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SUMMARY: 

Conduction and space ch~e theorieD in dielectrics under 

direct voltage conditions are reviewed and analysed. 

Published information on gas discharge processes in insulation, 

conductivity, discharge detection and measuring methods are also 

summarised. 

A combined technique ;Thereby both discharges and current can 

be studied simultaneously is employed in the investigation of non-

ohmic conduction in solid dielectrics at moderate d.c. stresses. 

Experimental evidence suggests that none of the conventional 

laws of conduction adequately explains the observed phenomena e.g. 

the thickness dependence of cond..lctivity; and that the operating 

stress 'E' calculated as the ratio of the externally applied voltage 

to the thickness of the dielectric may not be the actual resultant 

stress. 

Some anomalies are explained on the basis of a ncu dielectric 

equivalent circuit, a modified Maxwellian 'n' strata dielectric and 

induced interfacial or space charges. 

The discharge behaviour of gaseous voids in dielectrics is 

analysed using an equivalent circuit incorporating the resistivity of 

the void gas. Extinction is explained partly by ~~ extended 

Maxwellian polarisation phenomena. 

/ 

It is postulated that the empirical relation of the form 

J vol = KoE eX]? (aL + aLE + YLE2) 

(where J vol = volumetric (bulk) current density instead of the normal 

definition obtained as current per unit area E defined as abovc 

Ko aL, aL, YL are constants for a particular thickness of dieelectric), 

defines more accurately th" conductivity stress relationship. 

Stress distributions in a polythene cable are analysed using an 
'1~l-
IBM 1905 computer and assuming an approximate logarithmic current 

stress relationship. 
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List of principal symbols 

P = pressure 

P = polarization vector 

w = some function of frequency 

M = dipole moment 

W = potentinl barrier to be overcome or ionization energy 

R = gas constant 

E = exponential 

Ei = discharge inception stress 

T = time conste.nt factor 

1 = subscript relating to a particular portion of media 

as described in text 

2 = subscript relating to a particular portion of media 

as described in text 

J = current density 

J o = current density under ohmic conditions 

a = conductivity 

a = conductivity under low field conditions. o 

e = electronic charge magnitude 

11 = charge carrier mobility 

v = drift velocity 

p = total net charge per unit volume of dielectric 

D = vectorial charge density (electric field displacement) 

EO = permittivity of free space 

Er = relative permittivity 

Ef = relative permittivity at high frequencies 

& = absolute permittivity 

£Q = equivalent absolute permittivity 

k = Bolt zmann 's constant 

D. = diffusion constant 
1-

T = absolute temperature 
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l(t) = unit step ±'unction 

V = V(x) voltage at x 

externally applied voltage 

= step voltage of steady state value V 
o 

E = electric field strength 

= voltage applied to thickness of dielectric: ratio 

only under ohmic conditions in a uniform field. 

EO·l(t) = electric stress in the dielectric due to an applied 

voltage of V = Vo.l(t) 

E = E stress at any point x within the dielectric x 

f(c.e) = :function of permittivity and electronic charge 

>F{exP{(E,T)} = exponential :function of temperature and stress 

P. I. = particular integral 

C oF • = complementary :function 

a = subscript relating to void 

i = subscript relating to insulation 

i.c.p. = initial charging phase 

e.p.p. = eventual polarization phase 

i.d.e.p. = initial discharging phase 

s.s.i.v. = steady state inception voltage 

t.i.v. = transient inception voltage 

other constants and symbols are as defined in the r~levant 

part of the text. 

A definition of terms is also provided in appendix 1. 
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CHAPTER 1 

Introduction. 

The conventional method for tr~~smitting electrical power is by 

employing alternating voltage techniques. This is primarily due to 

the ease ,~th which alternating voltages can be transformed from a 

lower level to a higher level and vice versa. Hence the theories and 

design information in connection concerning a.c. transmission are 

abUIidant. 

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 

broadcasting stations. 

The above mentioned effects are believed to be greatly reduced 

under direct voltage conditions. Apart from this direct voltage 

transmission has thes~ other advantages.: The peak voltage on a 

iirect voltage line (unlike that on an alternating voltage line) is the 

same as 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 alternating voltage 

transmission is that continuity of transmission can be maintained with 

one line out of service in a two conductor direct voltage line by using 

the earth as a return line. Consequently a direct voltage line costs 

about twenty five,~,_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 

where there is an interchange of power bet,reen two countries. 
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These above advantages and relative cost must be matched against 

the high eA~ense.o£ terminal equipment such as recti£iers. inverters 

etc •• needed £or conversion and inversion in the case o£ direct voltage 

transmission. 

Hence a direct voltage line is usually more e££icient and economic 

when power must be trans£erred at high voltages over long distances by 

land or by cable under water bet~Teen two systems or two countries. 

As a result o£ the above advantages however there has been a great 

increase lately in the demand £or high voltage direct current 

transmission £or the various equipments which provide this. and in the 

design and working knowledge o£ these pieces of equipment. 

1.1 Voltage and stress distribution. 

Theoretical and empirical information acquired over the years of 

alternating voltage transmission firmly establishes that at working 

voltages the stress distribution in a dielectric (insulation) 1argely 

depends on the permi tti vi ty and obeys Ohm's laif. 

On the other h~ theoretical considerations predict 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 

which field emission from the electrodes may be expected to occur. 

This means that at working voltages. well below the accepted field 

emission stresses (with respect to in£ormation gathered in experiments 

with vacuum) the stress distribution should be ohmic. Some experiments 

have established that non-ohmic characteristics could occur at these 

working voltages. 

Information on this line of research has been rather conflicting 

and scattered. Nevertheless one £act stands out above all: that the 

major problem lies in the mode of conduction in dielectric under direct 

voltage conditions for this lTill determine the stress distribution. 

This conduction has in the past been measured at very lOll 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 Electrodc 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 metal electrodes and to the i-lidely used 

colloidal. graphite and silver paint electrodes. It has been mentioned 

that the latter ti-TO give rise to thermal hyjteresis and possibly 

deviations in measurements. 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 immaterial. The relevance 

of this in connection with direct voltage equipment design cannot be 

over-stressed since as, for example, i~the case with a.c. cables, 

carbon impregnated (semi-conductor) materials are used extensively to 

serve as screens or electrodes. 

cla#ification. 

Obviously this situation needs 

1.3 Surface and internal dis charges. 

As 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 and electrode or 

conductor tendS to ionis'l!ausing discharge2 and consequent energy loss 

and in some cases breakdown of tie dielectrics3,4.Even though the 

unsteady nature of ·conduction current (in dielectrics under direct 

voltage conditions) after the initial transient has disappeared and 

other anomalies like non-,hmic behaviour have been attributed in some 

cases to microdischarge within the dielectric, there appears to be very 

little published information relating the effects-of discharge on the 

conduction process in dielectrics. 
Gh's <.-k . Q..S 19 ~~ ~ 

study of It is apparent that the 

~'O~::, v.:;",,::,----,e'"'.f-- ___ _ 
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conduction in dielectrics since the decay of surface discharges under 

direct voltage conditions appears to ex-~ibit similar time constant 

characteristics to the decay of current through the dielectrics5• 

Moreover it appears that discharges tend to increase the tntrinsic 

conductivity since they invariab.ly lead to breakdown at .,hich 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
M:-

uniformities and inhomogeneities within the material and(the electrodel 

material interface. Experimental evidence of this in connection with 

high resistivity solid dielectrics has been rather limite~. 

1.5 Equivalent circuits 

Engineers generally prefer the use of equivalent circuits but it 

appears that due to lack of information at medium direct voltages, high 

voltage engineers invariably 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-ohmicity and space charges at these 

working stresses, apparently before the onset of field emission, are 

true,then new equivalent circuits to simulate conduction, discharge 

performance and behaviour6, 7 correctly are badly needed. 

In short there is a Deed 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 ~nl1 make a constribution in this 

direction. It is based on an investigation into the effect of space 

charges on the conductivity, equivalent circuits and discharge behaviour 

of perfect and imperfect dielectrics. It is therefore appropriate to 

start by reviewing the general processes of conduction in dielectrics. 
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CHAPTER 2 

Conduction Processes in Dielectrics 

General macroscopic measure able conduction can be caused by anyone of 

the following effects: chemical, electrical, mechanical and thermal. 
which 

Chemical conductionAis caused by a concentration gradient can be 

observed as a matter current, levelling the concentration (diffUsion). 

An electric field causes an electrical conduction which is characterised 

as ionic current, ionic conductivity or dielectric loss mechanism. 

Mechanical stress fields and the vibrations of sound field cause 

mechanical movement "hi ch is characterised as an elastic deformation or 

diffusion creep (piezoelectric effect) and thermal conduction is 

generated by a temperature gradient the observed effects of 1lhich are 

the concentration gradient (Ludwig.Sonet effect) and an ionic e.m.f. 

(Seebeck effect). 

Usually the observed macroscopic 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 experimental 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 general, however, these conditions are inter-related and it is 

worth noting that the general conduction processes governed by 

irradiation, presence of dislocation and/or colour centres, and 

boundary effects, polarization capacity, reorientation of substituted 

molecular ions like OH-could be included in the above considerations. 

2.1 Electrical processes 

The basic concepts of defect movement in crystals have been 

covered in detail by Frenkel, Schottky and others8 ,9 but it is relevant 
\. 

(',1 ' '''-

to mention the motion of a defect from one equilibrium portion 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 al1o.Ted directions 

(hindered rotation) and thus cause relaxation phenomena in 'time' 

dependent electric or mechanical fields. 

It has 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 

.' 
w = 
m' 

J 

S 
m 

flexp k 
Hm 

exp -­kT . . . . . . ••• 

where w is a mean jump frequency to a particular neighbouring site, 
m 

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

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

order of the Debye limiting frequency (1012s-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 e. ,rith the 
• 1. 

direction of the gradient (0 < ei < i) contributes en amount - (6Xi /fl) 

t'mrCosei to.the current where 6xi = IgradxlrCos6i. The total current 
.~ 2 2 

is - w r Igradx/fllrcos e.. Considering a particular case: for a cubic 
m 1. 

lattice r;os2e. = ~nCos2e = n/6 (n = number of attainable neighbouring 
1 

sites), the diffusion coefficient (factor of - Igradx/flj; 
.' 

D = 1/6 nw i = 
m 

2 gw a 
m 

... .. , 

where 'a' is the lattice parameter, and 'g' includes a geometric factor 

characteristic of the jump geometry, e.g. g = 1 for shortest jumps in 

a cation sub1attice of say the Nac1 Structure when 'a' is taken as the 

large cube edge. 

With regard to ionic conductivity, from equation (2.1) an applied 

electric field E modifies the activation enthalpy Hm of singly charged 

defects by amounts ± ~ eErCos8i where ~r is the distance between the 
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saddle point and the equilibrium position of the defect and Si is the 

angle between the jump and field directions. Hence every pair of 

opposite jump direction yields an excess probability. 

Cos S. 
aWm = 2wm sinh (~erE kT 2) for jumps with a component in the 

field direction. The resulting contribution to the current density 

J is aJ = ~ er aWm Cos Si assuming that the neighbouring site is 

reached on a rectilinear path. For 1/2 erE « kT, linear expansion of .. 
aWm gives a field-dependent conductivity i = er = xe\l/n with a mobility 

2 
\l = gea wm/ltT ••• .. . . .. ... 

third order introduces a non-ohmic correction 

on the right-hand side of equation (2.3) with 

.. . .. . .. . .. . 
Expansion of aw to the 

m 
22222 factor (1 + gl e a E /It T ) 

4 4 4 gl = nr Cos s/48ga • 

Conductivity and self-diffusion are of course related by the well 

known Nernst - Einstein relation ~ = kT as is evident from equation 
\l e 

2.1.1 Dielectric relaxation 

Dielectric relaxation may be viewed as a 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 totally to a few jumps, there-

fore being detectable only in a varying electric field. 

The simplest example is given by tightLy bound defect dipoles. 

In a time-dependent field they orientate with a relaxation time T, 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 jndividual jumps contributing 

to reorientation and therefore depends on the jump geometry. 

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

effective dipole moment of the pajr in the special case of I'lE « kT, 

constant field E and cubic symmetry (cos2e = 1/3) then polarization 
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_ rixl' 
P ~ 3vkT where xd is the mole fraction of the dipoles. This means 

a /le _ fold increase of the original (defect free) polarization 1Tith the 

dimensionless relaxation strength /le = plc (c-l)E. 
" 0 

- , P lags behlnd the 

time-dependent field by ~, causing dielectric loss. For instance 

after switch off E at t=o, the relaxation current density is given as 

J ~ (plr) exp (-t/'r), for Ohmic conduction. The above theories 

explain non-ohmic conduction at stresses 100 kV/cm for Kcl, KB and Nacl 

on the basis of conduction mechanism by electrons 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/cm for 

KCl etc. 

Most of these processes are however grouped under the emission and 

conduction laws: 

2.1.2 Laws of electronic emission and conduction 

Several laws of emission have been postulated to be due to 

the following mechanisms. 

Thermionic emission ... . .. . .. · .. Richardson-Dushman 

Pure Schottky emission. •.• •.. . .• Schottkyemission 

Field assisted thermionic emission · .. T-F composite Schottky/FN 
,10 , 

Fowler-Nordhel~Tunnellng Pure field or cold emission · .. 
Photo-electric emission -

Secondary emission caused by electron bombardment 

Emission caused by metastable atoms. 

Almost all the emission processes listed 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 density J o is given by 

where A = constant 
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The rield emission laws which are dependent on some function or the 

rield are the relevant ones, it is thererore desirable to study the 

background to these laws since much 1·rork has been done to eValuate the 

various factors which influence them. 

Image laws and electronic field emission 

Consider the following: 

The diagram on figs. la, lb, lc illustrate the effect of an applied 

field. 

Once an electron has escaped from the metal into either a vacuum, 

gaseous or a solid dielectric, it is attracted back to the metal due to 

the charge induced on the metal surface. From the theory of electrical 

images the force on an electron having a charge -e is given by , 
_e2/4£~2, where x is the dist~~ce from the metal surface (for large 

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

for gases and vacua. KT is a constant equals 1 (in C.G.S. units) equals 

4w (in M.K.S. units). 

The energy of the electron at x is e2/4cTf'Tx. 

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

to the potential of the electron. Therefore the potential of the 
2 

electron Vex) from the interface is given by Vex) = -eEx - 4£~~ (x > 0). 

Thus the electric field reduces the height or the barrier and the 

maximum height of the barrier is given by the value of x when 

dV{x) 
dx 

and vex) maximum 

= 0 

= 

eE 
= e ,ttT~ 

This gives the maximum value of the potential barrier to be over-
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come by any electron (Fig. Ib). 

The basis of' Poole IS and Frenk.el's theories are very similar to 

the above considerations but it will be more instructive to treat them 

separately. 

2.~.4 Poole's Conduction theory 

P ,11 . . . d 
oo~e s conductJ.on law IDJ.ght be explaJ.ne as f'ollmTs: According 

to M~{e11's law f'or the electron distribution the number of' electrons 
,1 

possessing a given energy u sho~ld be proportioned to exp (3U/2U~) 

where Um is the mean electronic energy. As regards insulators in a 

very strong f'ield, sUf'f'icient energy may be contributed by the f'ield to 
k 

enable some with high energies to escape intolconduction band. For 

this to be possible the electron energy should not be less than U
I 

- U
2 

where UI is the minimum energy required to move into the conduction band 

and U2 is the energy to be contributed by the electric f'ield. 

be expressed as U2 = Eed. 

d = some atomic distance 

Hence the number of available electrons and so the current might be 

expected to contain exp (3Ede/2Um) as a factor. 

Poole's equation in its current form is explained as f'ollows. If 

the diagram in fig. 2 represents an insulator with traps or energy 

barriers then in the absence of' an applied f'ield the probability f'or a 

jump is p ocexp (-V/k'r) in all directions. o When a f'ield is applied the 

probability of' a jump ,in the field direction Plpcexp - (V-~Ed)/kT and 
• 

against the f'ield P2"" exp :: (V+~Ed)/kT. Theref'ore the resultant current 
," 

f'low is given by PI - P2O'f: sinh eEd/2kT this reduces to poc eEd/2kT ~Then 

E is large i.e. at high stresses. 

Thus the final equat:on obtained is of' the f'orm 0 = 0
0 

exp bE at 

constant temperature. 
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Frenkel's conduction theory 

Frenke18 in his approach points out that because the illumination 

of an 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 

system of free electrons moving in a 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 surrollJlding medium of neutral polarization. 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 &:1 where 

e is the electronic component of the dielectric constant. 

In an applied field E, this energy is further reduced by a 

mechanism similar to that of Schottky effect in the thermoclectronic 

emission from metals. In fig. 3, the full line represents the normal 

p~tential energy of the electron as a function of the distance from the 

positive ion while the dotted line represents the same quantity in the 

presence of the field. The height of the potential barrier is lowered 

in the field by the amount. 

flW = eEr o 

~1here r o ' the distance to the maximum from the ion is given by 

e2/er 2 = eB thus r = (e!eE)a and 
o ' 0 

1 

flU = 2eEr = 2e(eE/&)2 
o 

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

electrons due to thermal ionization of the atoms is proportional to 
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exp(-W /2kT), where W is the ionization energy (decreased in the ratio 
,00 

£:1) compared to an isolated at,om7 t.he electrical conductivity in the 

presence of the field will be proportional to 

exp -(W - ~W)/2kT o 

thus a = a exp 
o 

(e~/d~/kT 
, 

differing from Poole's law by the substitution of E2 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 

c;1'" 

J = J exp o 

_ at constant temperature 

J = BT2 exp (oE ~/T) 

.rhere B = constant 

o is a function of electronic charge and permittivity 

For pure field or cold emission, a Fmrler-Nordheim emission or 

for Tunneling. 

