T exp (kEm + uTm)

x
B +
E exp (kEx GTX)

m

= B
x

E r

X o 0 - -
Em X exp R(Em Ex)o ex}? u(Tm Tx) e sen s s e “ne

Hence from (13) since

X B .
exp G(Tm"Tx) = (?—) wee s *r e sae LY [ XK} LN ] sn s oo
m

and substituting (17) in (16)

Ex rm X 8

Ceog ek B -E) =) G0 -
m n
E - B=1

. X - - X

o @ £ ex‘_pk. (ﬂlx"‘Em) ( ) aan e e ) s eve

m m

(12)

(13)

(1%)

(15)

{16)

(17)

(18)

when there is no loading on the cable the conditions are assumed to be
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isothermal thet is AT = O hence from the definition of 8, B = o.

Therefore equation (18) becomes
Ex m
"i:"; expx: (E - K ) =—£ "e e sas “au e Py nes (19)

This is the simplest form of equation (18) but even this cannot be
integrated by normal integration procedure to obtain V, one of the best
meeng of obtaining V is to employ iterative or step by step method and
this is efficiently done by & computer when a value for k is known for
the particular dielectric. |

b. Ioaded Condition:

In order to analyse the stress for this case 8 together with
k has to be known for the operating conditions.

The guantity 8 is obtained by first evaluating-ng from data and
multiplying this by o to obtain B. The process for calculating the

stress is then similar to the unloaded case, only slightly more

complicated.

1.2: Alternating voltage conditions

The radial stress for alternating operation of the cable is = far

case
simpler,as Ohm's law is obeyed for the cepacitive stress distribution

and the scress is obtained in the familisr form

E =.—V—.—-
n lo -B
Tm “O& T
where the gyribols have the same meanings as before.

The above formula epplies in the d.c., case for chmic operation i.e.

at the very low voltages (below stresses of sbout 30 kV/per cm.

Space charge theory

In order tc consider the case of a cable in which there is space
charge formation. Consider the very approximate golution {with certain

assumptions) below.
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If space charge acts then Poisson's equation holds i.e.

By, 1w, P - -
2 r ar e LI N} [ N L ] LN LI N ] LN N LN
or

In order to solve the asbove equation in a less complicated way
assume that superposition is applicable and obtain a Laplace form of
equation {1) by obtaining two separate solutions {a complementery
function (F) and a particular integral BL).

This is done by defining V and a function F(r)

Where V. = ¢ 4+ P(T) see cee ecos aea ase see ees ess (2)

such that

v ¢go LE N 3 [N N L R ] LB N ] +9 8 LR LN L LR N 2 (3)

If equation (1) &ana {2)-are to be maintained then

aeF(r)

2

Py
should equal -—

€
ar

Hence equation (3) 7~ written as

3¢ 3y o
7w (T ) <O
$ = A lcg Br - (C.F.)
Also assuming that P, =9 {const) ie independent of radius r the
2
particular Integral is simply F(r) = 7%%— and the full solution is
pr2
V= A log Br - e

The above solution is cne very special case but it demonstrates the

4 given by 5
effect of p. Other possible forms of variation will bthr =f 0;)
or p, = £ (p.r)

These will be more complicated and will lesad to other solutioms.

Theory 3 (Maxwell's considerstion)

Consider the cable and circuit representation in Figs. 52, Let v

be the potential at any point in the conductor.

|
|
|
|
|
: Let Q be the total quantity of electricity which has passed through
\
; s section &x since the beginning of current flow.

|
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Let C be the capacitance of the cable per unit length vhere

ane

Q0 =
loge 7

assume Ohm's law and let A be the resistance per unit length

vhere X =<§%;- log&-g essume Ohm's law where o is the conductivity of

the dielectric. Then the quantity which at the time t exists between

sections x and x + 8x is

- a9 =_9
Q- (q+ T 8§x) > O

NP+
Butcvﬁx—-dx,.sr

%Eréfore-%=cv esre sen s ess lo-o e cve nes caw (1)

But if the resistivity of the dielectriec is finite

2
a-Q c dv . :
= il +1 L X N 3 [N N 3 ~ o8 .z LN N *e e L N ows (2)

#

. v
where 1 5y

2 vo'n/logs %

Now let y be the conductivity of the csble conductor

then since J = yE

. -y 174
* ax’ y dt

LE R LB K Lo N LR N Te L K 1 a8a LN ] LN N ] (3)

