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INTRODUCTION

Within the past fifteen years there has been a rapid growth of research ac-
tivity concerned with partial-discharge (PD) phenomena. A partial discharge
is generally thought of as a highly localized or confined electrical discharge
within an insulating medium between two conductors, and in some cases PD
is the precursor to a complete electrical breakdown or “fault.” The occurrence
of PD can be the cause of electrically-induced aging of insulating materials
manifested, for example, by formation of corrosive gaseous by-products, ero-
sion, sputtering, and “tree” formation. Partial discharge, despite its localized
nature, is an enormously complex phenomenon that often exhibits chaotic,
nonstationary, or fractal type behavior with seemingly unpredictable transi-
tions between different modes that exhibit distinctly different time-dependent
characteristics. The existence of many different observed modes of PD behav-
ior has caused some confusion and inconsistencies in the terminology used to
define these modes, and this has, in turn, led to attempts at clarifying the ter-
minology [1]. One source of confusion in the search for generalized descriptors
of PD phenomena arises from the infinite variety of geometrical and material
conditions under which PD can occur.

The recent upsurge of research on PD phenomena has been driven in part
by development of new fast digital and computer-based techniques that can
be applied to process and analyze signals derived from PD measurement [2].
There seems to be an expectation that, with sufficiently sophisticated digital
processing techniques, it should be possible not only to gain new insight into the
physical and chemical basis of PD phenomena, but also to define PD “patterns”
that can be used for identifying the characteristics of the insulation “defects” at
which the observed PD occur. Among the various digital techniques that have
recently been applied to PD measurements are: (1) precise pulse-shape and
pulse-burst characterizations using broad-band detection (3, 4, 5], (2) recording
of phase-resolved PD pulse-height distributions using various types of digitizers
or multichannel analyzers [6, 7, 8], (3) quantification of PD pulse-to-pulse or
phase-to-phase memory propagation effects using stochastic analysis [9, 10],
and (4) removal or reduction of noise using digital filtering techniques [11].
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The impressive results from use of these measurement techniques have been
compared with predictions from computer simulations, e.g., of discharge pulse
shape {4, 12] and stochastic behavior [13, 14].

In addition to the introduction of new signal processing techniques applied
to measurement of PD, recent investigations have also been undertaken into
effects that PD have on the properties of the materials in which they occur.
Included in these investigations are measurements of: (1) gaseous by-products
from the discharge [15, 16}, (2) removal of solid material or other local changes
in morphology [17], (3) changes in solid dielectric surface resistivity [18, 19],
(4) surface acidification, oxidation or deposition of material [20, 21, 22] and (5)
growth of voids, cracks, or trees within a dielectric [23, 24, 25, 26]. It has been
noted [18, 27] that the PD-induced changes in the discharge site characteristics
will in turn cause changes in the PD behavior that make the phenomenon inher-
ently nonstationary. The susceptibility to nonstationary behavior complicates
the interpretation of PD signals. In general, PD phenomena are theoretically
described by a set of coupled nonlinear differential equations from which it
can be shown that feedback and memory effects are important and can be
responsible for complex stochastic behavior. The problems of quantifying, un-
raveling, interpreting, and understanding the complicated behavior of PD are
the challenges of present and future research.

Partial discharge has been the subject of numerous published reviews [1, 28,
29, 30, 31, 32] some of which were presented in previous Whitehead Memorial
Lectures [33, 34, 35). The focus of the present review will be on relatively
recent work published within the past fifteen years dealing primarily with the
basic physical and chemical processes responsible for, or associated with the
discharge phenomenon. Particular emphasis will be given to work carried out
in our laboratory at NIST using examples of results obtained for air, SFg, and
SF¢/0O2 gas mixtures in point-plane or point-dielectric barrier gaps.

DEFINITIONS AND TERMINOLOGY

A persistent difficulty that has plagued the field of gas-discharge physics is
that of imprecision and confusion in the terms used to define different types of
electrical-discharge phenomena. There continues to be disagreement about the
meaning and appropriateness of the words that have been applied as designa-
tors of discharge type. The definitions used for partial-discharge phenomena
have been discussed in recently published papers [1, 4, 28]. As has been noted
in these works, part of the difficulty with finding precise definitions is a con-
sequence of the multitude of different types of discharge behavior that have
been observed. Another issue confronting those who seek meaningful defini-
tions is that concerning the regions of transition between different types of
discharge behavior. An example is the case of the transition from a pulsating
negative corona (Trichel pulse [36]) to a glow discussed in the work of Cernak
and Hosokawa [37]. A Trichel pulse can be viewed as a discharge current pulse
associated with a transient glow discharge or as a glow discharge that tries to
develop but is extinguished by accumulating space charge.
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The purpose of this section is to clarify the meaning of the terms used here
to designate discharge phenomena. It is not intended as a recommendation to
standardize definitions. It should always be kept in mind that different words
are sometimes used to identify what are in reality simply different modes or
manifestations of the same phenomenon. One is confronted with a situation
that is not unlike that of describing the phenomena of weather. It is easy to
distinguish “clear” or “cloudy” days but “partly cloudy” or “mostly sunny”
days present a problem of imprecision in definition.

As will be discussed in the next section, PD phenomena can be described in
general by a set of coupled differential equations, and different discharge types
may simply correspond to different solutions of these equations for different
boundary conditions. Ideally the “mathematical description” provides the only
meaningful “definition.” In practice, because of the complexity of a complete
mathematical treatment, one is forced to rely on qualitative descriptors that
cannot have precise definitions.