J = ~E2 exp (-a/E) 

'" c..,. S \0-1" 
where '\ istand a depend on the metal to vacuum worlt 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 

i3chottky and Fmrler-Nordheim equations given above. 

2.1. T 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 that because of contamination, 

induced dipoles etc., the stress E (defined earlier) is no longer 

uniform hence the laws of emission should be different; others believe 

that the introduction of the dielectric merely affects the work function 

and absolute permittivity in the Schottky and Fowler Nordheim laws 

listed earlier and may make emission start at lower stresses. Still 

others believe that because of possible traps present in the dielectric 

a 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 dielectrics 

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: 

crE 

and non-ohmic conduction by: 

J = J • f(e,e). F {exp (E,T)} o 

2~4 

At low stresses the conduction is ohmic, the process changing to 

non-ohmici as the stress is increased. The precise value of stress at 

which non-ohmic conduction starts is not clearly defined for a 

particular dielectric although it has been stated12 th~t for polythene 

the transition takes place at stresses above 40 kV/cm. 

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, 

(b) a result of thermal emission at high temperatures and low fields. 

(c) 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 
2 = AE exp (-a/E) 

and for the Schottky emission 
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where .A and " di>pend on the electron nw,ss end the metR.l to dielectric 

work function and where B and Ii depend on the permittivity and ohmic 

properties of the dielectric. 

The type of conduction described as being due to the Ri chards on. 

Schottky13 effect gives an expression of the form: 

a Ei 
o = 0

0
, exp ( ~T ) 

which may be modified to take into account the Poole-Frenkel effect a.s 

follows: 
a F E~ 

0 = o • exp (PkT ) 
0 

e3 ~ 
where SpF = 2tl = (11£ 

) 
S £F 0 

TIle Poole-Frenkel relationship is claimed to be effective when the 

conduction process is bulk limited 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: 
• 

o = 0 E exp bE o 

where b is a constant. 

It is believed by some authors that at very low field the only 

conduction under steady state conditions that can occur is of the 

Richardson-Dushman type at very high temperature "!!Y 30000 K, that at 

medium fields ~ 100 kv/cm, no Fowler-llordheim conduction can occur 
>.),&. 

and that conduction at medium temperatures (1000 K) ~ these fields 

are of the Schottky type, and of the T-F type at very high temperatures. 

It is suggested that F01;ler-Nordheim conduction can occur at around 

'~ 14 room temperature only at high field~~OOO kv/cm/-ut some workers 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 ia no doubt however that there is conduction at moderate 

fields 30 - . 100 kv/cm and several attempts have been made to explain 

this on the basis of the existing laws listed above. It is found 

however that experimental current densities measured are not compatible 

with the -calcula.te.d quanti ties predicted by the various laws. 

Some other eJqllanations have been offered on the basis of patch 

fields, particles on electrode surface, and different surface condition 

but although these may explain so~ of the abnormalities obtained they 

do not by any means explain .~ conduction in dielectrics. 

It is believed that the above anomalies could be explained on 

space charge basis. 
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CHAPTER 3 

The concept of space charges has been in use for a long time. 

The most prominent area of its usage has been in connection "ith gas 

conduction. corona and breakdo~ theoriesl5.l6.l7. 

The application of space charge theories to insulator or dielectric 

conduction has been rather limited because of the lack of consensus as 

to whether space charges can be claimed to exist in insulators at all. 

Only in the field of semi-conductors are space charge theories as 

applicable to dielectrics accepted18• 

This survey therefore begins with the revie" 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 appreciate .:tl:le concept of space charge in this 

connection. consider this approach by Herzefeld19 which involves two 

distinct possibilites: (i) space charge due to electrons between 

parallel plates and (H) space charge in an ionized medium between two 

plates. 

3.1.1 . Space charge due to electrons between parallel plates. 

p the 

For the first type he quotes the results of an earlier ><orker where 

charge density and V the potential are given respectively by x 

RT 2 V ,,- log Cos Ax + B 
F 

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 which would be 

present in the centre of the plates should be high enough to give 

measureable electron conductivity, if this n~~ber were limited by space 

charge and not by the surface forces. Accordingly, he concluded that 

surface forces are responsible for the absence of these electrons. 

3.1.2 Srace charge in an ionized medium between two plates. 

In this case he assumes a uniform generation of q pairs of ions 

and a recombination of a (n+) (n-) per second per cubic centimetre, 

where the number of positive and negative ions present per cubic 

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. 
;\<11 h1M 

Assuming that both ions have the same charge ~ ~ 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 quantities referring to the left plate (X = -L) are designated 

by the subscript 1 and all those to the right plate (X = +L) by 

subscript 2 wher~ 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. 

the expression 

where 

2 
!. = ~ 
D kT 

Let the current density be J. 

= ~£ 
NRT 

k = R/N the Boltzmann's constant 

Then using 

= gas constant R divided by number of mOlecules per mol. N. 

and e = the Faraday equivalent divided by N. 

The equations of motior. for the ion were then written as 
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D+ { d2(n+) F d () () ( ) 
dx2 RT dx E n+} = an+ n- - q 

and Poisson's equation gives 

dE 
dx 

= 4.-F (n+) - (n-) £N 

From further analysis and approximation a very complicated 

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

approximation. 

+211F 1 
£N l-exp2Yl 

+ 411FL 
2 e:NYl 

2nF 1 1 x2 
+ ?-N Lylq (- + -)(- - l)x 

J<. a+ a- L2 

(- + -) x(x-L) 1 l} 
a+ a-

If it is f4:.aer assumed that all ions are discharged immediately 

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

(n+)l = (n+)2 = (n-)2 = (n-)l= (n-)2 = 0 and the expression for the 

potential is reduced to: 

a.-FL2 exp'-Y1 
e:N Yl Ql-exp-2Yl 

l-exp-Yl x/L 
a- ) 

411FL2 (1 1) x 
+ 6~'1 Y q - + - -~" 1 a+ a- ~ 
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1 1 8 FL 1 exp-Y1 
x(x-L)(-- _ -) ___ 'lr____ " ( ) x. 

a+ a- £NY1 ~ a+ + a-

Another approximation is then considered which gives for the 

potential an expression 

v = 3/2 .:.:RT=--:::_ 
FqL2 

6 
x 

-;f 

where 

Jx (G + A - '6 
A 

(G-2/3) - bo 
4 

x 

~ 
8 

x 

L8 

2 
(G _ 11 AG+ 7A + A G 

15 15 bo 
2 

=L)\ 
90 I 

Making a further assumption that no ions are discharged on the 

plates under normal conditions without field and that the number of 

ions ~Tithout field is uniformly the equilibrium number throughout space. 

It is concluded that 
~ 

E = JNRT - All cosh ox 
2F2n D 

0 

- 8'1rF2n 
where 62 = 0 

eNRT 

1 1 1 andn = (S) =n =n 
0 a + 

This finally gives V as 

1 where V1 = 

sinh 6x - ox 
sinh 6L - 6L 

(the electric field at the origin): 
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and Vl-Vl
l 

= A (sinh oL - oL) - the excess potential 

Other cases are considered which first takes into account 

diffusion and then neglects it for comparison. The conclusion is that 

since if 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 

D (dn _ L nE) = Dn (dlOf!jtl _ ~) 
dx RT dx RT 

1 = Dn-""'" 
I1x 

F 
(l1logn + RT I1V) 

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 appreciate its similarity with the semi conductor/ 

insulator theory ~iven elsewhere consider the following analysis. 

In this analysis it is assumed that the currents are predominantly 

carried bjfharges of only one sign and that the net charge is not zero. 

It is assumed that the motion of the charges are sufficiently slow so 

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

Thus ,iv = _ L 
E: 

V 
•• • • •• 

where V is the potential. 

• • • • • • •• • ••• • • • •• • • •• • •• 

The charges are supposed to be similar and 

associated ,rith a mass m and to acquire their energy entirely from a 

superimposed field. Thus if their velocity is v and charge e, their 
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energy at a point where the potential is V will be 

my2 • 2e (V _ V) 
o ••• • •• ••• • •• ••• • •• • •• • •• 

where Vo is. ~l: potential of origin. 

point is given by 

The current density ~ Cl'1' 

J = pv ••• .. . . .. • •• • •• • •• • •• • •• • •• 

The simplest case;' is the one in which the charges are freed .in 

unlimited quantity at the plane x = 0 and accelerated with a total 

potential V to a plane x = b. At the surface x = 0 charges will be 

freed until there is no longer an electric field to move them away so 

that the boundary condition at that point 

(~) 
dx 

x = 0 

= 0 ••• ... ... .. . ... ... • •• .. . 

Here all the velocities are in the x-· direction BO that eliminating p 

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

... . .. ... ... .. . 

Multiplying through by dV/dx and integrating from V = Vo and : = 0 

toVand~ 
dx 

, 
2 [m (V~e- V)] 

~ 

we have (dV) = 
J,. J 

dx E v 

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

x = o to V = 0 and x = b and solving for 1: 
4f;v (2e) 

~ V 3/2 
J 

0 =--
b2 ... ... ... ... ... ... .. . 

9 m 

This is known as Child's equation. It shows that with an 

unlimited supply of charges at onc plate, the current bet1feen the 

plates varies as the three halves power of the potential. Such a 

current is said to be space-charge limited. It can be seen from 

( 3.6) 
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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-ordinate system. 

In practice the emitter frequently takes the form of a small 

circular cylinder with the charges being accelerated to a larger 

concentric cylinder. In this case, using cylindrical co-ordinates and 

if I is the total current per unit length of cylinders equation (3.3) 

becomes 

I = 211'rpv ••• ... ... ... . .. ••• • •• ... .. . 
Writing equation (3.1) in cylindrical co-ordinates, eliminating p and v 

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

dV 
- = dr ... ... ... ... ... ... (3.8) 

The direct solution of this equation in finite terms is difficult, 

if not impossible. 

One may hO~Tever obtain a solution in series as fo11olfs: 

Assume that q,m and Venter into this solution in the same way as 

into equation (3.6) leading to a solution of equation (3.8). 

Try the solution, 

-I 
= 811~ 

9 
... ... ... ... ... 

and check if ~2 can be determined to satisfy equation (3.8). 

Substituting 3.9 in equation 3.8 gives the equation. 

(_r) where Y = log a 

+ 4~ dS + 
dT 

... 

This equation can be solved in the regular way in series which 
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i.e. S = log (~) - ~ 
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r 2 
(log -) 

a 
r 3 

(log a) 

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

function of r/a have been published by Langmuir. 

3.2.3 Space charges and Townsend's gas conduction theories. 

In order to evaluate the anomalies in the results obtained using 

Townsend's electron avalanche theories20 ,21 the workers concerned 

assumed that space charges occurred (A phenomena neglect"d by Tmmsend). 

22 The following analysis was presented • 

Consider two parallel plate electrodes enclosing a gap L. Assume 

that the potentials at the terminals are zero and VA respectively, also 

that a current of electrons io is released at one electrode. According 

to Townsend (s6ction 5.1' these will travel through the gas tow.xds the 

anode producing by ionization collisions further electrons and associated 

.i?ositive ions. 

At any point in the gap at a distance x from the el"ctron releasing 

electrode, the ,~-~tron current ix = io exp.Clx·where Cl is T01<nsend's 

first ionization coefficient.; The current arriving at the receiving 

electrode is thus given by i = i expo aL. 
L 0 

From the condition of continuity, the. total current crossing any 

plane parallel to the electrodes must be a constant. Let there be 

another charge carrier of mobility iM 

i = iL + iM (aqsuming that iH is of similar form to i L) • 

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

• • • 

solved 

. i.e. - PML 
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By using the equations 

J = pv 

and v = \lE 

\l = mobility 

by writing E = ~ and inserting the values of iM and'iL assuming that 

at the receiving electrode iJ~ = 0 (This last assumption is made to 

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

Then iM = io (exp aL - exp ax) 

Hence d( dV /dxl. c 
dx 

.[~(aL) - exp - ax 
\lM 

where J is the electron current density at the releasing electrode. o 

If it is assumed that 

IlL » \lM 

dV d -J 
[exp (aL) - exp ax ] (dV/dx) 0 Then - =--

dx dx llM 

~ 
-J 

lexp (aL) - expaxl 
0 = dx ~ 

a Now - = p f (~) or at constaat pressure p 

a = feE) 

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 

i exp 
o 

x. 
ladx 
o 

The equation to be solved then becomes 

E~ = 
dx [exp 

d 
(I adx) 
o 

- exp (I adx) ] 
o 

This equation with certain assumptions is solved in the above reference 

for selected values of J o in air. 
------~-----------------------------------------------------
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CHAPTER 4. 

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 

1 Wh th 23. • ... t . c ear. ereas some au ors ~gnore ~ts e.fect a operat1ng voltages, 

others24 ,25,26 stress its influence. 

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

initial current density at s.-Titch-on, (J(t», is given by: 

J(t) 
n 

= £ E .v(t) + L 
o 1=1 

exp (-tit.) 
1 

... •• • . .. 4.1 

cr. depends on the conductivity of the dielectric and t. depends on the 
1 ~ 

polarization time. 

The final steady-state current density 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: 

• •• ... ... • •• 4.2 

where Ex depends on the externally applied stress and Kl , K2 are 

constants. 

In the case of a parallel plate capacitor in which the dielectric 

is held at a constant and uniform temperature, an application of the 

above argument results in the following expression for the stress, (E ) 
x 

at a point within the dielectric; 

VA 
Ex =1 

. 25 26 27 Other wr1ters ' , 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 

div D = p ... • •• ... ... .. . 
J = nell. grad V - \lj.T. grad n 

• 
\lID. = e/kT (Einstein's equation) 

l. 

... .. . 

••• ... 
... ... 

... 

.. . 

... 

4.3 

4.4 

4.5 

Solution of the above equations hsows that, for example, the 

stress distribution in a parallel plate capacitor will no longer be 

1inear23 but will be of the form: 

S(x) = E(xi + G(x) •• • ... ... ... .. . ... 4.6 

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 the other, G(x), the distribution due to the' 

space charge. 

4.1.1 Current densi ty(approximate solution.} 

In order to obtain a solution to the above set of equations, 4.3, 

4.4 and 4.5, it may be assumed that diffusion is negligible and that 

div J = 0 

then, 

also 

J = pv 

ne = P 

D. = 0 
l. 

ne = p under steady state conditions 

hence J = nellE 

This simplification of the equation for J assumes that the mean 

thermal energy of the space charge is greater than the energy gained 

from the electric field, (since continuous collisions with the lattice 

tend to dissipate the latter). Hence an expression is obtained for 

the drift velocity v in terms of the applied stress end the current 
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carrier mobility in semiconductors viz v = ~E. This should be 

contrasted with the case of the vacuum diode (analysed earlier) where 

the relationship between velocity v and stress ~ is obtained by 

equating the kinetic energy of the electrons to the accelerating force 

(~ m v
2 

= Ye) neglecting the thermal velocities of tho e~1tted electrons. 

Now solving the equations 

J = nejlE 

P I =-
£ 

and p = ne 

J =-jlE 

J = jl£E 

d2V dV J . 
Then 

<be
2 = <be £jl 

.£Il d2V dV 
1 • • 

dx2 = J <be 

• • £11 
2J 

(dV) = x+ Cl <be 

~ dV 
, 

(£!!.) = (x + Cl)~ 2J 'v 

2 3/2 
V = - (x + C ) 

3 1 

if V = 0 at x = 0 - first boundary condition C
2 

= _ ~ 

• • 
2 3/2 

V = - (x + C ) 
3 1 

3/2 

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

for V = VA at x = L - second boundary condition 
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v = ~ (L + C )3/2 
A 3 1 

2 3/2 
- - C 3 1 

The ahove e'luation reduces to the familiar J = ~ £ll 

dV assumes that at x = 0 (electrode dielectric interface) dx 

Notice that in this case J is proportioned to L-3• 

Current density - series solution 

when one 

= o. 

The other methoa assumes a series for G(x) or p - (e.g. Taylor's 

. 28) serles . 
boundary 

The e'luation being solved by applying the appropriate",conditions. 

In this case it is more instructive to separate the charge carriers 

into positive and negative charge carri~rs and the equations t~come:-

(p-n) ... . .. ... . .. ... .. . 

J = -e grad V (ll p + II n) - kT (ll grad p - lln grad n) ••• p n p 

div J 
2 e 

= eK -­
£ 

(p-n)e = p 

(ll + II ) pn = ~ 
p n at ... ... ... ... ... 

... 

••• 

.. . 

where K = number of pairs of charge carriers generated pe: unit volume 

per unit by dissociation, where p and n are positive and negative charge 

carrier densities reSpe'~vely II , II are the mobilities of positive and 
p n 

negative charge carrier densities. 

(ll + II ) pn = recombination factor 
p n 

The rest of the symbols are defined as before. 

Uow assuming that \l = \l = II and writing 
p n 

1 1....J 1 
A = P + n = A (x) where p = p (x) &ft n = n (x) 

B = p-n = Bl(x) 

... ... . .. 

4.8 

4.10 

The eQuations 4.7, 4.8, for the one dimensional case can be ;r.ritten as 
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-" = -B 
& 

... . . . 

av aB 
J = -e - A - kT~ -ax ax 

. . . 