2
Therefore differentiating (3) with respect to x and eliminating ngdt
2
d v C dv v
— O mm e o e ese . Y Y sen se e
) y dt YA e (1)

-

The above equation is established in order to show the need for

extra factors such as X and y to be taken into account in the assessment

of d.c. transmission voltages.,

This assessment of the variation of voltage with time could include

the initial charging and eventual polarization processes outlined in

earlier chapters.
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Method (s) Program structure

The program structure presented in the following pages is for the
cable in & cold state with no temperature gradient mcross its section,
as this involves fewer assumptions. A comparhtive one for the hot
state w&é\analysed but not presented here since this involves only a
change of constants.

For this analysis a fixed value of stress is assumed. In this
case it is assumed that this stress is the conductor screen stress (SA)
under ohmic conditions. The radiel position (RADX) of this value of
stress is varied from the uonductor sereen to the core screen for the
d.c. computation. At each setting of radius and stiess, corresponding
radii (X2) can be evaluated for various stress values (SX). Thus a
vhole series fb'stresses5{é(K)} at known radii X(K) is obtained.

For each set of values of SA and RADX a stress/radius grsph is -
plotted and the resuiting voliage (Y) is obtained as an integral of this
curve by application of Simpson's ru;e,” But comparing this resulting
voltage (Y) with the actual epplied vdltage {¥) the relevant stress/
radius curve can be selected.

The exsmple shown in Fortraﬁ‘éerves to compute the stress/radius
curve under ohmic conditions and é.similar curve for one setting of
RADX determined previously as described above, (sse page 224, also

table 1).

Method (b) Tests

A cable of dimensions as shown in Fig. 52b was used. (see plate 8)

First of all the cable core screen was cut back several inches
from the polythene surface,

The cable with the expoéed ends (see fig.520 was first tested for
discharges in air (i.e. without any stress relief at the core~screen/
air interface) then with the ends surrouwnded by oil under both a.c. then
subsequently under d.c. conditions, but then cold.

From the discharge tests it was possible to assess the discharge



PLATE 8.
Equipment for cable fests.
top - current measuring coll.
middle - cable threaded through a heating transformer.
bottom left - heating transformer reguiator.
bottom right - a.c. high veoltage transformer.
‘middle right = measuring resistor,
rear ground - Cockcroft-Walton d.c. generator.
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PLATE 8.
Equipment for cabie tests.
top - current measuring coil.
middie - cable threaded through a heating transformer.
bottom left = heating transformer regulator.
bottom right - a.c. high voltage fransformer.
middle right - measuring rosistor.
rear ground - Cockcroft-talton d.c. generator.
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due to the core-screen cut, that is,. discharges at the core screen/air

interface under various conditions. See table 2 and U.V. Records 5A-3F.

Obgervations and conclusions

1t was noted that as “he position of SA was veried towards the core
screen, the resulting computed increased in value for the whole csable
at uniform (room) tempersture, For the cable with a temperature
gradient across it the situation was reversed.

The resqlts of the discharge test indicated that the stress at the
core screen might be well below the expected computed stress in the d.c.
case (contrast the a.c. graph in Fig. 53), This shows that the straight
forward logarithmic relation without eny boundary conditions being
imposed) may not fully cover the streés aésessment over the entire
section of the cable. |

It iz obvious that only wﬁen thegse other factors are teken into

" account will a comprehensive design be produced.
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U = 20 kV
SA RADX Y
W oom® inches Ky
© 76,162 0.502 16.780
164162 0.602 18.785
76.162 0.675 20.057
76.162 0.702 20.589
76.162 0.725 20.831
76.162 0.(T5 21.629
76.162 0.825 22,523
76,162 0.847 22,788

SA = conductor screen stress
under ohmic conditions

69.264 0.552 16,512

69.264 0.652 18.256

69,264 0.752 19.97

50,842 0.752 15.60

50,843 0.852 17,02

CABLE (with temperature

gradient)
76,162 0.675 27.1k2
76.162 0.8L7 22,318
Vv = 30 k¥
SA RADX Y

kv I inches kV

11h.24h 0.675 26.761
0.725 27.581
0.775 28.633
0.825 29.1416

0.847 29.799
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2 fae iy,

e

Type of test voltage setting Count sbove 3 pc per
kV 300 seconds
No stress relief stress relief
ot core screen with oil
AC {coLd) T 300018 1389
AC {CorD) 8 86021 1125
pe (COLD) 20 {steady state) nil nil
Dc {COLD) 30 " " 16 10
- D¢ (coLb) 40 " " 50
AC (HOT) 7 hél91 190
DC (HOT) 20 25 nil
DC (HOT) 30 105
p¢ (HOT) Lo 310
“¥eble 2