The term partial discharge will refer here to a class of discharge phenomena
that satisfy a set of restrictions on such parameters as size, intensity, and tem-
perature. Included in the category of partial discharge are various types of dis-
charges that have been given different names such as corona, constricted glows,
electron avalanches, localized Townsend discharges, streamers, and dielectric-
barrier discharges. Partial discharge is assumed here to be a gas discharge
that may or may not occur in the presence of a solid (or liquid) dielectric. The
presence of the solid (or liquid) dielectric can affect the behavior of PD by
providing a source of secondary electrons or by modifying the local field due
to accumulation of surface or bulk charge.

The actual discharge zone of PD is assumed to be restricted to a portion of
the insulating gap between two conductors to which voltage is applied. The
discharge zone is defined here to be that region in which the electric-field
strength is sufficiently high to allow release of electrons by various collision
processes either in the gas or on a surface. The examples considered here are
mainly restricted to PD generated in point-to-plane type electrode gaps where
the plane electrode may or may not be covered by a dielectric surface. The
discharge zone in this case is confined to the immediate vicinity of the point
electrode. Although, there may exist regions outside of the discharge zone in
which charge transport occurs, they are not considered to be part of this zone
because the field strength is not high enough to support ionization. On the
other hand, the existence of charge carriers outside of the discharge zone can
have an influence on activity within this zone.

Partial discharge is also assumed to be a relatively “cold discharge” in the
sense that the mean energy of electrons is always considerably higher than the
mean energy of the molecules in the gas, i.e., the discharge is not very eflective
in heating its surroundings and there is a lack of equilibrium between charged
and neutral species.

The term corona applies to a special category of PD that occur in cases where
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solid insulating surfaces are absent or are far removed from the discharge zone.
The designations of positive and negative to corona refer to the polarity of
the voltage applied to the most highly stressed electrode assuming that this
can be defined. In the case of a point-plane gap, the point is obviously the
most highly stressed electrode. In the case of a point-point gap, the polarity
designation losses its meaning. In general, the behavior of positive and negative
corona can be quite different and can exhibit distinctly different modes. For
example, regular Trichel pulse corona [36] occurs only at a negatively stressed
point electrode. The differences between positive and negative corona discharge
behavior are, in part, a consequence of the different predominant sources of
initiatory or secondary electrons [28, 38].

Partial discharge can exhibit either pulsating or nonpulsating characteristics.
The pulsating behavior generally results from the buildup of surface charge or
space charge at the discharge site which causes the local electric-field strength
to drop below the level necessary to sustain ionization. The pulsating PD are
said to be self-quenching. Pulsating behavior is particularly common when
PD occur in proximity to a solid insulating surface, e.g., in a dielectric cavity
or in a point-dielectric gap. Pulsating discharges that occur in gaps in which
one or both of the electrodes is covered with a dielectric surface are sometimes
referred to as dielectric barrier discharges or silent discharges [39).

A particular type of nonpulsating discharge that will be considered in the
present work is a glow discharge. Glow discharges are sometimes designated
as either positive or negative depending on whether they occur near the anode
or cathode. The specific type of glow discharge considered in this work is a
constricied negative glow corona that occurs near a negatively stressed point
electrode. In electronegative gases like air and SF, this type of glow is pre-
ceded at lower gap voltages by the pulsating (Trichel-pulse) corona mentioned
above. It is constricted in the sense that the region of ionization and light
emission (discharge zone) is confined to the immediate vicinity of the point
electrode.

It should be noted that glow discharges can occur under a wide range of con-
ditions and can exhibit different voltage-current and time-dependent behav-
ior, and this has led to some confusion and discussion in the literature about
the proper definitions and terminology that should be applied to this type of
discharge phenomenon [1, 2, 19, 40, 41, 42]. The present discussion will be re-
stricted to steady glows for which the spatial and temporal characteristics are
largely determined by an equilibrated ion-electron space-charge density distri-
bution that significantly modifies the electric field within the discharge zone.
The glow is “steady” in the sense that, for a given applied voltage, the discharge
current is constant or changes very slowly with time. In general, “glow dis-
charges” can be unstable, especially near conditions identified with transitions
to other modes, and can exhibit fluctuating, oscillatory, or pulsating behavior
[43, 44]. The different observed modes of glow-type discharge behavior have
been described using a variety of terms such as “abnormal glow”, “pulsating
glow”, “pseudoglow”, and “swarming microdischarge.” The meanings of these
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terms will not be explored here.

There is a weaker class of discharges that is often placed in the category of
partial discharge, namely electron avalanches and diffuse Townsend discharges.
These discharges are “weak” in the sense that their development is not signifi-
cantly affected by space charge, i.e. the electron and ion densities are not high
enough to perturb the local electric field. An electron avalanche is an electron
multiplication process that is usually very localized in its development and ap-
pears as a pulse. Its growth is generally restricted by geometrical constraints,
and its pulsating behavior is usually due to an inability to regenerate, i.e., its
intensity is too weak to produce a sufficient number of secondary initiatory
electrons needed for regeneration. An electron avalanche can be considered
as a special case of a Townsend discharge which may also be diffuse, i.e., it
can occur over a relatively broad area between parallel plates, and can be re-
generative, i.e., self-sustained. The electron-avalanche or Townsend discharge
descriptions are applicable to the early stages of breakdown or PD develop-
ment when the numbers of electrons and ions are relatively low. When the local
space-charge density reaches a level high enough to significantly perturb the
local field, the discharge can propagate in the gas by the streamer mechanism
discussed in earlier works [28, 35].