... 

. .. 

Differentiating 4.11 with respect to x: 

From equations 

¥x= 4.9 and 4.10 • 

• e. ~ ... ... .. . 4.11 

... ... .. . . .. 4.12 

... . .. ... . .. . .. 4.13 

Assuming that p(x) and n1(x) across the dielectric are as shown 

in ~ig. 4a, then i(x) and Bl(x) are as shown in Fig. 4b • 

1 2 
!low let B (xl = et1 + al x + YIX 

Assuming symmetrical charge distribution systems as in diagrams for 

pl(xl and n1(x). 

• • Bl(o) = pl(o~nl(o) = o. 

~nd since Bl(xl is symmetrical about the origin. 

. . 
• 

a = Y = 0 I 1 

I 
B (xl = SIX 

= 0 

x=o 

Substituting SIX into 4.11 and integrating 

J 
av 
ax = -e 

& 

Therefore V = ~ 
& 

(av) 
ax x=o 

3 Bx + 
"6 ( ~~) 

... 

x=o 

... . .. 4.14 

. . . ... ... 4.15 



x = -L/2 

1 . 
p (x) 

x=o 

Fig. 4a 

x = +L/2 

Fig. 4b 

Assumed charge carrier distribution'in a dielectric in a parallel plate 
Capaicitor configuration. 

, . 

I w 
00 
I 
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v 
• • d A • where VA ~s the voltage appl~ed an ~ ~s 

in the absence of space charge. 

If boundary conditions are such that 

av-· 
at x = -L/2. a:x' = 8 and V = 0 

Equations 4.14 and 4.l5 give 

,. VA -12& al 
=-- (8 --) . . . ••• . .. 

eL
2 L 

(E.) ], 
VA 8 = . . . ax 2 L 2 x=o 

From the continuity equation 

L J(O) = J(- '2) 

Also from equation 4.12 

. . . 

av 1 
J(O) =.-e~ (--ax) A (0) - ukTa1••• 

x=o 

the consequent voltage at x=o 

· .. · .. · .. · .. 4.16 

· .. · .. · .. • •• ... 4.17 

• •• · .. • •• · .. · .. 4.18 

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

also under stee.dy state 

. . 

aJ 0 ax:= 

e2 . 2 
eK - --- ~(O) = 0 2£ 

= 0 

From equations 4.18 and 4.19 

. . . 

( ) I (E.) I: K -J 0 = J = ve~ ax • 2£ + ~kTa1 
x=o 

• •• · .. · .. · .. 4.19 

· .. · .. · .. 4.20 
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By substituting equations 4.16 and 4.17 in equation 4.20 the total 

current· J may be obtained assunrl.ng that 

/~:/ x=-~ 

, , /lY/ Then subst1tut1ng for ~l and ax i.e. equations 4.16 and 4.17 

x=o 

in equation 4.20 

'. , .. 
J = lell 1 

2 IlkT 

and K = K exp (-W/kT) o 

where W is the ionization energy. 

4.2 Space charge formation. 

M t th h b ' t14,29,30 , ff f os 0 er papers 0" t e su Jec recogn1se the e ect 0 

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 dielectrics in response to a d.c. stress as a result of 

space charge accumulation due to electrical inhomogeneities within the 

dielectri c. 

The question is whether there is ok , 
space chargetboth low and h1gh 

stresses with and without emission and if so at what stresses is its 

effect felt most. The case tor space charge in presence of field 

emission seems well established29 ,30,31 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 

stress pattern25 ,27,32,33. Another uncertainty is whether deviations 

, '1 d t ' d ' , 34 from Ohm s law are necessar1 y ue 0 f1el em1SS10n • 
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CHAPTER 5 

Gas Discharge Processes in Insulation 

Serious and systematic study of discharges in insulation began 

wi th the \Tork of Gemant and Phillipoff (35) • Since that time this 

type of investigation has become a major part of the study of electrical 

insulation breakdown. The background of the work however dates back 

to the work by-Townsend on electron avalanche supplemented in some 

- 16 respect by the work of Peek. 

5.1 Townsend's theories. 

Townsend20 ,21 postulated that if n negative ions are moving in a 

gas between two parallel plates at a distance d apart, also if E is 
. Vl -V2 the ohmic electric stress glven by d where Vl and V

2 
are the 

potentials of the two electrodes respectively and po, the gas pressure 

of the gas i1Fetween the plates, then in covering a distance dx the 

n ions produce an dx others where a (known as Townsend's first ionization 

coefficient) is a constant dependent on E and P and temperature. (The , 
coefficient a is practically zero for smAll values of E unless P 

is also small, i.e. ~ '" F(~). In the absence of space charge this 

1 b h h a A (BP) .as een s own to be of t e form p '" exp E thus dn '" = dx 
• 

and n '" no exp ax .. , ... .., ... ... .. , ... ... .., 

Hence n ion starting at a distance x from one of the plates will o 

give rise to no (exp ax-l) others. When the ions arrive at the- plate 

the formation of new ions ceases and the current stops. Let n be the o 

number of ions produced per unit volume. The total number of ions 

produced per unit area \Till therefore be 

d 
f n exp axdx '" o 
o 

n o 
a (exp ad-l) 

where, n d is the _number produced by the rays per unit area hence o 

L '" L (expad-l) 
io ad 
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" where i is the current for a large intensity E and io the current 

composed of the ions produced. 

Townsend's second ionization coefficient y is introduced by 

assuming that there are other mechanisms solely or partly responsible 

for the production of secondary ions. Consider 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 external radiation. 
0 

n+ = number of electrons released from the cathode by positive 

ion bombardment. 

y = number of electrons released from the cathode per incident 

positive ion. 
I 

Then n = (no + n+) expad 

n+ = y(n - (no -t n+l1 

Eliminating n+", 

or 

n=n o l-y(expad-l) 

i = 1 expad 
o l-y(expad-l) 

• • • 

. . . 

. . . . . . · .. · .. · .. 

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

From equation 5.4 breakdown is deemed to occur when 

y(expad-l) = 1 · .. • •• · .. ••• 

. .. 

. .. 5·5 

Here y is taken to represent the number of secondary electrons per 

positive ion, noting that this may represent one or more of several 

mechanisms • The value of y(expad-l) 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 a corresponding to breakdown 

expad » 1 and therefore equation 5.5 can be written in the form 
~ 

y" expad = 1. 
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5.2 Streamer theories. 

The other notable gas breakdown theory apart from Townsend's 

theory is the Streamer Theory.36,37. This was enunciated because the 

very short time lags of breakdown recorded when uniform gaps \Tere 

overstressed were not consistent with Townsend's theories. The very 

irregular nature of breakdowns in long but supposedly uniform gaps also 

did not conform to the known theories. Thus as a result of experiments 

by Raether and Heek 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 a 

plasma streamer, after this ttere is a sharp increase in conductivity 

and there is breakdown in the channel of this avalanche. 

For a streamer to cause breakdown apart from the first Townsend 

avalanche there must be a large amount of photoionization 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 paltern 

due to the space charges. This space charge is claimed to be formed 

ay the large difference in mobility between positive ions and electrons, 

as a resUit the avalanche formed by the electrons leaves behind this 

positive space ~harge. 

If the stress due to the space charge is designated as some 

function E '" KE >There K is a constant and E the externally applied 
r 

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 >Till 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 auxiliary 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 E ,.., E. 
r 

In order to calculate the approximate value of E assume 
r 

that the positive ions of charge Q, are contained in a spherical volume 

of radius r at the head of the avalanche. 

is given by 

4 3 

'rherefore E at radius r 
r 

E = --"Q~ 
r 4'1rE: i 

o 

= 
"3 1Ir ne 

411£/ 
= me 

3£0 
v/m 

In a distance CIx at the end of a path x thc number of ions nass 

produced is aexpax and therefore 

n = aexpax. 
1Ir2 • dx 

dx 

Th f E =>eaexpax vOlts/metre ere ore r 3£ 1Ir 
o 

The radius r is that of the avalanche after it has travelled a distance 

x and is given by the diffusion expression r = 1(2Dt) 

t = 
x 
v-

where D is the diffusion coefficient and v- is the velocity of the 

avalanche and therefore of electrons in the applied field hence v- = ~E 

where ~ is mobility. 

Thus substituting for r in the expression and assuming that 

• •• 1 f 1': E >eaefiTax 
perm1tt1V1ty £0 = or -r' r =~31{2D(x/v) 

Now v = ~E 

. . E 
r 

v/m. 

From further consideration of the value of ~ for electrons the expression 
~ 



was reduced to 

E 
r 

= 
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aexpax 
I 

(x/p)~ 
v/cm 

The condition for the propogation of a streamer is E = KE where K ~ 1. 
r 

Raethers criterion for anode directed streamers is similar and is 

given as when the applied stress ~ eaexpax where r is the avalanche 
411r2£ o 

radius. 

It has been established by several workers that for a value of ?d 

much less than G.OOO mm Hg cm where F is pressure in millimeters of 

mercury and d is electrode distance Townsend's mechanisms are the main 

Causes of breakdown of gases though it must be remembered that the 

transition is also 

per centtmetre. 

to be Towns endi c • 

affected by the ratio ~ where E is stress in volts 
for 

Howeverl\very small gaps breakdown could be assumed 

5.3. Breakdown of air voids in insulation. 

fo~ 

Breakdown of air voids in insulation is consideredJsimilar to 
""-~ 

Townsend's theorics of electron avalanches 4ft plane metal electrodes 

and several workers have established this. Hason38 sho· .. ed that though 
in 

the discharge-inception stress in non-ventilated voids~polythene is in 

fair agreement wi.th 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 

explanation was offered*~e also explained discharge extinction as being 

due to excessive carboniz{tion. Mason also obtained the stress EV in 

a void enclosed in a dielectric as approximately given by 

E = E V 0 £ -

*(see chapter 9) 

(C-l)tl 
t+(E~lhl d!a ... . . . ... 
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~There E is the initial stress in the dielectric ("v/t) 
~., 0 

£1 .. permittivity of the void material ("1) 

t = thickness of the dielectric slab 

tl = depth of void 

d .. diameter of the void 

When d > t l , the function F is defined by 

2 2 t 2 1 F .. x I(x ~l) 1 - (x _1)-2 -il arc Cos x J .. 
and when d < tl is given by 

where 

The above equations apply to voids cylindrical in shape, with a 

thickness alw8¥s less than their diameter, within a plane sla!> of 

dielectric always 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=Eoe:/(e:-(E:-l)Fj ••••••••• '" ,. ••••. • •• 5·7 

Other expresb~ons are derived for the field strength at the 

inception voltage of voids in metal electrodes, at the end of a 

carbonized pjt which forms a conducting extension 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 ~ dielectric slab between 

parallel electrodes and f0r 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 direct vo~tage 

conditions is also modelled and given treatment similar to that under 

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

The literature on d.c. work is scanty but Rogers and Skipper39 

analysed the stresses in cavities and the discharges repetition rate 

under direct-voltage conditions and showe~ that the time between 

successive discharges, T, in an oblate spheroidal cavity located in a 

uniformily stressed, infinite dielectric medium is given by .. ' E. 
(1 - \ \) 

XE 

where E. = discharge inception stress in the cavity 
1. 

El = uniform stress applied to the dielectric 

1 1-(;2)(Clarc ~otCl-l) [ asoCl/c)+(al-a2)(l+Cl2~ = ). 

a = semi minor 

b = semi major ::J of the oblate spheroidal cavity 

2c = focal length 

a
so 

= the surfac4 conductivity of the cavity boundary at the 

polpq of the cavity 

Cl 

t 

= conductivities of the media inside and outside the cavity 

respectively 

. .a 
= e' 

. .. ... 5.8 

and £1' t2 = relative permitivtties of the media inside and outside the 

cavity. 

The expression for T is simplified further when minimum 
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T ~ 8.85 x 10-12 
m is considered. (where Al is the value 

of A when aso = 0) (see appendix 7) 

Hence it 1fas concluded that the maximUl11 discharge repetition rate 

which occurs when the surface conductivity a = 0 depends on the so 
El 

permittivity and volume conductivity of the dielectric, the ratio ~ 
1 

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

discharge repetition frequency, fl is given by fl~ 1.13 x 10 a
2 

E. 
J. 

Salvage. 

Salvage 40 analysing the stresses in cavities as'sumed that the 

gaseous cavity had zero conductivity and tha" the electric stress in 

direct voltage conditions is equal to that obtained in alternating 

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 cavi~y are also given. For the case of two infinite plane 

parallel electrodes whose distance apart 't' is not great compared with 

the dimensions o~ the cavity, the electric stress for a laminar cavity 

is obtained as E\ = ;!. (~There 2n is the thickness of the cavity). 

In conclusion he points out that the volume and surface cond~ctivities 

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 appendix 6 and 7). 
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CHAPTER 6 

Current and Discharge !1easurement Techniques. 

It is convenient to start the review of dielectric current measurement 

with dielectric relaxation measurement techniques since every BtQady 

state condition for dielectrics under direct voltage conditions is 

. 41-44 preceeded by some form of relaxat10n • 

6.1 Relaxation current measurement. 

(1) The first experimental approach to dielectric relaxation was the 

work on 'defect dipoles', alternating voltages in the commonly studied 

audio frequency range were us~d in conjunction with a.c. bridges. The 

average detection limit was about 10-5 molar fractions of dipoles. 

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

more) direct voltage methods are usually employed43,45,46. The 

techniques rely on the fact that when a static electric field is 

suddenly applied or removed the time-dependent charging or discharging 

current displ~ the relaxation of reorientating dipoles." With 

sensitive vacuum tube electrometers, the effect could be measured and 

recorded. These currents may be conveniently observed at temperatures 

(-80 to ~50C) 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. 

(ii) A recent d.c. method46 ,47 makes use of the depolarization current 

released by slowly warm1ng up a crystal from a temperature T where I 
. 0 

(relaxation time) is of the order of several hours. Previously the 

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

. Tp by a field Ep acting for an interVal of time t:p » Tp' follm;ed by 
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cooling down to T and turning off E • o P 
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 To and Hd can be obtained in two 
...... 

different ways and the area delim ted by the ITC band being 

proportional ts E /T gives the initial number of dipoles. 
p p 

Overlapping 

ITC bands corresponding to several relaxation mechanisms can be 

distinguished by repeating the cycle ,Tith a modified temperature 

programme and possible pseudo-telaxation ITC bands originating from 

space charges or electrode effects can be easily identified. In the 

various experimentsITC's down to 10-16 amperes have been measured as a 

difference of potential across a resistor 1lith a vibrating grid 

electrometer (vibron). The response time does not reach 10 seconds 

and the rate of warming up 

the method approaches 10-7 

• 0 -1 
1S about 0.1 Ks • The detection limit of 

molar fraction of dipoles. 

6.2.1 Steady state conductivity (Low resistivity dielectrics) 

Resistivities of up to 108 n-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 a 

cation metal i~ 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 fre~uency or reciprocal pulse time 

should not be too high in order to avoid contributions by reorientating 

defect dipoles and by other possible relaxation mechanisms e.g. by 

dislocation. In KCl it is claimed that up to 2500 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. 
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A possible third kind of polarization i~ claimed to operate from a high 

resistive surface layer. 

It is obvious that the above method of measurement is suitable for 

dielectrics with little or no polarizability and low resistivities. 

For dielectrics with very high resistivities different methods are 

employed. 

6.2.2 Steady state conductivity (high resistivity dielectrics). 

Direct voltage methods which are more suitable for high 

resistivity dielectrics (e.g. polythene) are widely used (especially in 

the low temperature medium to low stress region). 

The method employed is essentially a voltage divider method. 

( -6 -14) . . This enables a reasonable d.c. load 10 to 10 amps on the dielectr~c 

obtained as a result of d.c. stressing to be measured directly by 

measuring the potential drop across standard resistors connected in 

series with the sample by meanR of high sensitivity 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 

16 appears to be of the order of 10 n. 

The steady state value of current after the initial decay is the 

relevant value. Temperature, visible lieht and ultraviolet light 

etc., are also known to affect the steady state conditions. 

One method which involves both a.c. and d.c. measurement is the one 

which makes use of the fact that upon applying a sinusoidal voltage 

together with its first harmonic any non-ohmic term gives rise to a 

direct current. This is of course only applicable when one is 

operating in the non-ohmic region. 

6.3 Discharge detection and measurement. 

6.3.1 Non electrical methods. 

Different methods have been used in the detection of discharges in 
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di' 1 t' 48 e ec r1CS • 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 
a 

have been presented as~means of discharge detection. These methods 

give little or no indication 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 

senses by employing electrical equipment49~5l but most modern methods 

have been developed along different lines. 

Host of the work in this field has been carried out with 

alternating volt ages and even where direct voltages have been used, they 

have been mostly connected with simple tests to predict alternating 

voltage performance52-5~, a practice which has received considerable 

criticism55- 57 • 

Thus the following review of discharge detection and measurement is 

made for both alternating and d.c. testing techniques since it is from 

.he a.c. techniques that most of the direct voltage work has emerged. 

The main electrical methods employed in the detection and 

measurement of (li qcharges are 

(a) Bridge methods 

(b) Photomultiplier method 

(c) 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 changes or phenomena caused by the appearance at the, 

terminals of the specimen of a sudden change of voltage of the form of 

a unit function following a Townsend discharge (discussed earlier see 

chapter 5). 
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6.3.2.1 Bridge methods. 