- e M‘ PR At bie T {




4 U.V. rocord 5A

1u.v. record 5B

% a.¢.. discharges ~cold cable @ 6 kV, terminations in air, | "ik]2-C. discharges - cold cable @ 7 kv, ferminations ih7aFr;_?
i . C—_ b e b i Ty s r——pr—r—
:

|

|
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o\ _ I

‘ o e 17
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|

E

U.¥. records 5A, 58, s, 50, 5€, 5F,
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Graphs from computer, cable—cold
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Program Structure for %ﬁﬁ 1905
DIMENSION S(2000)}, X(2000)
DIMENSION XTITLE (3), STITLE(2)
DATA STITLE (1)/10HD.C.STRESS/,XTITLE(1)/22HRADIAL LENGTH OF CABLE/
READ(l,lso)RADl,RADQ,comsr
120  READ(1,160)U
150 FORMAT(3F5.0)
160  FORMAT (F5.0)
CALY. UTPOP
IF (U-1) 90,90,29
29  RADX=RAD?
K=0
32  IF(RADL-RADX=-3 ,E-3)33,33,68
33 SA;U/(RADx#ALoc(RAnalaani))
K=K+,
X{K)=RADX
8(X)=sA
RADX=RADX~0,01
GO TO 32
68  XLAST=RADX
SLAST=8A*3,
IF (-20.)70,69,70
69 CALL UTPMA (8(1),SLAST,XLAST, X(1), 10,0,10.0, STITLE,2,XTITLE,3)
70 CALL UTPLB(S,X,.K,2)
RADX=RAD1
J=0
30  SA=U/{RADX*ALOG{RAD2/RAD1))
5%  RADX=RADX+(RAD2-RAD1)/2
50 K=0
J=J+1
SX=SA/2 «

55  X2=RADX¥(SA/SX)*EXP(CONST*(SA-SX))
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IF (RAD2-X2-1.E-3)25,105,105
IF(X2-RAD1~1.E-~3)95,85,85
K=K+1.
s(K)=sx
X(K)=x2
WRITE(2,35)8(K),X(K)
FORMAT(2F10.3)
SX=SX+0,01%U
GO w055
XLAST=X(K)
SLAST=5(K)
WRITE(2,65)K,J ;SA,RADX
FORMAT(16H PART OF SET K=,I4,MH J=,Th, 2F10.3)
CALL UTP4B(S,X,K,2)
2Z=K

=K
AA=727./2,
NN=MM/2
BB=NN
LL=MM-2
JI=MMa1
0DD=0
EVEN=0
TF(2.%(BB-AA)) 221, 331, Ll
STOP
DO 551 MMM=3,LL,2
ODD=0DD+X(MMM)
DO 661 MMM=2,JJ,2
EVEN=EVEN+X(MMM)
GOTO 71l
DO 99 MMM=3,JJ,2

ODD=0DD+X ( MMM)
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DO k2 MM=2,LL,2
42  EVEN=EVEN+X(MMM)
TIL Y=(8(2)-5{1))/3.#(X(1)+k #EVER+2.*ODD+XLAST)
WRITE(2,171) ¥
171  FORMAT(7TH Y =,F10.3)
39 IF(RAD2-RADX-1.E-3}120,120,%0
L0  RADX=RADX+0.3
10 IF(RADX-RAD2-1.E-3}50,50,88
88 RADX=RAD2
GO TO 50

90  CALL UTPCL

STOP
END
Data
where U = Applied Voltage
RAD1 = Radius over Conductor

RAD2Z = Radius over Insula*ion
CONST = Bmpirical Constant

SA

1)

Stress at RAD X

CALL UTPOP = Opens graph plotting facilities

UTP LA

B

sub-routine for drawing axes for graphs
UTP 4B = sub-routine for plotting points and curve

CALL UTPCL

#

closes graph plotting facilities.
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