Most of the PD phenomena considered here, as well as those of most practical
interest, are self-sustained, i.e., their maintenance does not require exposure of
the gap to external radiation. Discharges known as sparks, arcs, or flashover are
considered here to be mainly in the category of complete electrical breakdown
processes and are assumed to be discharges that are too intense or too hot to
be partial discharges. There are some authors [40, 41], however, who include
intermittent or self-quenching sparks among PD phenomena.

GENERAL THEORY OF PARTIAL DISCHARGE

Partial-discharge phenomena can be described mathematically in terms of a
set of coupled differential equations. A solution to these equations, if it can be
found, will yield observable characteristics of the discharge such as the time de-
pendence of the discharge current. It can be argued that all types of discharges
such as glow-type corona or diffuse Townsend discharges satisfy the same set
of equations. The differences in discharge type should arise from differences in
assumed initial conditions (defined, for example, by gas content, pressure, and
dielectric surface conductivity), and assumed boundary conditions (defined, for
example, by electrode geometry, thickness of a dielectric, and applied voltage).
In general, the discharge model should include both physical and chemical pro-
cesses. Examples of physical processes are: ionization by various mechanisms,
diffusion of neutral and charged species, and deposition or sputtering at sur-
faces. In the category of chemical processes, are various chemical reactions that
can occur in the gas phase or on surfaces and may involve neutral or charged
species. In general, the physical and chemical processes cannot be treated as
independent, e.g., the rate of ion formation by electron collision affects the
rate of reactions between ion and neutral molecules that may be responsible
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for formation of particular molecular by-products.

The coupling between various types of discharge processes is illustrated by
the block diagrams in Fig. 1. The normal physical processes that affect the
initiation, growth, and extinction of a discharge are indicated in Fig. la, and
physical and chemical processes associated with discharge-induced “aging” are
indicated in Fig. 1b. Aging processes involve modifications of gas composition
and electrode or dielectric surface conditions and generally have a much longer
time frame than the processes responsible for development of a single discharge
event. Advantage can be taken of this large difference in time scales to simplify
discharge models that consider both the discharge physics and related discharge
chemistry (39, 45, 46].

An example of a set of coupled equations similar to that used by Morrow
[12, 47] to model negative-corona pulses in oxygen is given below. These equa-
tions ificlude only the physical processes occurring in the discharge, i.e., they
correspond to the situation shown in Fig. 1a. In a somewhat generalized ver-
sion of Morrow’s corona model, the electron, positive ion, and negative ion
densities are assumed to satisfy the continuity equations:

N, 2 =
—a;i = Ne“l”el — Nenlve| - Nchﬂl (l)
=V - (v.N.) + V¥ D.N.)
aatﬁ = Nealﬁ.el = Nchﬂl T Nanﬁ'Z {2)
=V - (5Np) + V3(D,N,)
S = Nenlil = NaNyBis = V- (5aNa) (3)
+V3(D, Ny).

Here N,, N,, and N, are respectively the electron, positive-ion, and negative-
ion number densities and v, vp, and v, are the corresponding electron, positive-
ion, and negative-ion drift velocities. In general, the densities and drift veloc-
ities depend on position in the gap. The parameters a, 1, and §;, are respec-
tively the electron-impact ionization, attachment, and electron-ion recombi-
nation coefficients which also depend on position. The positive and negative
ion diffusion coefficients and ion-ion recombination coefficients are denoted by
D,, Dy, and B; respectively. The spatial variations of the above coefficients
are determined primarily by their dependence on the local electric field-to-gas
density ratio, E(F)/N, where N, without a subscript, denotes the neutral gas
density, generally assumed for PD conditions to be much greater than the
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a) Short time frame (no aging effects)

b) Long time frame (aging effects)

Electron-lon Molecular Neutral
Density Dist. Dissociation Chemistry

lon
EMN Chemistry

Surface
Modifications

Figure 1. a) Block diagram of a model for discharge initiation, growth, and decay
that applies in a short time frame in which PD-induced aging can be neglected. b)
Block diagram of a discharge model that includes physical and chemical changes due
to PD-induced aging that applies in a long time frame.




charged-particle densities. The vector 7 denotes position in the discharge gap
measured from an arbitrary origin.

Equations (1)—(3) are coupled to the three-dimensional Poisson’s equation for
the electric field:

@ €
v-E(M) = (—;le(ﬂ = Na(7) = Ne(7)] (4)

where e is the electron charge, and ¢, is the permittivity of free space, which is
assumed to apply in the gas. If it can be assumed that ionization, attachment,
recombination, and diffusion are the only significant processes, then the elec-
trical characteristics of the discharge can be modeled by numerically solving
the above set of simultaneous equations subject to boundary conditions that
apply, for example, at the electrode or dielectric surfaces [12, 48]. By using a
model based on the above equations, Morrow was able to predict the shape of
the first negative-corona pulse in oxygen [12, 47]. Similar models have been
used to calculate PD pulse shapes for gaps in which solid dielectrics are present
(4, 48].