(i) 

The bridge methods58 ,59 may be subdivided into two 

60 The power factor method • 

This involves measuring the contribution by discharges to both the 

in and out-of-phase components of voltage at the fundamental frequency. 

Thus assuming that the power factor of a discharge free specimen is 

constant at increasing voltage the smallest detectable increase of 

power factor may be judged as the onset of discharges. 

(ii) Li9Sajou~; figure or oscillographic bridge method. 

The set up of the equipment is such that the test specimen and a 

discharge free capacitor form the high voltage branches of a Schering 

bridge. The signal from the detector branch is fed to the horizontal 

plates of an oscilloscope whose vertical plates are supplied with a 

voltage 900 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 li~lt accompanying the discharge 

actuates a photomultiplier. This method can also be used for both a.c. 

and d.c. dischar;~ 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 empioyed are derived from Fig. 5 where C· is x 

the test object capacitance and Cb the high voltage coupling capacitance. 

Ld, Rd and Cd are the elements across which the high frequency voltage 

is produced. Cd is the effective detector capacitance. This basic 
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circuit can be formed into a bridge in which case it is a bridge method 

(high fre~uency type) or can be used singly. 

This method can be and has been used for both A.C. and D.C. 

discharge detection by appropriate modification of the detector 

impedance. The signal across the detector impedance is usually 

amplified and detected by one or more of the following oscilloscopes, 

peak, r.m.s. or average reading meters pulse and signal counting 

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

appropriate detector may be a tape recorder or an ultraviolet recorder. 

6.3.4 Discharge detector response. 

In order to show that the high fre~uency discharge detector circuit 

measures the magnitude of the discharge, consider a brief mathematical 

analysis of the circuit (which is the same for both a.c. and d.c. 

discharges once they he "e occurred since the discharge itself is a high 

fre~uency phenomenon). 

Assuming the.t a discharge of initial magnitude Q occurs in the test 

object C , then if the output impedance of the high voltage source and 
x 

associated filtering or limiting circuits is assumed as infinite. 

Let ~(t) be the charge on and i(t) be the current from Se at time 

t. 

also 

Therefor~ aa~t) + i(t) = 0 

Thus in Laplace transforms 

p~ = - i + Q ... ... 

.9.- = -:-{ 1 J. -- + 
pRL 

(see fig. 5 (ii)) 

... ... .. . 

} .. . 
C' x pCb 2 p RLCd + pL + R 

.. . ... 

. .. ... ... 

where p is the Laplaceoperator but definable in transformations as 

p = J multiplied by angular fre~uency. and q and i are the Laplace 

transformations of ~(t) and i(t) respectively. 

6.1 

6.2 
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From equations 6.1 and 6.2 

-;:,---Jp~RL","-__ } 
2 ... . . . . .. .. . . .. 6.3 

P RLCd + pL+R 

Rearranging equation 6.3. 

.JL =i 
C (P~LCd + pL + R) + p2RLCXCb + C (p2 RLC

d 
+ pL + R) 

{ x b , } 
pC' 

X pC~Cb (p2RLCd + pL + R) 

_ -:- {p2[RL {Cird + C~< + Cd C~] + pL (Cb + C:
X

) 

- 1 2-
pC2b (p RLCd + pL + R) 

. - QCb (p2RLC
d 

+ pL + R) 
.(, ~~~-~--------~--~--~ 

{C~d + C5t~b + CdCb} {p2RL + ~ + !} •• 

CbC 
. where m ~ Cd + C +~ 

b 'x 

But V ~ 1PRL 
2 

P RLC
d 

+ pL + R 

Hence 

( 1 1 P +-)--2mR 2mR 

+ R (Cb + C :) 
x} 

V{t) ~ C,o(l + ' ~C ) + C r Cosflt.exp{-tf2mR) - sin ~;:xp{-t/2mR)1 
x -d b d 

In practical cases the values of&x' Cb' Cd' and R are such that 

the coefficient of Sinflt is much less than the coefficient of Cos at. 
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Cosj)t • 

.. Q.exp(-t/2mR) 
. C 

E 
CosSt 

where CE = equivalent capacitance 

= C x (l+CiCb) + Cd' 

. . . . . . . . . . .. 6.4 

For an inductive-capacitive detector impedance, that is, with R open 

circuited. 

V(t) • • • ... • • • . . . • •• ... 

For a ~esistive-capacitive detector impedance 

V(t) = SL exp (-t!Rm) CE 
. . . . . . . . . . . . . . . . .. 

... .. . 

Equations 6.4, 6.5 and 6.6 mean that the peak value of the voltage 

6.6 

developed across the detector impedance for the three possible ~ases is 

always equal to Q/eE• 

Hence the voltage developed across the detector is directly 

proportional to the magnitude of the discharge occurring in the test 

object. 

6.3.5 Calibration of the detector. 

The calibration of this type of detector is usually obtained by 

injecting 

magnitude 

a p·use of known magnitudes V q in series ~rith 

C at the appropriate terminals e.g. Fig. 6a. 
q 

a known 

The discharge 

magnitude will in the following analysis be shown to be given by the 

product VqC q modilied by a function F(Cb,C) and independent of the 

detector impedance. 

In the circuit of Fig. 6b let the capacitance of the cable and the 
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self capacitance of the system to ground be C. Assume that the a 

generator is of zero impedance. Now let, Ca' Cd' Ld, Rd be replaced 

by an impedance Z. (Fig. 6c). 

If a voltage V appears in series with C the voltage across Cd x x 

V l/(c +Z) _ x 9 
- 1/(C +Z) + l/Cb+l/C 

q x 

If a voltage V is supplied by the calibrating pulse generator G, 
q 

the voltage across 

• • • 

C = V 
d q C + Z 

q 

If these two voltage are equal 

V 
x 

1 + (C +Z)(Cb+C )/CbC = 
q x x (C +Z + CbC I(cb+e ) q x x 

V C 
9 9 

VC = V C x x q q [ c • (C + Z)(Cb + C )1 x q x 
Cb 

= VC 
q q 

(Cb+C )(e +c ) + CbCx x q z 

e 
(1 + eX) 

b 

The above expression is independent of Z hence the detector roay be 

calibrated by in~;cting pulses of known magnitude from a reliable stable 

63 
pulse generator. In fact in a commercial discharge detector (ERA 

Model 3' thiE is an incorporated feature. 
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CHAPTER 1 

E!2erimental Investigation 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 a standard resistor in series with the 

test object was measured by a vibrating capacitor method in this case 

an EIL vibron 64 electrometer commercially available (Model 33C, capable 

-14 ) of measuring currents down to 10 amperes. The two circuits were 

connected by means of a by-pass capacitor. 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. 

1.1 Equipments 

The complete set up of any particular test was as shown in the 

diagram (Fig. 1, plate 1) where the signal from the detector impedance 

was fed to the detector amplifier (forming part of a 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. aa:. The 

peak voltmeter was provided with fast diodes (lGP1) with very high cut 

off frequencies and the signal was then passed on to an EKCO automatic 

scaler66 (type N530G capable 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. ab) then passed 

on to a twelve channel ultraviolet recorder61• The above processes could 

be carded out simultaneously, 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 I. 
Equipment for current and discharge measurement. 
Left of picture - U.V. recorder. 
Right of picture - Automatic Counter (scaler) 

) top - part of vlbron measuring equlpmcnt. 
~1I dd I e of picture ) centre - discharge detector. . 

, ) bottom - discharge peak vo I tmeter. i 
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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. 

7.1.1 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 voltage generator68 , type MR30/R capable of a discharge 

free output of up to 30 kV, of reversible polarity at 2 mA. It had a 

ripple of less than 0.1 per cent at full output and a stability of 

better than 0.5 per cent. It was provided with a trip mechanism to 

switch off the high voltage surply whenever the current exceeded the 

maximum value or as a result of breakdown etc. (plate 2). 

The other h.v d.c. supply for higher voltage and larger current 

drains (as for exwnple in the equivalent cireui t experiments) was 

derived from a Cockcrof+-Walton d.c. generator set designed by the 

author. (see plate 3). It was capable of an output of 130 kV d.c., 

of reversible polarity at 20 mA. Its transient d.e. discharge 

inception voltage was better than 100 kV d.c •• 

Voltage measurement was by means of a high voltage resistor (1000 

megohm) ar.l a 100 kilohm resistor forming a voltage divider (see fig.' 

9a) the output from the voltage divider being fed to a Marconi valve 

voltmeter. The voltage control was by means of an air cooled regulator 

(Gresham) and the rate of voltage application could be better than 10 

kV dc per second. On bringing the regulator to its minimum setting, 

the decay of voltage across the test srurr~le to zero could be observed 

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 small English Electric high voltage transformer rated at 
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'PLATE 2. 
Equipment for stressing solid dielectrics. 
Top left - Brandenburg generator. 
Top right - transparent porspox coils. 
centre - switching box. 
bottom left - part of vlbron measuring equipment. 
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50 VA, with a maximum output of 20 kV. Voltage control was by means 

of a variac at the lm( voltage side of the transformer. Voltage 

measurement was by means of an ERA Robinson high voltage resistor 

divider and its associated meters. 

7.1.3 Test cell and electrodes 

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 scre;red electrodes of different 

materials and shapes. The top electrode was screwed on to a threaded 

brass rod to which was connecied the high voltage supply. Pressure on 

the top electrode was provided by means of lead weights (see fig. 10, 

and plate 4). 

Parallel plane electrodes were employed (plate SA) the edges of 

some of the electrodes 0eing machined to follow a Rogowski profile in 

order to reduce edge effects (plate SE). The above system was used 

both with and without guarded electrodes in order to obtain comparative 

results. The guarded electrodes ;rere manufactured by surrounding the 

central circular electrode with a shell of approximatelY twice the 

electrode diameter, filling the annular volume with resin and allmring 

the resin to set. <';plate 6~ The allowable radial resistance of the 

annular guard gap was fixed by the input resistance of the electrometer 

(see Fig T ) since the guard gap resistance effectively shunts the 

electrometer. The electrodes were kept clean by constant polishing 

and buffing when not in use. 

7.1.4 Test samples 

three types of polythene ;Tere used in the test: 

Type X - commercially available polythene sheet me~ufactured to 

B.S. 3012 (1958). 
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PLATE 4. 

Test cell - proof to visible light, for sol Id dielectric 
samples, with small diameters. 
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Type Yl - polythene (Alkathene), Q1388 - lIlrulufMtured espacially for the 

tests ani! "onto.inins no anti-oxidlUlt. 

Type Y2 - as type Yl but with the addition of 0.07% Santonox R anti­

oxidant. 

Type Y3 - as type Y1 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 arl1 without fillerd. 

For the internal discharge and breakdown tests artificial voids 

within and at the interface of dielectrics ,~ere prepared by first 

. ' 

moulding a hole in a thin disc of polythene. The sample containing the 

void was then attached to one or more other void free samples of 

polythene by heat treatment (fig. lla). 
" 

Other samples of dielectrics were 3pecially machined to ~~ate 
,? 

a partially enclosed void (fig. llb). 

7.2 Methods 

7.2.1 C~libration 

With regard to the current measuring part of the circuit one 

method of calibr~"~on was by injecting a known voltage (millivolts) 

from a standard cell and comparing this with the voltage reading 

registered on the vibron indicating meter. 

also made with a Keightley electrometer69). 

(A comparative check ,ms 

Another, performed and periodically checked in the standards 

laboratory (of the department) was by putting across any of the input 

resist >rs a known vol tag~ and comparing the calculated current with 

current registered on a sensitive meter. 140st of the resistors 

calibrated in this way 'fere uithin 1 per cent of their nominal values. 

The calibration 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 ultra 

violet recorder could be calibrated in a similar way. The sensitivity 

of discharge detection was better than 0.3 picocoulombs. 

The effect of the by-pass capacitor (where used) on the conduction 

current in the main test sample could be ascertained by connecting, 

then disconnecting the cap~citor from the circuit, taking a set of 

results in eitler case ~hen comparing them. 

difference in the two sets of results. 

There vas no measurable 

1.2.2 Conduction and surface discharge test~ 

(i) The first set of experiments were designed to eValuate the effect 

of stress on steady state conductivity. In pursuance of stoady state 

conditions the followino procedure was followed. The current and 

surface discharge 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 vhere any sets of readings separated by a 48 hour interval 

did not exhibit an appreciable change. This condition which in some 

cases was obta.I Ilea 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, tests were carried out using brass, copper, aluminium, silver and 

graphite electrodes. 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 1) 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 materials. 
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Further experiments were performed in an attempt to discover the 

stresses above which ohmic conduction did not apply using the 

different dielectrics available. these tests were repeated for 

various thicknesses of the ssma dielectric.' 

The conductivity of the various samples of polythene was 

measured at a fixed stress for sample thicknesses down to 0.001". 

the diameters of the test samples ranging from 2" to 4". 

Surface discharge counts and ultra-violet recording of 

results were made during the conduction current tests. these 

were prolonged until the current recorded on the electrometer 

reached a steady state value. 

The stresses used ~Tere 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 ran~e for comparison purposes. 

(ii) Anomalies observed in the first test were studied in 

detail. Different parts of the first method we:.:e repeated for 

different dielectric samples and for different polarities. 

In order to assess the effect of visible light(70. 71. 72) 

the transparent perspex cell was in some cases replaced by a 

visible-light proof cell for some of the tests. 

Internal discharge and breakdown tests. 

In order t'l test the validity of conventional discharge and 

equivalent circuit theories and the influence of internal or 

space ch~rges various circuits were set up in order to study 

discharge inception voltage and discharge behaviour together 

with the polarization phenomena in air gaps by the~elves. and 
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in air gaps in various configurations with solid dielectrics. 

Some partially or totally enclosed voids in l~rs o~ thin 

samples o~ polythene were also tested in a cell under oil (Silicone oil) 

~or discharges. Other samples as shown in Fig. llb were tested in air. 

The position o~ these voids and air gays in relation to the high 

voltage source or earth were reversed in some cases so that any 

in~luence or- the discharge per~ormance (if any) due to the relative 

void position could be assessed. 

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

Comparative a.c. tests. 

For compare.tive purposes some of the void gap breakdown and 

discharge tests were repeated under alternating voltage conditions. 

All the tests were carried out at a thermostatically controlled 

room temperature, it is expected that under these conditions any 

variations in characteristics due to changes in temperature ~(Quld be 

negligible. 

7.3 Experimental results 

The values of steady state conductivity obtained at various applied 

voltages were plotted against corresponding functions of stress (Figs. 

13-17) in accordance with the various laws stated in Section 2. The 

points on the grarh$ 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 a part of the 

range considered. If straight lines are used then once again the 

slopes are difficult to determine, they appear to be complex functions 

of the va~iabl~~, i.e. temperature, stress, low frequency or high 

frequency of permittivity and electrode to dielectric 'Tork function. 

Some of the laws however clearly imply 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 graphs corresponding to the different 

electrode materials (Fig. 18). 
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Plots of the variation of current and surface discharge 1fith time 

(Figs. 19-21) were also made, in this connection the behaviour of the 

type X polythene (Fig. 21) should be noted in particular since 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 visible light proof cell in other cases, 

with time w~re 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. 

.. 

7.4 Observations and comments. 

7.4.1 Nature of 'transient' current 

It was observed that the current response to a step voltage change 

had two distinct time decay processes. A short fast decay and much 

longer decay which took ~ours. At low stresses the latter 1-1aS too 

small to be measured. 

It was also observed that, above 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 began to 

increase again (Fig. 21 and U.V. record lA). This is in contradiction 

to the normall! ~ . ected pattern of behaviour in which the decay is 

permanent. This phenomenon which has previously been observed in some 

semiconductors73~77 is treated in more detail in the next section. The 

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

This is probably because of the 

various uosages of anti-oxidant sample Yl seemed to have the highest 

-1 initial charging current Above stresses of about 500 kV cm the 

transient current of Y
3 

tended to exhibit peculiarities similar to 

that of sample X above about ~50 kV cm-l (see fig. 22). 
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For stresses up to the value at which polarization current 

a.n.omalies occurred in sample X, sampl" X had the highest initial current 

and decay rate. (see figs. 23a, 23b). 

The effect of visible light \Tas not investigated in great detail 

but it seemed as if it affected the rate of transient current decay 

(see figs. 24a-24c). 

Oscillations of current through the dielectric in the absence of 

discharges were observed, these became more pronounced at the lowest 

stresses. Various explanations have been offered78 ,79 for this effect 

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

due to the interaction of t\TO types of charge carrier cannot be dismissed. 

Steady state cond~ctivity 

It was apparent from the measurements that, in the absence of 

surface discharges, the steady-state conductivity was not influenced by 

the use of a guard electrode system. All the graphs indicate that the 

current through the dielectric is a logarithmic exponential (non-ohmic) 

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 ,Tith diffeL'ent electrode 

materials and at stresses between 30 and 300 kV/cm sho,T that, whilst 

conducti vi ty still appears to be a logarithmic function of stress, it is 

independent of the electrode material and hence there is no evidence 

that field emission from the electrodes plays a significant part. 

Therefore it ,Tould appear that the.non-ohmic logarithmic conductivity 

is an intrinsic property of the dielectric material. 

z..."" It me:y be seen from Figs. ~-l:lI that the effect of 
'.:!( 

reducing the ' 

thickness of the samples whilst maintaining the stress constant was to 

reduce the non-ohmic conductivity of the dielectric. This effect has 

b . 1 80 d . td • een observed preV10us y an has been ~nterpre e as a relat~ve 
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increase of dielectric or electric strength, other explanations have 

also been offere;l.. Non-ohmic conduction begins at different 

stresses for different thicknesses of the same dielectric, the general 

tendency being for this to begin in thicker dielectrics at lmTer 

stress. With the polythene samples tested there lTas very little 

difference in this critical value of stress up to 0.01" but for 

thicknesses greater than 0.02" the changes 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. 27). The steady state current results also showed 

that, for the different polythene samples (X, Yl , Y2 , Y
3
), up to 

thicknesses of about 0.01" the conductivity for samples Yl and Y2 were 

practically the same, however for thicknesses greater than 0.01" the 

steady state conductivity of sample Yl was more than that of sample Y2 • 

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 Y
3 

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 Y2 was usually more than that ot Y3, The eventual 

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

sample X ~ the shortest pOlarization time. 

7.4.3 Surface and internal discharges 

The magnitude and number of discharges over the surface of the 

insulation decayed over long periods (Fig. 19-20). This period of 

decay seemed to be of the same order as the time it took the current to 

decay to a steady state value, (This appears to b~ar out the work 

of Davies5). This' time constant' hOlTever was in some cases more than 

just a few hours. This order of time constant is fal higher (hours) 

than the normal polarization time constants (seconds) predicted by 

dielectric theory. 
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These graphs also show that the decay rate of the surface discharge 

for the sample Y2 was faster than for the sample Y
l

• 

It was also observed that the behaviour of internal discharges in 

response to a step voltage change ,Tas very similar to the current 

response (U.V. record lB). There was an initial burst of discharges 

which rapidly reduced and a much slower decay 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 occurr~d above a certain voltage. BelO'.f 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 voltage (V2 ) 

this initial burst of discharges occurred on ~ step change but rapidly 

decayed to zero. Above V2 discharges occur on a change which take a 

much longer time to decay to zero. (Compare with the a.c. case, U.V. 

record 2B). 

If however the voltage is decreased some discharges start in the 

opposite direction (after a short time lag). These discharges could be 

very severe and cause a breakdown· even though no d.c. steady state 

discharges occur with the voltage fully on. (Fig. 30 U.V. record 3A). 

On still increasing the voltage above V2 one arrives at the d.c. 

steady state inception voltage, where the discharges decay to a steady 

state value with a fairly regular repetition rate, Fig. 31. This 

repetition rate increases with stress (see Roeers and Skippers worky9so 

did the discharge magnitude to a lesser extent. 

If at this point the voltage is reduced these steady state 

discharges decay fairly rapidly to zero. As they approach zero, 

reverse discharges (with direction opposite to the steady state ones) 

take over, increase in repetition rate and magnitude to a maximum and 

then decrease to zero eventually. 

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

r, 
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anomalies '{ere observed: the breakdown voltage to gap length ra.tio 

decreased with gap length, Fig. 32. Also whereas under ohmic conditions 

the discharge inception voltage was independent of the a.xial gap void 

position (in a parallel plate configuration) for an air gap and 

dielectric in series. Under non-ohmic conditions the position of the 

gap/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 rate. Only when a resistance of value less 

than the overall resistance of the gap was put in parallel with the 

gap was a drastic change observed. In any case none of the polymers 

connected across. the ga.p had any measurable effect on the discharge 
.' 

characteristics of the air ga.p. (See figs. 29-31, also see chapter 9). 

" --
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CHAPTER 8 

Non-Ohmic and Anomalous Conductivity in Dielectrics 

In order to analyse further and appreciate the results it is 

necessary to introduce a new dielectric equivalent circuit to replace 
are 

the simple equivalent circuits,(Figs. 33a, 33b) which~normally used 

to represent the bulk properties of the dielectric such as 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 conductivity, the possible increase 

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 ' , , have stated that the current absorption 

formula for dielectrics is I(t) = At-n 1fhere I(t) is current at any 

time t and A is a constant n being an index between 0 and 1. Objections 

to this formula have been raised on the basis that this is not a true 

representation of current response of a dielectric to a step function 

since this means that at t = 0 I(t) ~ ~. 

and at t = =,I(t) ~ o. 

Nevertheless this has been and is useful in explaining the complex time 

decaying phenomena in dielectrics at low stresses. At high stresses 

however this current response may be misleading to certain workers 

(notably high voltage engineers) since it has been observed that at high 

stresses I(t) at t »> 0 may be quite comparable to I(t) for t ~ o. 

Also the circuits mentioned above create the impression that initial 

'charging' and eventual polarization time constants are equivalent. 
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In order to deal with the phenomena of initial charging and 

eventual polarization, assume that initial charging and eventual 

polarization are different parts of the sane time decaying processes. 

Then (from Figs. 34, ) HO and CD will represent the time constant 

of the charging process and Rl , Rs Cs together with R
2

, R
T

, C
T 

the time 

constants of the polarization processes. (These parameters are stress 

dependent see Fig. 35). This type of concept is similar to the parallel 

series equivalent circuit employed as a Maxwell-Wagner two layer 

d (F " 36b) t 1"" ""al 1" "43 t "nh con ens er 19. 0 exp a1n 1nter"aC1 po ar1zat10n a 1 omo-

geneities within the dielectric or surface and bulk effects in 

heterogeneous dielectrics. 

If the preferred equivalent circuit is to be consistent with the 

type of exponential decay functions observed by the author and others 

d al t " b "di"" 1 83 , t b an so ob a1ned y the 1rra at10n of po ythene ,then tnere mus e 

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.l.) Also the time constants 

of the response are such that an equivalent circuit containing an 

ind~ctance is inadmissible. (see appendix 25). 

Hence this particular type of the two layer circuit·was selected 

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

transformation will establish. 

8.2 The new dielectric equivalent circuit 

In the circuit in Fig. 36a assume that the components Rl , R and 
.' s 

R
2

, RT are characterised by conductivities 01 and 02 or by charge 

carrier mobilities ~l and ~2 and let the relative permitivites of Cs 

Then if a step voltage v = 0, 

t < 0, v = VA t > 0 is applied, the current through the system can be 

sho>m by Laplace transformation and inversion to be (see appendix 1) 
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+ 

where 2a = 
CTR2(Rl + RT) + CSR

1
(R2 + RS) 

= CSCTRl R2 (Rs + RT) ... . . . . .. . .. . .. 

and 132 = a - ••• ... ... . . . .. . 

• 
assuming that R2 » ~ and Rl » RS' 

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 

1 " f h "d" "84" exp a1n reversal 0 c arge 1n 1electr1cs V1Z. 

q(t) = I, a~ 1 exp (-tiT) + L~ - a_l
o exp (-tIT ) 

m 

where 

T = the relaxation time of the persistent polarization; 

Tm = the relaxation time of free charge ,rith an allowance for 

Short-circuiting (in a non-short-circuited electrect 

qfo = the initial hetero-charge density numerically equal to 

the persistent polarization. 

The equation 8.1 also shows that for certain values of R2, RS' Rl , 

R2 , CT' Cs the coefficient of the exponential expression exp-(a-S)t may 

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 
1 pCn 

admittances of RD and Ell ,lith Cn as Rand 1 + C'R' (see Fig. 36a) 
D p D D 
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respectively where p is the Laplace operator p. the total current I will 
• VA be given by multiplying this by the Laplace transform of V 1.e. p-. 

writing the Laplace inverse function and adding I l • 

i.e. I total + 

. , 
where R2 and Rl » Rp » ~ • Cs and CT » Cn 

8.3 The Maxwell-Wagner equivalent circuit 

8.3.1 The conventional analysis 

When the same treatment is given to theWagnel-·Maxwell two layer 

condenser one obtains a current of the form 

.,. 

. •• ••• 8.2 

where 1jJ 

and at is an impulse function. 

It is obvious from equation 8.2 that since the coerricient of 

exp-ljJt is a perfect square the response mentioned earlier (Fig.211 will 

never be obtained for all values of Rl Cl R2 C2• hence the equivalent 
83 

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 o~ 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 
1 

Il J l + 
aDl 8.3 = . . . ... . .. . .. .. . ... at 

in terms of a time changing voltage. In this case 
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VAC2 L C2R2 - R1Cl -ljJt Rl 
'1 • "] v - C

2
(Rl + R

2
) + C2 

(R + R) •• 1 Cl + c2 t 
1 2 

Let J l = 0lEl (say) ... ... . .. . .. ... .. . 
and for simplicity 

Dl = q:l ... ... ... . .. ... ... ... . .. ... ... 
In general J may be defined as J = O'lf(E) and ~~ (£E) 

where D is the normal electric charge displacement. 

El is the normal electric field intensity. 

J l = current density 

0'1 = conductivity factor 

e l = permittivity factor 

From equations 8.3, 8.5, 8.6 
a 

Il = O'lEl + at (~lEl) 

assume a.: = 0 at 

but from 8.4 

• • • ... • •• 

exp (-,pt) 

andljJ = 

... 

Therefore substituting equations 8.4 and 8.8 in equation 8.7 

... 8.4 

. .. 8.5 

... 8.6 

.. . 
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/' 

(C2R2 - C1R1 ) exp (-1/Jt) } 

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

in Fig. 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 (see Appendix, 
VA" 

v = T from t = 0 to 't and V from t = 0 to 00 v = V 

from t = 't to t = 00 

then for t < :r 

In this case the expression for current is given by applying the 

theorem of superposition. 

i.e. 

i.e. 

i = c + (from appendices 2.2 and 2.4) 

exp (-1/Jt) 

+ 
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But here again the solution can be eliminated from the possibilities by 

making k very small or 'l" " o. 

The fO~~oing analysis show that the conventional Maxwell-Wagner 

e~livalent circuit as exists cannot produce the observed response, 

since it essentially contains a single exponential delaying function with 

a positive coefficient. 

Bearing this in mind it is obvious that the circuits of Silla~85 

others86 ,87 (Figs. 37a-38b), by inspection, cannot also give this 

anomalous current response. 

8.4 Formation of an internal or space charge 

8.4.1A4Q9t~ionof Maxwell's analysis88 

Now if the circuit in Fig. 34 is the equivalent which gives the 

response in Fig. 21 at these stresses, then Rl must vary independently 

from R2 hence there must be at least two possible types of mobility or 

conductivity within the dielectric. If this is so then Maxwell's theory 

of composite dielectric can be evoked. 

Consider a parallel plate capacitor configuration 'fith 'n' 

thicknesses of dielectrics with differing properties. 

Then if we apply the theorem of superposition and consider 

isothermal conditions. The conduction and displacement currents can 

be separated into the following components 

J* = ('lEl expklEl 
. . . ... . .. .. . 

1 

~lEl = Dl . . . ... ... . .. .. . ... ... 
Therefore the total current per unit area I. is given by 

J. 

. . . . .. . .. . .. . .. 

... 8.9 

... 8.10 

... 8.11 
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and P12 '" D2 - D1 ... ... ... . • ... . .. ... .. . 8.12 

ap12 
J 1 J 2 8.13 = - .. ... ... ... ... ... ... .. . .. . at 

where cr. and~. in the above case are defined as conductivity and 
~ ~ 

permittivity functions respectively as against the conventional 

definitions. 

Differentiating equation 8.12 with respect to t and equating to 

equation 8.1.3 

also from 8.9, 8.10 and 8.11 

" *Under conditions where expkl.'lf.I", 1 Le. kE = 0 the response in Fig. 2l.. 

has not been observed. 

• • 

If one assumes that El. across the el.emental layer is 1.inear then 

• . . 

. d 
- 1 

... ... 

+ 

... E d n n 

d (a expk E + £ .L)-1.l, 
n n n n n at j 



+ 
d 

n 
an expk E n n 

= 

( Ea) Then VA 1 + aexpkE a~ = 
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I!:n 
(1. + ---­a expk E 

n n n 

= ••• . .. 

+ + 

a :~k E } ... 
n n n 

Now in the ideal case where EOl = ~2 = ••• ••• ~ &n and a
l 

expklEl 

. .. . .. 
and kE ... o. 

=anexpkE nn 
for d = d = 1 2 

••• • •• d 
n 

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

) ' 'I' A C dv very low stresses. Thl.S reduces to the fa.JIJJ. l.a.l' I = R + dt 

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 

a
l 

and a
2 
m~ be different due to the.possibility of more than one type 

of charge carrier. 

Then under steady state conditions where 

J1 = J2 = ••• ••• ,t· !!. .... . .. = I n 

and assuming 

... and D = €. E n n n 

We may consider the following cases 
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(i) ohmic conditions 

and = 

•• Under steady state conditions 

= J 

and Total Pl ... ... . .. .. . 

• • • J For the simplest cases 

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

separate interfacial charges. 

(ii) Under non-ohmic cODd~tions if J = oE expkE 

Then log J = log oE + kE 

In gene~al kE » log oE 
• . .-

•• P12 is given by 

In each case the total charge within dielectric equals LP (r-l)r 

Once again at electronic voltages this difference P12 is negligible 

or zero. At high direct voltages it may be significant and may well 

explain a lot of the anocalies89 ,90 observed. (see figs. 39-42, U.V. 

records 4A, 4B. 
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U.V. record 4A 
,Polarisation current - (I) Sudden decrease of current \~Ith 

decrease In stress (initial,' 
discharging phase) 

(11) Fast recovery to higher current 
value. 

-, 

(Iil) Gradual decay to steady state value 
(eventual polarisation phase). 
Illustrates decrease of bul It up 
I nterna I, charge (Compare with U. V. 
record 4B). 

Sample X, applied stress 500 kVcm- l , 
paper speed - 0.02 ins.sec- I • 



U.V. record 4A 
Polarisation current - (I) Sudden decrease of current 111th 

decrease In stress (initial,' 
discharging phase) 

(l i) Fast recovery to higher current. 
value. 

(iii) Gradual decay to steady state value 
(eventual polarisation phase). 
Illustrates decrease of built up 
Internal charge (Compare with U.V. 
record 46). 

Sample X, applied stress - 500 kVcm- l , 
paper speed - 0.02 Ins.sec- I• 
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u. V. record 4A 
Polarisation current - Cl) Sudden decreaso of current 111th 

docrease In stress (Initial,' 
discharging phase) 

(Ii) Fast recovery to higher current 
value. 

(Iii) Gradual decay to steady state value 
(eventual polarisation phase) • 
Illustrates decrease of built up 
I nterna I. charge (Compare with U. V. 
record 4B)' 

Sample X, appl led stress - 500 kVcm- l , 
paper' speed - 0.02 ins.sec- I• 
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8.4.2 Application of Poisson's equatlons 

Now if Ep(r_l)r is not zero Poisson's equation holds 

i.e. Div D = +p 

This meMS that unlike the case 'There LP = 0 (r-l)r 
3 (~~) = 
3x· ~ 3x P 

This meMS that for a parallel plate capacitor assuming it is 

possible to adopt a general dielectric constnnt £ for the system and 

that assuming p is uniformly distributed in the dielectric (i.e. 

applying the divergence theorem) hence 1n'iting Poisson's equation 

= p' +­
«: 

... ... . .. . .. .. . ... ... . .. . .. 8.14 

In order to avoid making assumptions about bound~J conditions for 

x = 0 with respect to the electric field, let us write a complementary 

function and a particular integral for equation 8.14. If this is done 

for 

= 0 

complementary function 

• • = 

Particular inte~al 

1 = -E: 

2 
(Px + ex) 

2 

. • v = Vl + V2 
(General Solution) 

1 
2 

= ~ + Bl x + (£:S... + ex) 
£ 2 

since £ is a constant, V can be. expressed as 
-2 

V = A + Bx + px. ... . .. . .. 
2£ 

... 8.15 
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The only boundary conditions ~Thich need to be used are the 

obvious ones viz 

v " VA at x " 0 

V " 0 at x = L 

VA 2~J T 

.2 
V " VA - x (- + ~:" . ... • •• . .. . .. 8.16 r.. 

for an applied voltage of -VA since the direction of the steady state 

c~rrent J in the earlier analysis is reversed and p for positive VA and 

p for negative VA are opposite in phase but not necp.ssarily oqual. 

Hence Div D " -P 
n 

and by a similar treatment to equation i. \11-

2 
-Pn x 

V = A + Bx 
2£ 

... . . . 
The boundary conditions this time are 

V = -VA at X" 0 

and V " oat x = L 

PnL 2 
V ) 

Pnx 
V " x (- + - VA -"2€ ... L 2c 

.. . .. . ... ... 

. .. ... ... 

Bw differentiating equations 8.16 and 8.18 it can be sho~ that 

8.17 

8.18 

the electric field density at x = 0 is not zero. The above treatment 

has been selected to avoid making this particular assumption "hich 

Jaffe9l ,92 ~d others93 ,94 make and which is very popular in semi-

conductor theory. Discharge tests have established that the stress at 

the dielectric electrode interface cannot 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 effect of P is 

felt most at high curren. densities. 

Thus the integration of equation 8.11. is not strictly correct but 

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

this case relative permittivity is defined .~th 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 

It is claimed by some authors97 that space charge theories are 

incompatible with conventional polarization analysis, thus before 

dr'wing any conclusions from the above analysis it will be informative 

to evaluate this controversial statement. 

Thus for the microscopic inhomogeneity just outlined consider an 

analysis on the basis of conventional polarisation +.neories98 ,99. 