When solid dielectrics are present, the surface boundary conditions can be quite
complex and may exhibit a spatial and temporal dependence. The electric field
at a dielectric boundary depends on the instantaneous surface charge density
o according to the requirement [48]

{fzé—(;‘l t) = (151-(':.‘! t)] ‘= a(,:"‘ t): (5)

where fi is a unit vector normal to the surface and ¢3,€; and E_,E+ are
the corresponding dielectric constants and fields that apply on either side of
the boundary. The value of o at any time is determined by the fluxes of
charged particles (ions and electrons) at the surface, by the probabilities that
ions either stick to the surface or are reflected, and by the probability that
charged particles are ejected from the surface by ion bombardment or other
mechanisms.

Assuming that the bulk conductivity of the dielectric is much less than its sur-
face conductivity, I', it is necessary from charge conservation that the surface
charge density satisfy a continuity equation of the form:

V-K+

by

=5, (6)

where K is the surface current density and s is a source term. Assuming
that T is independent of the field, the surface current density is related to the
tangential component of the electric-field strength, E, at the surface by

K =TE,, (7)
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which gives

Et-vr+rv.§‘+%t‘l—s=n, @)

allowing that I' can depend on 7’. In the absence of the source term, the
solution to Eq. (8) leads to a local decay of the charge density [49, 50]. In
general, the source term depends on the incident ion flux, which can, in turn,
depend on the field at the surface, e.g., at a sufficiently high charge density,
the incoming ions can simply be repelled from the surface. The dynamics of
surface charging when a dielectric is present, as represented by Eq. (8), must
be considered in a complete model of PD.

Both dielectric and metallic surfaces in the discharge gap are sources and sinks
for charged particles. Secondary processes for release of electrons at surfaces
by ion or photon bombardment, quenching of metastable excited species, or
field emission are important in initiating and sustaining PD. Under conditions
of high electrical stress, such as near a sharp point electrode, the secondary
processes niay depend on the local electric-field strength. If we consider only
the release of photo-electrons from a cathode, the derivative, @N,./dt, within
approximately one mean-free path, )., of an area element dA of the cathode
surface will be given by:

?gi ~ -‘\l—‘ E'Tpl(y, dA)®(v,dA,t) - V - (8.N.) (9)

where & is the time-dependent photon flux (number of photons per second
per unit area) at dA for a photon of frequency v, 7,4 is the efficiency factor
(number of photoelectrons released per incident photon), and ¥, is the mean
photoelectron velocity. In general, 7,5 can depend on the location of dA, i.e.,
the properties of the cathode surface need not be uniform. On a longer time
scale, 7,4 can have a time dependence due to discharge-induced aging effects.
The flux, ¥, must be computed from radiation transport theory that takes into
account the electron-impact excitation coeflicients, absorption coefficients, and
cascading effects [12].

Equations (1)-(3) are valid only if the coefficients a, 1, and f§; are constants
that are independent of time and depend only on the local reduced field
strength, E/N. In general, a complete description of the electron transport
in a discharge requires the determination of the phase-space distribution func-
tion, f(%.,7,t) which can be found either from a solution of the Boltzmann
transport equation [51],

a i
"‘{“{'Uc‘vf‘{‘ 4

li] m.

E-V,f = I(f), (10)

or from a Monte-Carlo simulation [52]. In Eq. (10), m, is the electron mass
and I(f) is a source-sink term, usually referred to as the collision integral.
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This term accounts for the transport of particles into and out of a volume of
phase space due to collisions. The transport equation is essentially a continuity
equation in phase space, and various numerical methods have been developed
to solve this equation [53, 54, 55] under different conditions.

For conditions of steady-state and spatial uniformity of the field where

of

—=0,Vf=

the solution of Eq. (10) yields a field-dependent velocity distribution func-
tion that can be converted to an electron kinetic-energy distribution function,

F(e, E/N), using

F (c. -f—:) de=m.] (uc, %) il (12)

The E/N-dependent electron-impact ionization and attachment coefficients
are then given respectively by:

2@) [awr(fe o

and

@) [oor(R)e o

where Q;(€) and Q,(¢) denote the total ionization and attachment cross sec-
tions. The drift velocity can also be computed from the kinetic-energy distri-
bution function using the integral expression:

o = (e/3@/m) = EIN) [ Q3 e (15)

where Qs is the momentum transfer cross section.

Equations (13) and (14) imply an average over a large number of electrons.
It can thus be argued [35] that the ionization and attachment coefficients as
defined by these equations have no meaning in the early stages of discharge
growth when there are only a small number of electrons in the discharge gap.
Moreover, the steady-state condition implied by Eq. (11) breaks down if there
is a sufficiently rapid change in the electric field with time or with position.
The meaning of the coefficients is therefore also questionable in the immediate
vicinity of a sharp electrode where there can be a large gradient in the electric
field. It is necessary to keep these limitations in mind when ionization and
attachment coefficients are used to model discharges [56].
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It should be realized that the forms of Egs. (1)~(3) imply simplifications and
assumptions that are not always clearly stated. For example, it is tacitly
assumed in writing Eq. (3) that only one type of negative ion is formed in
the discharge. As is shown in Table 1 for the case of pure oxygen, there is
the possibility of forming more than one type of negative ion. Moreover, there
are reactions that convert one negative ion into another, and destruction of
negative ions can occur by processes other than ion-ion recombination. To be
more complete, Eq. (3) could be replaced with a set of coupled equations for
the different negative ions represented by:

N N -

w— = Nc'}‘il”fl - Nuinﬁz.‘ -V. (Um'Nni)