All capital letters are vectors. For a dipole of moment M " qL 

the pOtential d$ due to the di~ole per unit volume at a point within a 

dielectric of permittivity c distance r from 

the dipole is given by d$ 

where I is unit vector 

M. V (1:.) 
a 

d~ 
r where V l:I " 411£ " an 

Now 

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

• d<j> 1 
(diV (~) 1 ... M] • • = 411£ - -r 

• • For the total volume, potential </> 

</> 
1 f ( div (~) 1 

V.M 1 dv = 411t!: - -r v 

applying the divergence theorem viz: 

1 
= 411~ 

, E. N ds -= f div E dv 
v 

f 
s 

M.N 
r 

1 
ds - 411£ f 

v 

V.M 
r 

dv 
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There~ore interpreting the above equation in the light of the 

~oregoing analysis. the sur~ace charge (11/) may be rcgar~ed as the 

basis for initial charging. 
Sf'C''''<L. 

The internal or 8~faee charge which in 

the general case includes all charges (both free and injected charge 

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

basis fo~ eventual polarization. Above all the equation means that 

theories of space or internal charge within a dielectric can be 

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

Behaviour and Equivalent Circuit of Gas/Solid Dielectric Systems 

The implications of intrinsic non-ohmic conduction (discussed in 

the previous chapters) in connection with discharge processes and 

breakdown in gaseous and solid dielectrics are obvious but on a 

macro9cv~~~ scale non-ohmic effects caused by mixed dielectrics can be 

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

(1) ·It VOuld.·halp to clarify some non-ohmic behaviour at the microscopic 

level. 

(ii) It could explain to Bome extent anomalies in results obtained 

with mixed systems such as air/solid dielectric, oil/paper, glasses etc. 

(Figs. 40-47 u.v. records 3A, 3B). 

Unfort~ately this has not always been done because 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 macroscopic 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 

resistivity39,40, 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 circuits48 (see Fig. 48) which have negJ.ected the 

influence of the conductivity of the gas ;Tithin the void and hence 

misinterpreted information as to the discharge performance and in 

particular discharge extin~tion under direct voltage conditions. 

In the past at fairly 101' stresses with dielectrics of relatively 

low resistivity this has been adequate but the experiments with air, 

polythene and epoxy resin dielectrics using a parallel plate configuration 

have shown that the conductivity of the gas is comparable and in some 

cases more than the dielec··rics in parallel with it. 

If the above factors are considered, the formation of a macroscopic 

internal or space charge at the air/solid dielectric interface is 

evident. This together with the very long times of complete 

• • uld d' h . 100,101 polar1zat10n co account for much of the 1SC arge behaV10ur 

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

hi&~ d.c. design stresses. It could also explain in particular some 

. f ai' h . t' 38,102,103 d h' gh lt ai't' aspects 0 se arge ext1nc 10n un er 1 vo age con 10ns 

(the possibility of applying this theory to the alternating voltage 

case where necessary is outlined in appendix 6). The characteristics 

of this macroscopic internal charge should be fairly similar to that of 

the microzcopic space charge outlined earlier. For simplicity however 

it will.be assumed that the overall effect will be dominated by the 

macroscopic internal charge at the interface. The influence of the 

microscopic space charge for each dielectric ;rill be evaluated in an 

equivalent circuit as a variation of conductivity mth stress and its 

effect outlined. 

In order to. assess the effect of the macroscopic internal charge on 

discharge processes consider the following. 

9.2 Equivalent stresses in voids 

9.2.1 Maxwellian analysis 

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 
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dielectric system should be treated as a composite dielectric composed 

01' two leaky dielectrics and Maxwell's theory 01' composite dielectric 

treated earlier tChapter 8)used in the analysis). 

Thus for a parallel plate configuration, considering elemental 

thicknesses L and L. and assuming that the stress across each element a l. 

is ohmic, 

then V = E. L. + E L . . . • •• . .. 
l. l. a a . .. . .. . .. 
I . 

J = cr E . . . .. -. a a a } 
... .. . .. . 

J. = cr. E. 
1. l. l. 

D = c E a a a 
} ... .. . ... ... ... .. . 9.3 

D. = c. E. 
l. ]. l. 

and from the continuity equation 

aDa aD. 
J + J. + l. 9.4 = ... ... ... ... a ?t l. at 

aD. _. aD 
In the classical theories a~ and a: are assumed to reduce to 

negigi ble proportions after a fe~r eeconds. In practice, at normal 
aD. 

operating stresses 

4 longer (e.g. > 10 

for high resisitivity insulation a~ may take much 

secs) to decay to zero. (see Fig. 19). This means 

that there will be a long term build up of charge at the void 

dielectric interface. 

The charge difference at the interface Pd can be expressed as 

P = D D. ... ... ... .. . ... .. . ... 9.5 a l. 

= £ E £1 El a a 

Hence, under steady state conditions 

£ £. 

Pd = J (..1': .2:.) . . . ... ... ... 9.6 cr cr. 
a l. 
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Again, at practical operating stresses, 

I a = o E. exp A E 
a a a 

I 
andJ. = o. E. expA.E. J. J. l. l. 

} • • • • • • . .. ... 9.7 

9.2.2 Application or Poisson's eguations 

,The rormation or od' at the interrace nleans that in the 

calcul~tion or discharge inception stress, apart from the ract that 

one cannot use the straight rorward charge equality relation as under 

alternating voltage conditions (see chapters 5, section 5.3), one 

cannot also use the straight rorward resistive distribu":ion rormulae 

to calculate the stress. 

i.e. 

V a 

v a 
L a 

'l' 

L a 
o a 

a. 
l. 

a 
a 

/ 
L. 

l. 

o. 
l. 

V 
L. J. 

a. 

v 

... ... ... ... .. . 9.8 

i.e. mean stress' in void ~ ~ times mean stress in dielectric. (For 
aa 

ir this were so the inception stress in the void will be virtually 

inrinite irrespective or void position. However as a result or 

experimental evidence it has been round that this is not so and that 

the only analysis which suggests reasonable assessment is by the 

application or Poisson's equations. Thus let Pd be represented by a 

distributed charge densJ.ty p. (i.e. invoking the divergence theorem J.a 

where every surrace charge can be represented by an equivalent 

volumetric charge). 



H •• aD ence wr~t1ng ~ = -po 
oX l.a 

(for one dimensional case) 

and considering a complementary function 

.' F =A+Bx 
1 2 

p. X 
~a 

and a particular integral F2 = ~~2€---
Q 

This leads to a general solution of the form 

2 
Pia x 
2~Q 

Vx = A + Bx - . . . 

lfhere A and B are cons tants 

. .. ... ... .. . 

The constants A and B can only be evaluated by applying the 

appropriate boundary conditions. This means that the position of the 

void lfithin or lfithout the dieLectric should be taken into account in 

the assessment of discharge behaviour. that is. the fact that a void 

is bounded on only one side or only tlfO sides by insulation or whether 

it is near or farther away from the high voltage electrode is relevant 

to its behaviour since the bound~y and initial conditions alter 

significantly. 

Hence for a lanUnar void bounded on one side by insulation, with 

the other side facing the h.v. electrode, the boundary conditions are: 

(see fig. 49) 

and 

hence v " x 

v = x 

v " x 

A = 

vl = 

VA at x " 0 

vl at x = L a 

0 

Pia 
L 2 

VA + BLa -
a 

2~Q 

... ... 

Similarly, considering an identical void vith one side adjacent 

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

Al = v 2 

hence v3 = 

= v +-1. 
2 L a 

--- -----------------
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.. . ... 

In the case where one side of the cavity is earthed: 

V2 = 0 

2 ( 1 2 
1 1 p. L 1 Pia x) ( + J.a a) and V' = v

2 
+ v3 2£ x - ••• 9·12 x L 2£Q a Q 

From (12) 

av1 L 2 1 
1 (Pia a Pia x 

---.5, = + v
3

) -
ax1 L 2£Q £Q a 

L 1 
Pia v3 Pia x a ) ... 9.13 = + (- .. . • • • ... ... ... 

2£Q L £Q a 

av L 2 
Pia x 

(10) a~ 1 Pia a 
v1 - VA~ -From = ( 2~ + 

L CQ a Q 

2 VA 1 p. L. Pia x 
= (J.a J. + vI) - (- + ) ... 9.14 L 2E:Q L eQ a a 

L v - V a + ( 1 .!.) = Pia - Pia 2~Q La £Q 

In practice VA » v1 ' VA 
» v2 ' VA 

» 'v
3 

also v
1

, v2 and v3 are 

of the same order except in cases where v2 = O. Hence the stresses 



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. 

Equivalent circuit responsE$ 

Maxwell-Wagner response 

The conventional equivalent circuit does not normally cater for 
.' 

the possible formation of Pia 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: 

= ... 

where .p - = 

This is not a suitable response because of the facGthat 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 sirnmulate 

more correctly discharge behaviour and in particular discharge 

extinction. This approach treats the system as a problem in 

inhomog'enei ty (just like the MalGTell-Wagner treatment) but the present 

equivalent circuit unlike the Maxwell-Wagner type includes an extra 

pair of resistive components termed the initial 'Charging resistances. 

This coupled with the pair termed the even~al~olarizatio~ resistances 



- 162 -

would it is hoped represent the two distinct phases of complete 

polarization encoutered in practice and also present en extra 

exponential term to make the response more realistic. 

9.3.2 A more appropriate response 

Referri'llg to the figure 5Q,r , r.; R , R.; C , C. may be called the a J. a J. a J. 

"c!largiug" resistances, the "polarization" resistences and the 

capacitance for the air and dielectric in series with the void 

respectively. 

""-Then if, in practice, Rl » ri' Ra » ra we tale, for an applied 

direct voltage step function VA l(t). 

R 
v = 

a 
--'! + 
r 

SC C.(r R.-R r.)+C.R.-C R aJ. aJ. aJ. l.l. aa 
2Sr CC. (R +R. j exp-(a-slt 

• ,. 

where a = 

= 

+ 

a aal. a l. 

SC C. (r R.-R r.)-C.R. + C R 
al. al al. 11 aa 

213C C.r (R +R. j BJ.B a l. 
exp-(a+S)t} ••• 

C (R.+r ) + C.R. al.a l.l. 

2 
Cl 

2(r +R. jR.C.C a l. l.J.a 

R +R. a J. 
C C.R R. (r +r. j al.aJ. a l. 

From the above analysis (equation9.ltJ 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. 

9.4 Practical considerations 

In practice due to the possible values of the parameters Ca' ra' 

Ra' C
i

' ri' Ri (a fair assessment of these may be obtained in 
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capacitance and polarization current tests) the constants ~ and a are 

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

~Till decay very slowly (the extended polarization effect) with a 

corresponding delay in dis~harge extinction (see U.V. records LB, 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 immediately after switch on. 

Referring to equations 9.7. the incremental increase of relative 

conductivity with stress i~ very different for the air and the 

dielectric. In a fe,; cases this may result in a sign change in the 

coefficient of the polarising term thus giving rise to an initial 

discharge extinction follo~Ted by subsequent reignition6 • this process 

may 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 dielectrics. 

Conductivity measurements in dielectrics under direct voltage 

conditions, lead to the follo1<ing conclusions irrespective of polarity. 

That oscillations in the steady atate current response and other 

anomalies are iAdependent of surface and internal discharges. 

Also that in the absence of surfaces discharges samples "ith and 

without guard gaps give the same results under steady state conditions. 

It has also been established that non-ohmic (e~onential) 

conduction is a basic property of the dielectric. Ttlis non-ohmic 

conductivity and its variation with thickness elicits the conclusions 

that the operating bulk stress for all dielectrics and all thiclmesses 

cannot be calculated simply as a ~~ction 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: 

" 
where a

L
, aL and YL are constants depending on the paroicular type of 

dielectric and such that a L » SL » YL• J 1 is the bulk volumetric vo 

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 dielectric. 

Typical stress ranges 

polythene, aL for stresses 

-1 about 30 kV cm and about 

over which aL, SL and YL predominate, for 
-1 ~.~ 

up to about (~O kV cm '"" ilL for stres" between 

-1 -1 2MV cm 'YL for stresses above 2 W cm • 

The above empirical conductivity relationship with stress and the 

anoIlalous 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 JIlOre detail in all aspects of 

dielectric propertiesl04 • 

ap 
Also if div J = at 

and div D = p 

. a 
then ax (d) = p 

hence E = f(kpx) 
x 

This means that constant stress conditions along the thickness of a 

dielectric in a parallel plate capacitor configuration can only be 
J 

assumed if and when p = 0 or is 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 capacitor is not a constant. 

10.2 Space charge and anomalies 

Attempts have been made in the preceding chapters to explain some 

of this aaomolous behaviour in terms of some sort of internal or space 

charge. 

• 14,29-31 Experiments w~th some crystals have been claimed to show 

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 dielectricl05 • 

~ne above considerations leads to the conclusions ~hat 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 materiall06 ,l07. 

Obviously the setting up of Ep(r-l)r within the material should explain ;', 

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 varyl08,l09 with a variation 

in stress or current density since Ep(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 ~ would be generated. 

This seemed to indicate that the behaviour of char6~ carriers in solid 

dielectrics above certain stresses might be very similar to that in 

. 110-112 
SJ.r • 

91,106 
If this is the case then Ja f:fe and Jo,ffe' s theories should be 

examined more closely especially that which,appertains to the boundary 

conditions at the metal dielectric inter:face, 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 (strictly stated) reduces the steady state current to zero 

since J is proportional to KE. It should be notecl. trom the analysis 

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 considerationsll4-116. 

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 analysis in chapter 9 (see also ref 117) confirmed by 

experiment has inrlicated that for thick specimens the discharge 
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performance of a 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 PIa within the system). 

The formation of PIa should not be confused with P12 which workers 

in gas breakdmm theory have termed space charge distortion2 to account 

for ~omaliesll8,119 in Townsend's theory for a stress to pressure ratio 

( . . -1 below 100 where stress :LS measured :Ln volts cm and pressure is, measured 

in millimetres of mercury). It is interesting to note that the 

breakdown of air at S.T.P. occurs at a stress to pressure ratio of 
. ',. ,. " ".' 

around 39 - the value around and below whi~h_most anomalies of Townsend's 

theories occur. 

The formation of PIa however will occur at stresses much sm~ler 

than those at which complete non-ohmicity {i.e. significant form~tion 

of P12 ) occurs in either dielectric separate~. Thus to some extent 

Pl2 can be considered as interfacial charge formation on a microscopic 

scale19 and PIa as an interfacial charge formation on a macroscopic 

scale. 

In this particular case PIa depends on the resistivities and 

permittivities of the gas in the void of the insulator hence the 

inception voltage will also depend on the relative resistivities and 

permittivities of the gas and the insulator. 

In practice since the difference between the resistivities of the 

systems (especially in cases of high resistivity dielectrics - polythene 

etc) is far greater than the difference between the permittivities, the 

resistivity ratio becomes the most important determining factor. Hence 

it is misleading to neglect the conductivity of air in the discharge 

analysis or in the eval~tion of cavity stresses 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 every increase in voltage. Above a 
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particular value there are discharges with every change (both increase 

and decrease) of stress, after this point has been passed these 

discharges, which decay with time, occur even uhen the stress is 

reduced to a 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 eA-plained by 

the extended polarization properties of the dielectrics involved and 

this is at least as significant 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 dielectrics 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 .. lr(lwT)-a/(, -c: ) o 00 

to his equivalent circuit. This was in addition to the conventional 

capacitances and instead of a straight foruard 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 analysis on inhomogeneity discussed earlier 

that the anomalies should arise more easily at high stresses with macro-

• all' t l' 120,121.. th f'll SCOp1C Y m1xed BYS ems 1ke glasses , reS1ns W1 1 ers, 

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 treated with some sort 

of antioxidant. In general since it is virtually impossible to 

produce a homogeneoUs engineering material these anomalies should be 

looked for. In the final analysis it is not inconceivable that charged 

regions in the dielectric should oscillate as in gas plasma oscillations18 ,19 , 
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The influence of space/internal charge 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 different results r~e theirthorough application to practical 

deui&l crl~eria difficult. Even nmT it is not very clear whether the 

use of exponential conductivity formulae alone are sufficient data to 

contain space charge effects. 

In the above context t,fO cases stand out in the present 

investigation, (i) exponential conduction alone cannot account for the 

boundary conditions effects encountered in the discharge experiments 

(and discussed in chapter 9). Moreover the analysis of ,tresses in a 

polythene cable (see appendix 8) assuming an exponential increase of 

conductivity with stress and employing constants used in previous 

practical calculations seemed to indicate that the stress at the core­

screen cannot 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 ,{hen compared to the discharge characteristics of 

the cable under alternating voltage conditions, thus once again 

indicating the necessity of the use of boundary conditions. 

(ii) exponential conduction formula would have to take into account 

thickness and volume dependence, and the problem that different samples 

of material (e.g. X, Y
l

, Y
3

) with similar ohmic characteristics may have 

widely different non-ohmic characteristics and different log J/stress 

gradients. 

Nevertheless it is probable that as more work is undertaken to 

evaluate the parameters affecting space changes, dielectrics could (in 

the tuture)be designed (for example in the resin range ~Tith fillers) which 

might possess the desired characteristics. Hence a lot more research 

is needed to assess more fully the stresses ,·rithin and around dielectrics 

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 initiated by electron avalanches and maintained by various 

secondary processes that generate further avalanches. 

1.2 Partial discharge: 

An electrical discharge that only partially bridges the insulating 

medium bet.'Teen conductors i.e. internal surface discharges and 

corona. 

1.3 Internal discharge: 

Partial discharges in cavities or at the edges of conducting 

inclusion in non-gaseous insulation. The cavity may be entirely 

enclosed in inSulation, or it may be covered on one side by a 

conductor. 