+ VX(DniNai) + | D kjeNajNi (16)
i

3 kkiNaiNe = NekeiNoi |
k

where Npi(i = 1,2,---) is the number density of the ith negative-ion species
and the added term in brackets is a source-sink term that allows for ion con-
version and negative-ion destruction by collisional detachment. Here k;; of the
first term in brackets is the reaction rate coefficient for conversion of the jth
ion species into the ith species by reaction with a molecular species of density
Ni. Similarly, the second term corresponds to conversion of the ith species
into another species and the last term corresponds to collisional detachment
by electron impact. In some cases, it may also be necessary to include ad-
ditional negative-ion processes such as photodetachment and detachment by
heavy paricle collisions. ' ’

When the multitude of different reactions is considered, it can be seen that the
formulation of the problem takes on a significant added complexity. Generally
it can be expected that most of the many possible processes are relatively
unimportant and can usually be safely neglected. Ideally one should start with
as complete a model as possible and eliminate processes only after performing
a sensitivity analysis that determines their relative importance [46).

Simplified models such as based on Eqs. (1)-(4) are usually deterministic in
the sense that they always yield the same result for a given set of boundary
conditions, e.g., the predicted PD current pulse amplitude and shape can have
no statistical variability. In reality, PD current pulses exhibit significant sta-
tistical variation. The statistical distributions of PD pulse parameters such as
amplitude, shape, and time-of-occurrence can be derived when the statistical
natures of the initiatory electron release and initial electron avalanche growth
are considered(13, 28]. Statistical variations in PD behavior are often largely
determined by the effects of pulse-to-pulse memory propagation whereby resid-
ual space charge, etc. left behind by a PD pulse will influence the probabilities




Table 1. Examples of reactions involving formation, destruction, and conversion of
negative ions in oxygen.
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for initiation and development of subsequent pulses. The importance of mem-
ory effects will be shown in the next section.

STOCHASTIC BEHAVIOR AND MEMORY EFFECTS
DC Discharges

It is known that pulsating PD phenomena can exhibit complex stochastic be-
havior in which “memory effects” play an important role [28]. The importance
of memory eflects was first established from the measurement of various con-
ditional and unconditional PD pulse-amplitude and time-separation distribu-
tions for negative point-plane Trichel-pulse corona [9, 57, 58]. In the case of
Trichel pulses, the memory effect results from the influence of space charge and
metastable excited species generated during a discharge pulse on the initiation
and growth of subsequent discharge events as illustrated by the diagram shown
in Fig. 2 that was suggested in the work of Lama and Gallo [59].

The pulsating nature of negative corona that occurs in electronegative gases
like O; and SFg is a consequence of the accumulation of a negative-ion space
charge in the gap that causes a reduction of the electric-field strength below
the level needed to sustain the discharge. The next discharge pulse occurs
only after the ion space charge has moved sufficiently far away from the point
electrode to allow restoration of the field to the level required for discharge
initiation and growth. However, the presence of negative-ion space charge
“clouds” in the gap from previous events will tend to reduce the field strength
near the point and thus affect the environment in which the next pulse devel-
ops. The discharge model discussed in the previous section which was used by
Morrow [12, 47] to describe Trichel pulses in oxygen only applies to the first




41

Development
; of 1st PD Point Second
= Pulse Cathode PD Pulse
! s o T:,j-_t
g Neg lon
Planar l Space
Anode Charge ==

t'l t'l + At 12

Figure 2. Motion of ion space associated with pulsating negative corona generated
by a point-plane electrode configuration in an electronegative gas. Indicated are
successive times, {,#; + At, and {; after extinction of the first corona pulse up to
the initiation of the second pulse (At < t2 — 1;).

pulse because it does not consider the modifications of gap conditions due to
previous pulses.

Because the initial growth of a discharge pulse depends exponentially on the
local field strength, it can be expected that the “size” of a discharge pulse, as
measured for example by its amplitude or integrated charge, will be sensitive
to the small reductions in the field at the point electrode due to the presence
of space-charge clouds in the gap. The significant effect of space-charge clouds
on the growth of Trichel pulses was demonstrated [57] from measurement of
conditional pulse amplitude distributions, py(gn|At,—1), which give the prob-
ability that the nth discharge pulse will have an amplitude between ¢, and
gn +dg, if its time separation from the previous event, Atn_y, is restricted to
lie within a narrow window between At,_; and At,_; + §(At,_1).

Figure 3 shows examples of normalized conditional negative-corona pulse am-
plitude distributions measured by Kulkarni and Van Brunt [60] for different
indicated values for At,_;. These results were obtained for a point-plane gap
in an SFg/O2 mixture containing 10% SF¢ for an absolute pressure of 100 kPa,
a point-plane gap of 1.7 cm, and a gap voltage of 14.0 kV. The expectation
values defined by:

(@a(Btaor)) = fqnp.(q,.w..-.)dqﬂ (17)
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Figure 3. Normalized conditional pulse-amplitude distributions for negative point-
plane corona pulses in 2 Oz / 10% SFg¢ mixture for the indicated fixed time separa-
tions, At,—;, compared with the corresponding measured and calculated normalized
unconditional pulse-amplitude distributions [60]. The calculated distribution (dashed
line) was obtained from the measured p;(gn|Atn—;) and Po(Atn—1) using Eq. (18).
The solid lines are Gaussian fits to the pi(ga|Ata—;) distributions.

show a pronounced dependence on At,_y, namely (gn(Atn—1)) increases with
increasing At,_;. This is an expected trend since the greater the time sepa-
ration from the previous discharge event the greater will be the distance that
the negative ion space-charge clouds will have moved away from the point elec-
trode, and consequently the greater will be the local field in which the next
discharge event develops.

The conditional amplitude distributions are compared in Fig. 3 with the cor-
responding unconditional amplitude distribution, p,(¢g.), measured under the




same condition. The fact that p,(gn) # p1(gn|Ata—1) for an arbitrary At,_,

implies that there exists a correlation between the random variables ¢, and
. At,_;. Because of the dependence of ¢, on At,_;, the distribution p,(g.) is
related to the time separation distribution function, p,(Atn_1), by the integral:
{= o]
Polan) = [ polAta-)pi(anlta-1)d(Atn-), (18)
te
where At, is the minimum pulse-to-pulse time separation required for restora-
tion of the local field to a value that is high enough to allow the growth of
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a discharge pulse. The result of performing this integration using the corre-
sponding measured time-separation distribution is shown by the dashed line in
Fig. 3 which is in reasonable agreement with the measured p,(g,) distribution.

It can be inferred from Eq. (18) that any changes which occur in the time
separation distribution of the corona pulses will necessarily produce changes
in the corresponding pulse amplitude distributions. This is illustrated in Fig.
4 which shows corresponding unconditional amplitude and time separation
distributions measured for point-plane negative corona pulses in a 0;/10% SFg
gas mixture with and without exposure of the point to ultra-violet radiation
[60). When radiation is present, it artificially enhances the rate for release
of initiatory photoelectrons from the point and thus reduces the mean time
between pulses. It is seen that when the radiation is on, the distribution
po(Atys) is narrower and shifted to lower At, values than when the radiation
is absent. The corresponding p,(g.) also becomes narrower and yields a lower
mean value for ¢, when the radiation is on. In the absence of radiation, p,(gn)
exhibits a sharp peak at a value denoted in Fig. 4 as qjim. This is the limiting
maximum mean value of the amplitude for corona pulses that occur in a gap
free of space charge and corresponds to time separations from the previous
pulse that are greater than about 80 us which is the approximate minimum
time required for a negative-ion cloud to make a transit across the gap.

The gap transit time, At;, for negative ions can be estimated using the expres-
sion:

3 % i
ot /o dZ(E(2))-", (19)

where Z; is the point-to-plane gap distance, E is the unperturbed axial electric-
field strength, and g is the ion mobility which is assumed to be independent of
E. Thus, there should be a loss of memory due to space charge from previous
corona pulses if At,_; > At;. Successive pulses that satisfy this condition are
essentially equivalent to the “first” pulses treated in Morrow’s model.

A more complete stochastic analysis of Trichel pulses [57] has shown that both
the amplitude of a pulse and its time separation from a previous pulse are, in
general, correlated with the amplitudes and time separations of all previous
pulses, i.e., the Trichel-pulse phenomenon is a non-Markovian process in which
memory can extend indefinitely back in time. Moreover, the complete analysis
reveals that there are other sources of memory propagation such as that as-
sociated with metastable excited species produced during previous PD events
i which affect not only the growth of subsequent events through a local enhance-
; ment of the ionization coefficient, but also the discharge initiation probability
| through electron ejection by metastable quenching on the surface of the point

electrode. The ion space charge dominated memory effect evident from the
! conditional pulse-amplitude distributions shown here for SF¢/02 gas mixtures
is consistent with results obtained for other electronegative gas mixtures such
as N3/O; and Ne/O; [57, 61]. :
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When a solid dielectric such as polytetrafluoroethylene (PTFE) is placed on
the surface of the plane electrode in a point-plane gap, it is found [62] that
Trichel pulses still occur when the point is negative, even at relatively small
gap spacings. Moreover, for most point-dielectric spacings at which Trichel
pulses occur, the dominant memory effect is still that due to the motion of
negative-ion space charge. At sufficiently small spacings, there is evidence of
a memory effect due to the accumulation and decay of charge on the dielectric
surface. This is illustrated by the data in Fig. 5 which which shows a plot of
{gn(Atn—1)) versus At,_, for negative corona pulses generated using a point
electrode located 0.4 cm from a PTFE surface in air. Also marked on this
figure are the critical minimum time between successive pulses, At., and the
gap transit time, At;, estimated using Eq. (19). It is seen that even for
Atn_;y > At there is an increase of (gn(At,-1)) with At,_;, albeit a slower
increase than for At,_; < At;. It is speculated that for At,_; > At;, the
memory effect is due predominantly to changes in the electric field at the
point that result from a relatively slow dissipation of charge deposited on the
PTFE surface by previous discharge events. At a small enough gap distance,
it is found [62] that the discharge will cease entirely after the occurrence of
a relatively small number of pulses. The cessation of the discharge can be
attributed to the accumulation of enough quasi-permanent dielectric surface
charge below the point electrode to keep the local field below the level required
for discharge development. The initiation of subsequent discharge activity will
depend on the rate of surface-charge dissipation. Under dc conditions, it can
therefore be expected that the mean time between PD events which occur
within a dielectric cavity can be quite long, i.e., many minutes or even hours.