1.4 Surface discharges: 

Partial discharges from a conductor in a gaseous or liquid medium 

onto, or across the surface of solid insulation that is not covered 

by the conductor. 

1.5, Corona: 

Partial discharges in gases or liquids around conductors that are 

remote from solid insulation or completely exposed. 

1.6 Discharge inception VOltage: 

1.6.1 A.C.: The lowest voltage at which discharges of a special 

1.6.2 

magnitude recur in successive cycles when an increasing 

alternating voltage is applied to the inSulation. 

Steady State d.c. The lO,Test voltage at uhich discharges 

occur unier d.c. steady state conditions, i.e. number 

of discharges not decaying to zero (depending on the 

sensitivity of the circuit) ,Tith time of application of 

the voltage, at a fairly regular rate. 
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1.7 D.C. transient inception voltage: 

The lowest voltage at which discharges occur u;pon further increasing 

the applied direct voltage then decaying ,rith a time constant of 

seconds or less to zero. Belo,~ this voltage no discharges occur 

upon increasing the applied voltage. {It is the lO"\Test voltage at 

which discharges occur upon suddenly decreasing the applied voltage. 

1.8 Discharge extinction VOltage: 

A.C. - This is the lowest voltage at which discharges of a specified 

magnitude ,;iU reoccur "\Then the applied voltage which has exceeded 

the discharge inception voltage is reduced. 

1.9 Discharge magnitude Q: 

Loss of charge. as 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 Discharge detector sensitivity: 

The magnitude of the smallest individual discharge that can be 

measured unde~ particular test conditions. 

1.12 Discharge resolution: 

The time interval bet"\Tcen t"\TO discharges that can be adequately 

distinguished and measured by a detector. 

1.13 Calibrating pulse: 

An artificially generated pulse or step "\Tave voltage injected into 

a discharge detector circuit to provide a quantitative comparison 

with the magnitude of discharges in a test specimen. 

1.14 Rogo"\Tski electrode profile: 

An electro~e "\Tith the edges of its contact faces shaped to foUo"\T 

a curved profile to reduce edge (and or Ci.ischarge effects). 

1.15 SteaQY state conduction: 

The state reached at "\Thich there is no apprcciable change of current 

"\Tith time. 
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1.16 Non-ohmic conduction: 

Any steady stat~ conductivity a which does not obey Ohm's Lal; 

viz: J = aE. 

The following terms sepa~ate the conventional definition of charging/ 

discharging which mean polarization/de-polarization, into two 

viz: initial charging/discharging and evcntual polarization/ 

de-polarization. 

1.17 Initicl 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 

function. This process is the only type notice~cle or meas\~able 

at low d.c. stresses and under normal a.c. conditions. 

1.18 Eventual polarization/depolarization process: 

This process is caused by the gradual 'polarization'/'1epolarization' 

process within or across the medium. It is characterised by a 

very SlO1; decay (or increase under special conditions) of charge 

or current to a steady state value. This process may take hours, 

days 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 Cureent and Voltage response 

dl-~ndilC 2.;b 

Current response for circuit A~fi_I5.-_3!lia 

For the circuit in fig. 3 the Lap1ace tranA~orm o~ the current is 

given by 

• • • 

writing this as 

[ p + C1R ] 
T 2 

1 

C~2 

i=YJ..[l+p(c~ + c\)+cR1c~1 
p Sl T2 Sl· 2 

(RS +~) (p2 + p Cl + D1) 



•. Vo.. 
• ·J.=R +R 

S T 

• 
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1 

••• Writing the inverse and substituting for Cl and n1 

if we assume that Rl » RT 

Theni=RS~~ 

Cl 
where a =""2 = 

CTR2 (R1 + ~) + CSRl (RS + R2) 

2CSC~2Rl (RS + RT) 