AC Discharges

The cessation of PD due to the accumulation of permanent or quasi-permanent
charge on dielectric surfaces which happens for constant applied gap voltage
need not occur for alternating voltages. This is because the surface charge
deposited during any half-cycle of the applied voltage will tend to enhance
the local field during the subsequent half-cycle when the polarity reverses. An
example of the situation that can be encountered for alternating voltages is
illustrated in Fig. 6. For the case shown in this figure, PD are assumed to
occur at a crack in the insulation of a shielded cable. The first PD might occur
near the peak of the applied voltage on either half cycle once the local field
strength exceeds the inception level denoted by E.. The charge deposited on
the insulator surface by this event will influence the phase-of-occurrence of the
next event which is shown to appear near the zero crossing. Because of the
deposited charge, the local field strength in the crack will exceed the field, E,,
that would occur in the absence of this charge as the polarity of the applied
voltage changes sign. This explains why the first PD on the next half-cycle
can occur at or near the zero crossing.

This picture suggests that the predominant memory effect for ac-generated PD
which occur on or near insulating surfaces is that due to surface charging. The
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near the peak of the applied voltage on either half cycle once the local field
strength exceeds the inception level denoted by E.. The charge deposited on
the insulator surface by this event will influence the phase-of-occurrence of the
next event which is shown to appear near the zero crossing. Because of the
deposited charge, the local field strength in the crack will exceed the field, E,,
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significant influence of surface charging on phase-to-phase memory propagation
for ac-generated PD was first experimentally demonstrated [63] by measuring
various conditional probability distributions such as py(¢;|Q*), where ¢ is
the phase-of-occurrence of the ith negative PD pulse on an arbitrary negative
half-cycle of the applied voltage and Q* is the net integrated charge associated
with positive PD on the previous positive half-cycle, i.e.,

et =Y ¢t (20)
i

Examples of measured conditional and unconditional phase-of-occurrence dis-
tributions of negative PD pulses previously reported [14] for a point electrode
slightly displaced from a PTFE surface are displayed in Fig. 7. Given in this
figure are results for the first, eighth, and sixteenth pulses on the negative
half-cycle. The fact that the mean phase of the first pulse occurs near the zero
crossing, i.e., (1) = x, suggests the significance of surface charge in enhancing
the local field. Moreover, the fact that the unconditional and conditional distri-
butions are not equal even for the sixteenth pulse, i.e., po(¢15) # P1(¢161QF),
implies a correlation between the variables ¢7 and Q+. The results clearly
demonstrate, as expected, that the larger the amount of charge Q*, the sooner
in phase will be the occurrence of negative pulses on the subsequent negative
half-cycle, i.e., as Q% increases, (¢;(Q*)) will decrease, where

r
(¢7(@Q@*) = A ¢ p1(471Q*)dé; . (21)

The unconditional phase-of-occurrence distributions can be constructed from
the conditional distributions using the integral expression:

pu#7)= [ PU@¥ 7 IQ*)Q, (22)

where p,(Q*) is the unconditional distribution of integrated positive PD charge
in a half-cycle.

It should be noted that the phase-resolved PD pulse-height distributions previ-
ously reported by others (7, 8, 9, 64], do not contain information about memory
propagation. Although phase-resolved distributions are “conditional” in the
sense that they restrict the phase interval of observation, they are not con-
ditional in the sense of either selecting individual pulses according to their
order of occurrence or in imposing restrictions related to the behavior of PD
that occurred at earlier times (or phases). A physical interpretation of phase-
resolved PD data requires an unraveling of memory effects as discussed in the
recent work of Van Brunt and coworkers [14]. The complexity of unraveling
process makes it extremely difficult to interpret phase-resolved pulse-height
distributions in terms of discharge mechanisms. It can thus be argued that the
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Figure 7. Normalized conditional and corresponding unconditional pha:-ae-o{-
occurrence distributions of the first, eighth, and sixteenth PD pulses to appear in the
negative halfcycle for a 1.5 mm point-to-dielectric discharge gap _in -.ir at 3.0kV rms
and 200 Hz. The dashed lines correspond to the unconditional distributions and the
open and closed points correspond respectively to phase distributions conditioned on
the indicated restricted ranges for Q* of the previous half-cycle [14].

measurement of selective PD amplitude or phase distributions that are condi-
tioned on a particular past history of the discharge process can provide greater
physical insight than the usual phase-resolved distributions.

The PD memory effects considered in this section are those associated with
residuals produced by previous discharge events such as space charge that can
dissipate with time. It is this kind of memory effect that largely controls
the stochastic behavior of PD at any given time. This effect is also distinct
from “memory effects” associated with aging processes that produce permanent
changes of materials or geometrical configuration from which the discharge gap
cannot recover. The aging produced by PD contributes to the nonstationary
behavior in the stochastic properties of PD that is discussed in the following
section.
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NONSTATIONARY BEHAVIOR

Nonstationary behavior of PD has been observed under a variety of experi-
mental conditions [18, 19, 26, 27, 65]. By the term nonstationary behavior it
is meant that the statistical characteristics of PD such as the pulse-height or
phase distributions have a dependence on time. It has previously been argued
(14] that, because the statistical characteristics of PD are determined largely
by memory effects, it can be expected that these characteristics will be suscep-
tible to nonstationary behavior. The susceptibility to nonstationary behavior
can be understood from a consideration of the implications of memory effects.
If it is found, as shown in the previous section, that the amplitude of a PD
pulse depends strongly on its time separation from the previous pulse, then
anything that changes the pulse time separation distribution will necessarily,
according to Eq. (18), also change the amplitude distribution. It will be shown
below that the time (or phase) distribution of PD is primarily controlled by
the rate of initiatory electron release into the gap, which is, in turn, affected by
the local field strength at or near the emitting electrode (or dielectric) surface.