-(a-iJ)t 
exp 

-(a+a)t 1 
exp J 



• . . 
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1 

= 4Rl LC~2 + Cs (R2 + RSg .. 4CSC~lR2RS(Rl+R2) 
4(CSC~lRSR2)2 

2 
~ .::; t~2 + Cs (R2 + RS~ - 4CSCTR2RS 

2CSC~2RS 

It should be noted in an extreme case where Dl > a2 an oscillatory 

(sinusoidal) response might bp. obtained. 

~~~Ji~~~ Current ~esponse ror circuit in Fig. 36b 

For a parallel R-C circuit 

., 
.' 



• . . 

1 
R. ~ 

R+L 
pC 

= 
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R 
l+pCR 

For maxwe11ian, e~uivalent as shown in Fig. 36b 

= 

+ 

R1(1 + PC2R2) + R2 (1 + pC1R1 ) 

(1 + pC1R1 ) (1 + pC2R2 ) 

p + R1 + R2 

R1R2(C1 + C
2

) 

1 



where '/i = 

eSt + 

= 

- 189 -

_,lot 
exp" + 

, 
+ (c" R + 

1 1 

R1R2(C1 + c2) 

C1R1C2R2(R1+R2) 
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where (ot) is an impulse fUnction 

For n layers the coefficient of the exponential term equals 

•• • R) 
n 

2 

..1:. + ••• 1 ••• cll 
____________________________ C~3L_____ _ ___ E 

••• + R 1 + R ) {Cl + E ~--=l=--_:;_l n- n ..1:. 
C + ••• C 

Appendix 2.3 

Voltage across one layer for the circuit in fig. 4a 

Therefore for a step function V = 0 and V = V, t>O 

• . = ~ • • V1 P • 

V. = -p 

= ~ 
p 

1 
1 + R2(1 + PC1R1} 

Rl (1 + PC2R2) 

1 

1 
P+eR 

2 2 
1 Cl 1 

p + eR + C (p + eR ) 
22 2 11 

3 n 



= 

~C2 
-.'. C + C 

1 2 

v .. 

R1 + R2 
where ljJ = R R (C + C ) 

12 1 2 

-ljJt 
& + 

v. 
2.4. Current response :ror wave:rorm v = it t for t = 0 to t = or and v = '{ 

for t > or 

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

in Fig. 51a 

from appendix 2.2. 

By superposition and by applying Laplace as in the previous cases. 



\ 
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I 

• 

I · t!l ..... 
"" 

H 

~' ... ---, 

.--
• 

bD ..... 
"" 

• 
-t!l ..... 
"" -- -----~ 

o 



.. her£' IjJ = 
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J 1 + 1 p+1jJ 

1 1 1 
(C

l
R

1 
+ C

2
R

2
) p(p+ljJ) 

( 1+ 
p+1/J 

Taking the inverse 

( -1/Jt 
E + 1/Jt-1) } 

sUbstituting for IjJ in the' expoI'lentia1 expressi on and simplifying 

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 pL+R+-" pC 

for en applied voltage, V, r = y V 
P 

L
- l . . Let - Laplace 1nverse funct10n 

• • • 

. tl 1 Now COns1de:r of 1 
pL + R + pC 

• • • I{t) = K~xp-R/2L~sinh at 

= 1 
L 

( 1- ) 
2 1 

L1\ +Rp+C 

1 

R 2 
(p + 2L) -

= ~ (eXP-R/2L) (exp at - exp -at) 

= ~ exp {a.-R/2)t -{exp -(at R/2L)t ••• ••• • •• l2) 

Now a 
1 
Lc = I 

Therefore for a to be positive 
.' 

RC > 4L 

R . 4L ~ 
sinplifj'ing a = -2L (1. - -) 

R2C 
... ... ... ... ... ... ... l3) 

l!o;1 from {2lend from U. V. recorder observations for (2) to correspond 

to observations 
R a+'2L» 

R 
'2L 

('1. » 0 

- a 

of' . ' (. ., If' L should beAthe order of m1crOhenr1es S1nce 1t 18 not norma.l.ly 

measurable and R - 10" n C - pFs 
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then 4L 

R2C 
« 1 

From (3) R 1 4L' • R 2L a = 2L (1 -- -) ~ 2L 
R

2
C 2 R2C 

By Binomial expansion 

Therefore substituting in(2) 

si:l'~e I(+l = I2- [exp - (R/2L-a)t - exp-(a+R/2L)tJ 

I(t) . = Kl (exp - (2L/Rgt - exp - (R/L - 2L/R
2
C)t) 

once again considering possible values of L, R and C 

I(t) = Kl (1 - eXP-Rt/L] 
;-

• '. time constant of anomaly " i 
If L is of the order of ~H and R of the order of 10~ 
.. -16 
T~me constant ~s of the order of 10 secs. 

Now since the'time constant' of anomaly observed is of the order 

of minutes and decreases with app ·.rent measured decrease in R, the 

Fig 5lbcircuit cannot be the equivalent circuit • 

....... 
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From Coulomb's law the force F bot~oen two ch~g~s ~~n be written 

as 

"here q is located at Rl 

1 and ~ is located at R2 

Therefore the electric field at a point R due to a point ql at the 

point R is 

E(R) = kq 
1 

This means that assuming superposition is applicable the electric field 

due to a system of point charges ~ located at Rj • j = 1. 2 •••••• n 

n 
E(R) = k 1: 

j=l 

(R - R.) 
.J 

If the charges are so small and so numerous that they can be described 

as a charge density p(Rl ). 

and if aq 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 integral below 

"Ll 1 1 1 wher" d-l( = dx dy dz 
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See fig. 51c /. i~" Iq:z. 

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 measured frc~ the centre of mass 

of the molecule. 1 It should be noted that ~generally depends on the 

position of' R. of the molecule, since the distortion of the charge 
J 

depends on the local field present. 

The microscopic electric field due to the jth molecule is 

E. (R) 
J = - Vk 

1 

R. - R1 
J 

Expanding the above expression in multi poles around the centre of mass 

of the molecule by Taylor's theorem. 

[ e. 1 +1 E.(R) = - Vk .J + vj • P. + ••• ... 
J R - Rj R - R. J 

J 

where e. = 'mol 
pj (Rl) d3nl 

J 

P. 'mal = 
J 

Rl 1 p. 
J 

(Rl) d3Rl 

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 quadruple term contributes 

negligibly to the averaged field relative to the dipole term. 
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,'. Summing for all the molecules over j. 

r e. 
E(R) = - '7k ~ R _·JR. 

J J 
+ P. '7. (l )J 

J J R - Rj 

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

apparaently continuous charge and polarization d';nsities. 

p mol (R) = ~ e. o(R - R.) 
j J J 

p mol (R) = ~p 
j j 

o(R - H.) 
J 

Thus E(H) = - Vk J d3Rll r p mol (R11) +P mol 
tR - RUt 

• 11 11 1 Assunung that R is replaced by H = R + A 

Then it can be shown48 that the average of E(R) 

+ 

i.e. 

Where the lines above the values signifY average values. 

On the microscopic level P mol etc. constitutes the surface charge on 

polarization. 

The above expression represents volumetric charge e.nd in the 

general case includes both injected and free carriers. It can be 

deduced from the properties of delta functj.ons that the above 

equations for the electric field are similar to the ones discussed 

earlier (Chapter 8). 
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Appendix 4 ---

Convert the circuit in Fig.36\into a Laplace equivalent circuit, 

when a waveform of the type E eCl(wt+1OC) is applied if one writes for 

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

Therefore the Laplace t~ansform of a voltage V2 across R2 for a 

step function V = 0, t < o~ V = V for t > 0 is given by 

V = Y& 
2 p 

+ 

1 

1 
+ c~ 

+ p 

+ 

Assuming that Rl » RS and R2 » RT and simplif'ying 
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If this is written as 

1 (p2+ AP + B ] 
p' 2 P + 2ap + D 

A (! _ l+2a >1 
p p +2ap+D'J 2 P +2ap+D 

Thus the inverse, substituting for A, B, C and D, Bimpli~ing and 

assuming Rl» RS' R2 » ~ is given by 

" 2 anti. ~- = a -
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+ 

-(a-eh 
exp 

Modification of the enclosed spherical cavity analysis 

In order to appreciate fully the significance of P12 at the air 

and solid insulation inter~ace consider the two classical solutions of 

(1) an earthed hollow conducting sphere and (11) a ~ollow dielectric 

sphere in an infinite dielectric medium. Let the radius of the sphere 

be 'a'. 

(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 Laplace's and Legendre functions18.l23 
• 

cf> = - Er cos e 

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 vanish so that no terms of the form rn can 

occur in it. Since this potential must be symmetrical about the x-axis 

no terms involving Sin e can occur. The final potential outside must 

therefore be of the form 

.. 
4> = - E reos e + :E An r -n Cos ne • • • • • • . • • • • • • • • (1) 

n=l 

Abo in order to make V = 0 at r = a for the earthed conducting sphere 

:.:or "ll values of e. o~ly Cos n e with n=l can be added to Er Cos e 

• • • 
. -2 $2 = -ErCose + Ar Cos e ... .•. •.• . .. ... • • • • •• 

\',:10re 4>2 is the potential outside the sphere. 

Inside the sphere a solution of the type in (2) is not acceptable 
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hence by inspection a term ErCosa is added which will cancel the 

potential of the external field so that 0=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 

previous case let the potential $. inside the sphere be 
~ 

$. = (Cr-2 + Br) Cos a 
~ 

. 2 
and $. = (Ar- -Er) cosa 

~ 

since $. is finite as r+a, C = 0 
~ 

The constants B and A m2¥ be evaluated by assuming that the radial 

Dielectric displacement is continuous at r=a 

where £. and £ are the respective permittivities, also that the 
~ 0 

tangential components of the electric fiel~ should be equal at r=a. 

also since $2 = $1 at r=a this leads to a third boundary condition 

Applying the above boundary conditions following results are obtained 

(111) 

= -

a3 
... = - (1 -"2.. - 3 r 

Er Cos a 

Er cosa 

In the case where the conductivities of both the dielectric 

sphere and the medium in which it is immersed are finite there will be 

a charge accumulation P12 on the surface of the sphere (just like the 

cese of the earthed conducting sphere) but in this case since the 

potential inside the sphere is not zero, the treatment is similar to 

Ca~'e II '1ith different boundary conditions. 

-2 Here if $2 = Ar Cos a - Er Cos a 

-2 and $1 = Cr Cos a + Br Cos a 



,----_ .. _-----

- 203 -

Now as $1 is finite at r=o, 000 Cco 

(~ 
r-a 

= -pi 12 

Now 
a$2 

(2A El Cos e ar- c - + 
r3 

a~l 
" DCos e ar-

o • P12 = - (2Ar-3 + El ~2 cose - ~lDCose 

Also the tangential components are equal 

• 
• 0 

i.e. 1 - -r 

Now. 0 0 

o 
o 0 = -Case 

o 0 

.' . 4> c _ .,,-.=;1.,......_ 
1 2£2 + ~l { 3E:2 E - P12 sece J r cose 

i~e. [ 
P12 ] . 3"2 - E sece ErCose 

o , . substituting for A 

.l 
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124 
(Compare the above analysis ,ri.th Onsager's theories) 

Appendix 6 

Maxwellian Polarization under a.c. conditions 

Assume that two media A and I meet at a surface S and that a unit 

normal N is drawn from medium A into medium I such that A lies on the 

negative qide of S, with I on the positive side. 

Then from boundary conditions12a ;123 

x = vector multiplication 

where E
I

, DI and EA' DA are the stresses and displacements in the media 

where e is the density of any surface charge distributed over S. 

The flmf of charge across or to the boundary must also satisfy 

the equation of continuity: 

i.e. • •• • •• • •• • •• • •• • •• • •• 

Su th t ~ ~ t (constant ~-jwt) 1"5 ~pp11"ed ppose e. a wave.orm o. ype ~ Q 

Then (1). (2) and (3) give 

II EIN - EA EAN = P ••• • •• • •• • •• . .. • •• • •• 

••• •• • • •• • •• • •• •• • 

(assuming Ohm's law) 

where EI and EA are the bulk permittivities. cI and CA are the bulk 

resistivities. p is only zero when 

(4) 

In the general case the above equality is not satisfied and hence 

from (4) and (5) 

p 
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p 

Hence even for the A.C. case M~fellian polarization is applicable 

Appendix 7 

Modification of Rogers and Skipper analysis to include the finite 

Conductivity of the air inclusion. 

When one considers the earlier stages of the analysis of Rogers 
. 39 

and Skl.pper 

1 
"I = 1 - [a .;;ar=c-,,:~:::.t::...:a:.-.:.ll_a_~o_a_ + 

l 2 2 'l i 
and T = £0 JE:1(l+a )(a ax:c . .-£.ot·a-:l) ~-eJ<'l+a. Ha arc cot a-l) + l.JJ 

(l+a
2

)(oso ; + 0l)(a arc cct a-l) -02 [(l+a2)(a arc cot a-l) + if 
2 

l+a . 2;1 ~ 
where a = a/c = l(b/a) - 1.1 

and a, b ana c are parameters of an oblate spheroidal cavity described 

in the paper 

a, b = semi-axis rnd radius of the oblate spheroidal cavity 

c = Radius of the focal circle of the cavity 

0102 = conductivities of the media inside and outside the cavity 

T = is the time constant for stress response in the cavity 

expressible as El(t) = E~ (l-exp tiT). 

0so = surface conductivity of the cavity boundary at the poles. 

If an air/polythene interface is considered then clearly 

1 
[ 

cot N-ll jOsoa 
Then "I': 1 - .:::a:....:::a::.r.::c_o::;2=..::~=j L-c- + 

and 

T = <!Oa (£1 (l+a2)(a arc cot a-l) -£2 [ (l+a2)(a arc cot a-l) + ill 
(oso a/c + (1) (1 + a2) (a arc cot· a-l) 
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The timeT required for the str"'~" to .. is" from "aro to the 
o 

discharge ;nce~tion value E. is given as J. 

where El = Uniform stress applied to dielectric 

For the minimum time aSO is assumed to be zero. 

If this is assumed for the above analysis then 

= 1 2 (1 + a ) (a arc cot a-l) 

From the analysis of Rogers and Skipper 

1 
> 

Also (a arc cot a-l) (1 + a2 ) + 1 < 1 

• • From the two inequalities 

- 1 < (a arc cot a-l) (1 + a2) < 0 

hence Al lies between 1 and ~ 

1 Putting K = 1 -
(1 + a2) (a arc cot a-l) 

Ta = 

k lies bet,;een 2 and - ~ 

Hence for minimum TO 

E. 
(1 __ J._) 

A El 
a 

1.5 

E. 
(1 __ 1_) 

A El 
a 
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For A. l~.mi na:r ~s.vity 

• 
• • 

and 

• • 

K 

1 
Aa 

T 
m 

= 2 

= 1 

2 . 
(1 + CL ) (ac I1re cot et-J.)'" -1 

+ °1 °1 
Since °1 

;= » °2 °2 <12 

(1 -

<11 Ei 
The above expression is finite only when « 1 

° El 2 

and reduces 

When » 1 the expression for T becomes infinite, 
m 

In practice the performance is much more likely to involve a few 

more powers of the expansion of 

Thus neglecting powers greater than the second order just as an 

example. 

+ 

It should be noted that convergency of the expression 

E. 
log (1 - -~-) 

E A ~ 
a 
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can be a certainty only when 

In which case 

where t ..... 

(1 + ~2) (a arc cot a-l) ~ 0 

'm = 
E: E. 

o ~ 

1 crl E 

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 "hich prevents the voltage 

immediately after discharge decaying to zero and hence ar. implied 

increase 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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Appen<liL-(J 

Some cO~R;geratjons on the design and performance of high voltage d.c. 
" 

It is the practice 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 and at relatively low stresses this might 

suffice but recent breakdown 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 
'tCL. 

cable, radial stresses were computed using IBM 1905 computer and ICL 

subroutines (to plot the graphs). 

(~ see refs. 12, 23, 24, 25, 27, 32, 3~). 

* 
Theory 1.1: 

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 appli,c'3.ble and that there is (no 

sp~ce charg~ within the insulation. 

Hence 

Let a = a .. +kE 
1 E " ••• • •• ... • •• ... • •• . .. ... . .. 

... ... • •• •• • • •• ... ... • •• ... 
describe the stress and temperature variations respectively 

where aE, aT' k and a are special 

• • • 

Now at E = ~T = 0 

Combining (1) and (2) 

a = a exp (a~T + ~:) o . ... 

constants 'f 

a say 
o 

... • • • • •• 

Thus at any point within the cable 

a = a exp (a~T + kE ) 
x 0 x x 

... • •• ... 

... ... • • • • •• 

... ... . .. .. . 
In order to assess the effect of cable loading in terms of knOlffi 

(1) 

(4) 
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constants. consider the temperature difference across the insulation. 

Treating this as a. therrnal-<e.lectrical RIlalogue and considering the 

section shown 

(tig.52al If oR = ~V ... ... ... .. . ... .. . ... 

and W (Heat loss/cm) B I (current/cm) 

K (Thermal Conductivity) B (J (electrical conductivity) 

oT (Temperature drop) B OV (voltage drop) 

Now for the electrical case for an elemental strip 

.. . • •• 

R = length which from the section in Fig.52a gives 
(J Area 

o'!.. = oR dx 
I =02iiX ... ... .. . ... ... . .. ... ... (6) 

Thus substituting from the thermal analogue for the electrical analogue 

OV oT (7) I = ... . .. ... . .. ... .. . " .. ... 
W 

.' 
• aT J.,. dx (8) • • = ... ... ... ... .. . ... .. . 

W K 211x 

Hence remembering the direction of heat flow in a cable and 

integrating between limits r. R tor the cable (where r is the conductor 

radius, and R is the radius over the insulation) • 

• • • 

• • 

Total temperature drop 

R 
6T = J oT 

r 

R W dx = J K 211x 
r 

W 
loge 

R 
6T=- ... 211K r ... ... •• • ... ... ... ... (9) 

Hence at radi"-ls x temperature Tx is given by T = T - .l!.....-lolt.. E. (10) x c 211K -e. x 

where T is the conductor temperature 
c 

Thus writing equation (9) in the form 

W 
211K = ... ... ... • •• .. . ... .. . . .. (11) 
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transformer 
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Fig. 52c 
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Hence from (10) and (11) 

AT. log. r _ """"b x 
- R 

logS r 
T - T c x ••• . .. ... . . . ... 

.' 
In order to simplify expression (12) define S such that 

t.T 
R 

lo~ r 

• • • T _ T =! log~ r 
C X a .. x 

• • • 
r = 
X 

a 
(T - T ) ... c X exp S ... ... ... . .. ... 

Effect of stress: 

Consider an insulation current of I per unit length. 

.. . 

.. . 

Then stress at any point K in the section shown E is given by 
x 

_ I 
Ex - a2nx exp (kE + aT ) ••• 

x x 
... ... •• • ... 

Let the stress at an arbltary position r be E 
ru m 

I 
Em = a2nr exp {kE + aT ) ••• 

m m m 

Therefore from (14) and (15) 

E 
x 

E = 
m 

exp (kE + aT ) m m = (kE + aT ) 
x X 

exp 

exp k(E - E ). exp a(T - T ) 
x m x m x 

Hence from (13) since 

S 
exp aCT '- T ) = (~) m x r 

m 
... 

and substituting (11) in (16) 

... ... 

r 
• • • 

E 
x 

E 
m 

exp k (E _ E ) = (2!) 
x m x 

• • • 
E x 
E 

m 
exp k (E - E ) = x m 

... 

... • • • • • • • •• 

... . .. ... ... 

... ... ... ... 

... ... . .. .. . 

. .. 

.. . 

.. . 

.. . 

.. 

... 

(12) 

(13) 

(14) 

(15) 

(16) 

(11) 

(18) 

when there is no loading on the cable the conditions are assumed to be 
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isothermal that is 6T = 0 hence from the de~inition of e. a = o. 

Therefore equat;on (18) becomes 

E 
X 

E 
m 

__ rm 
exp k (E - E ) 

x m x • • • ... ... ... ... .. . (19) 

Tnis is the simplest form of equation (18) but even this cannot be 

integrated by normal integration procedure to obtain V, one of the best 

means of obtaining V is to employ iterative or step by step method and 

this is efficiently done by a computer when a value for k is known for 

the particular dielectric. 

b. Loaded Condition: 

In order to analyse the stress for this case a together with 

k has to be known for the operating conditions. 

The quantity a is obtained by first evaluating 2!K from data and 

multiplying this by a to obtain a. The pIocess 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 a far 
case 

simplerAas Ohm's law is obeyed for the capacitive stress distribution 

and the stress is obtained in the familiar form 

E = 
m 

V 
R 

r 101l:­
m 'Lr 

where the DyEbols have the same meanings as before. 

The above formula applies in the d.c. case for ohmic operation i.e. 

at the very low voltages (below stresses of about 30 kV/per cm. 

Space charge theory 

In order to consider the case of a cable in which there is space 

charge formation. Consider the very approximate solution (with certain 

assumptions) below. 
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If space charge acts then Poisson's equation holds i.e. 

a2V 
+ 1 av -Pr 

(1 ) = ... • • • • • • • •• • • • ... .. . 
ai r ar E: 

In order to solve the above 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 complementary 

function (F) and a particular integral p.L,). 

This is done by defining V and a function F(r) 

where V = ~ + F(r) ••• • •• •• • • •• ... ... ... .. . 
such that 

• • • • •• ... ... ... .. . ... ... .. . 

If equation 

a2F(r) 
ar2 

(1) Md (2} -are to be nOointained 'bhen 

should equal 
-Pr 

Hence equation (3) ,. written as 

(r ~) 
ar 

~ 

= 0 

= A Ice Br - (C.F.) 

Also assuming that p = p (const) ie 
r 

independent of radius r the 
2 

particular Integral is simply F( r) 

2 
V = A log Br - ~ 

2<£ 

__ -pr . • 
2E: and the full solut~on ~s 

The above solution is one very special case but it 
I 

effect of p. 

or p = f (p .r) 
r 

Other possible forms of variation 

demonstrates the 
given by p 

"rill b"'- p = f (-) .. r r 

These will be more complicated and will lead to other solutions. 

Theory 3 (Maxwell's consideration) 

Consider the cable and circuit representation in Figs. 5,z... Let v 

be the potential at any point in the conductor. 

Let Q be the total quantity of electricity which has passed through 

a section ox since the beginning of current flow. 
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Let C be the capacitance of the cable per unit length where 
21T£ C & 

R 
lo~ r 

assume Ohm's law and let A be the resistance per ~~it length 

where A 1 =--
2a1T 

R 
loge. r assume Ohm IS la'T where a is the con ducti vi ty of 

the dielectric. Then the quantity which at the time t exists between 

sections x and x + 6x is 

Q - (Q +~, 6x') = -: 6x 

But c v 6~ = - ~. 6x' 

dQ 
Therefore - di? = cv ••• ... ... ... ... 

But if the resistivity of the dielectric is finite 

v 
where i = I 

c dv 
= -- + i dt ... ... ... . , . 

... 

... 

Now let y be the conductivity of the cable conductor 

then since J = yE 

-dv 
• • ~ = 1 ',2g 

Y dt ... ... ... ... .. . ... 

... .. . 

... ... 

... ... 

Therefore differentiating (3) with respect to x and eliminating 

+ .!.... 
YA ••• ... . .. ... . .. ... 

. .. 

... 

... 

.. . 

The above equation is established in order to show the need for 

(3) 

(4) 

extra factors such as A and y to be taken into account in the assessment 

of d.c. transmission voltages. 

This assessment of the variation of volt~ge ~~th time could include 

the initial charging and eventual polarization processes outlined in 

earlier chapters. 
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Method (a) Program structure 

The program structure ~resented in the following pages is for the 

cable in a cold state with no temperature gradient across its section, 

as this involves fewer assumptions. A comparative one for the hot 

state was'enalysed but not presented here since this involves only a 

change of constants. 

For this anBlysis 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. Th~ radial position (RADX) of this value of 

stress is varied from the ~onductor screen to the core screen for the 

d.c. computation. At each setting of radius and st~ess, corresponding 

radii (X2) can be evaluated for various stress values (SX). Thus a 

whole series fostresses· {S(K)} at known radii X(K) is obtained. 

For each set of values of SA and RADX a stress/radius graph is 

plotted and the -reSULting vol~age (y) is obt;ain~d as an integral of this 

curve by application of Simpson's rule... But conparing this resulting 

voltage (y) with the actual applied voltage (V) the relevant stress/ 

radius curve can be selected. 

The example shown in Fortran serves to compute the stress/radius 

curve under ohmic conditions and a similar curve for one setting of 

RADX determined previously as described above. (see 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 exposed ends (see fig.52d was first tested for 

discharges in air (i.e. without any stress relief at the core.screen/ 

air interface) then with the ends surrOllllded 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 



• 

'2. i 7 

PLATE 8. 
Equipment for cable tests. 
top - current measuring coil. 
middle - cable threaded through a heating transformer. 
bottom left - heating transformer regulator. 
bottom right - a.c. high VOltage transformer. 

'mlddle right - measuring resistor. 
rear ground - Cockcroft-\~alton d.c. generator. 
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PLATE 8. 
Equipment for cable tests. 
top - current measuring coil. 

'I , 
f 

middle - cable threaded through a heating transformer. 
bottom left - heating transformer regulator. 
bottom right - a.c. high voltage transformer. 
middle right - measuring rosistor. 
rear ground - Cockcroft-11alton 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-~. 

Observations and conclusions 

It was noted that as ~he position of SA was varied towards the core 

screen, the resulting computed increased in value ~or the whole cable 

at ULiform (room) temperature. For the cable with a temperature 

gradient across it the situation was reversed. 

The results 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 snnws that the straight 

forward logarithmic relation without any boundary conditions being 

imposed) may not fully cover the stress assessment over the entire 

section of the cable. 

It is obvious t~at only when these other factors are taken into 

account will a comprehensive design be produced. 
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-
Table 1 

u = 20 kV 

SA RADX Y 
., -

kV cm-:l- inches kV 

, 76.162 0.502 16.780 

16.162 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.{75 21.629 

76.162 0.825 22.523 

76.162 0.847 22.788 

SA = conductor sureen 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 27.142 

76.162 0.847 22.318 

v = 30 kV 

SA RADX Y 

-1 kV cm inches kV 

114.244 0.675 26.761 

0.725 27.581 

0.775 28.633 

0.825 29.416 

0.847 29.799 
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Type of test 

AC (COLD) 

PC (COm) 

DC (COLD) 

DC (COLD) 

DC (COLD) 

AC (HOT) 

DC (HOT) 

DC (HOT) 

DC (HOT) 

"fable 2 
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t 
l 

..... 
voltage setting Count above 3 pc per 

kV 300 seconds 

No stress relief 

at core screen 

7 300018 

ill 8602i 

20 (steady state) nil 

30 11 11 16 

40 11 11 50 

7 46491 

20 25 

30 105 

40 310 

.t" ..•. - "r'"'" - - •..... " .. - - .. ! 
, 

stress relief 

with oil 

1389 
.-

1122 

nil 

10 

190 

nil 



-, 

,..... 
C\I 
C\I 

a.c. 
U~V: re;ord SA' U. V. record 58 

discharges -cold cable @ 6 kV, terminations In air. '-··",""1 a.c. discharges -cold cable @ 7 kV, terminations in air. 

I 
I 

-------------------- U.V. records SA, 50, se, 50, SE, SF. 
I 

- I 
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frogram Structure for IBM 1905 

DIMENSION S(2000), X(2000) 

DIMENSION XTITLE (3), STITLE(2) 

DATA STITLE (l)/101ID.C.STRESS/ ,XTITLE{l)/22l1RADIAL LENGTH OF CABLE/ 

READ{l,150)RADI,RAD2,CONST 

120 READ{I,160)u 

150 FORMAT{3F5.0) 

160 FORMAT (F5.0) 

C/,!..r. UTPOP 

IF (U-I) 90,90,29 

29 RADX=RAD2 

K=O 

32 IF{RAD1-RADX-~.E-3)33,33,68 

33 SA=U/{RADX*ALOG{RAD2/RAD1» 

K=K+l 

X {K)=RADX 

S{K)=SA 

RADX=RADX""il.OI 

GO TO 32 

68 XLAST=RADX 

SLAST=SA*3. 

IF {ry-20.)70,69,70 

69 CALL UTP4A (S{I),SLAST,XLAST, X{I), 10.0,10.0, STITLE,2,XTITLE,3) 

70 CALL UTP4B{S,X,K,2) 

RADX=RADI 

J=O 

30 SA=U/{RADX*ALOG{RAD2/RAD1» 

54 RADX=RADX+{RAD2-RAD1)/2 

50 K=O 

J=J+l 

SX=SA/2. 

55 X2.RADX¥{SA/SX)*EXP{CONST*{SA-SX» 
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275 IF (RAD2-X2-1.E-3)25 ,105,105 

105 IF(X2-RAD1-1.E-3)95 ,85 ,85 

85 K=K+1 

S(K)=SX 

X(K)=X2 

WRITE(2,35)S(K),X(K) 

35 FORMAT(2F10.3) 

2~ SX=SX+O.01fU 

GO '!v55 

95 XLAST=X(K) 

SLAST=S(K) 

WRITE(2,65)K.J.SA,RADX 

65 FO~~T(16H PART OF SET K=,I4,4H J=,r4,2F10.3) 

CALL UTP4B(S,X,K,2) 

ZZ=K 

MM"'K 

AA=ZZ/2. 

NN=MM/2 

BB=NN 

LL=MM-2 

JJ=MM-1 

ODD=O 

EVEN=O 

IF(2.*(BB-AA» 221, 331, 441 

441 STOP 

221 DO 551 MMM=3,LL,2 

551 ODD=ODD+X(MMM) 

DO 661 MMM=2,JJ,2 

661 EVEN=EVEN+X(MMl-I) 

GOTO 7U 

331 DO 99 MMM=3,JJ,2 

99 ODD=ODD+X(MMM) 



DO 42 MMM=2,LL,2 

42 EVEN=EVEN+X(MMM) 
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711 Y=(S(2)_S(L»/3.*(X(1)+4.*EVEN+2.*ODD+XLAST) 

WRITE(2,171) Y 

171 FORMAT(7H Y =,F10.3) 

39 IF (RAD2-RADX-l.E-3)120,120, 40 

40 RADX=RADx+0.3 

10 IF(RADX-RAD2-1.E-3)50.50,88 

88 RADX=RAD2 

GO TO. 50 

90 yALL UTPCL 

so:rop 

END 

Data 

where U 

RADl 

RAD2 

CONST 

SA 

= Applied Voltage 

= Radius over Conductor 

= Radius over Insula~ion 

= Empirical Constant 

= Stress at RAD X 

CALL UTPOP = Opens graph plotting facilities 

UTP 4A = sUb-routine for drawing axes for graphs 

UTP 4B = sub-routine for plotting points and curve 

CALL UTPCL = closes graph plotting facilities. 