To show the connection between the PD pulse time-separation distribution,
Po(Atn—1), and the rate, RE, of the electron release from a surface, it will be
assumed that the probability for occurrence of a PD between times t and ¢ + dt
is proportional to RE and given by

Pe(t)dt = RE(Y) [1 - fo ; p;(t')dt’] d, (23)

where the + designation refers to the polarity of the applied voltage at the
most highly stressed electrode, e.g., the point electrode. The time differential
probability function satisfies the requirement:

/w pi(t')dt’ < 1. (24)
0

The term in brackets on the right-hand side of Eq. (23) is the probability that
a PD has not occurred up to time .

In general, R%(t) depends on time, where, as shown below, the time depen-
dence in a short time frame is most likely governed by the time dependence
of the local field, and in a long time frame by aging processes such as result
from discharge-induced changes of surfaces that produce changes in the effec-
tive work functions. Assuming that t is restricted to a small increment of time,
&t, in which R¥ is assumed to be constant, it can be shown that the function
which satisfies Eqs. (23) and (24) has the form

Pi(t) = R exp(-Rt), (25)
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where t € 6t. The probability that a PD occurs in the time interval 6t is then
given by;

&t
pa(6t) = fu Palt)dt’, (26)
which gives

px(6t) = 1 — exp(—RE6t). (27)

Using a field emission model for electron release from surfaces [13] gives a time
dependence for RE(t) of the form:

RE(t) = CY|E@)|* exp(—C5 /| E@))), (28)

where Cf" and C;E are factors that are related to the anode, cathode work
functions w4 and w_ by

CE = bE1005ws™) (29)
and
1 Ct = thul’. (30)

Here by, b2, and b3 are positive constants.

For the case of a sinusoidal applied voltage of frequency w, the local field is
given by

E(t + 6t) = Eqsinfw(t 4 6t)] — AE,(t + 6t), (31)

where the second term on the right-hand side is the contribution to the local
field by space charge or surface charge. For a point electrode on or close to
the surface of an insulator, the changes in AE, associated with the deposition
of surface charge for a PD event are considered to be abrupt provided 6t is
. comparable to or smaller than the intrinsic width of the PD pulse. This means
, that AE, behaves like a step function where

AE,(t +6t) = AE,(1), (32)

if no PD occurs within ét, and

AE,(t +6t) + AE,(t) ¥ AE} (33)
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if the jth positive or negative PD occurs within 6t. Here AEJ-* is the change
in local field due to charge deposited on the surface by the jth PD pulse. The
behavior of the local field represented by Egs. (31)-(33) will, when substituted
into Eq. (28), give the time dependence for RE(t).

The PD time-separation distribution can be computed numerically by dis-
cretizing each pulse time separation into multiples of ét, i.e.,

Alp_y =1t, — a1 = mét, (34)

where m is an integer and At,_; > 6t. The probability that the nth pulse
will be separated from the (n — 1)th pulse by a time At,_; is then given by

m-—1

Po(Atn-1)d(Atn—y) = [ {exp [-RE(k61)6t]} {1 - exp [~ RE(mst)6t] }
k=1
(35)

which is obtained using Eq. (27) and the law of probabilities. Of particular
relevance in the present discussion is the strong dependence of RE on E(t) and
also on the surface work functions implied by Egs. (28)-(30). The dependence
of R¥ on E(t) when wy and w_ are constant produces the type of “stationary”
memory effect discussed in the previous section, i.e., the statistical distributions
represented by p,(¢n) and p,(At,_1) do not vary with time. However, time
variations in either wy or w_ can introduce nonstationary behavior that is
reflected in a time dependence of the distributions p,(ga) and p,(At,_;). The
numerical procedure discussed above has been used in the formulation of a
Monte-Carlo simulator of PD [10, 13, 14, 18] from which various conditional
and unconditional PD amplitude, phase, or time distributions can be extracted.

Results of recent experimental investigations indicate that there can be several
sources of nonstationary behavior in the statistical characteristics of PD. For
example, there is evidence that small changes in the geometrical configuration
of a point-dielectric gap such as could result from mechanical motion or re-
moval of material during the discharge, as discussed in the next section, will
produce large changes in the behavior of PD [66]. The sensitivity to gap spac-
ing for PD generated by applying an alternating voltage to a point electrode
over a PTFE surface in air is illustrated by the experimental results displayed
in Fig. 8. This figure shows measured phase-of-occurrence distributions of
the first negative PD pulse and unconditional amplitude distributions of the
corresponding positive PD pulses versus point-to-dielectric gap spacing. Also
indicated by the dashed lines are the corresponding mean values (¢;) and
(¢}),i > 1. The most dramatic change occurs as the gap spacing is increased
from 0 to 0.75 cm. The statistical characteristics of PD for the case where the
point touches the dielectric are distinctly different from the case where there
is a small spacing of 0.5 mm. As the gap spacing increases, the characteristics
change from those of a surface discharge to those of a corona discharge, i.e.,
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Figure 8. Measured phase-of-occurrence distributions of the first negative PD pulse
and unconditional amplitude distributions of the corresponding positive PD pulses
versus distance of a point electrode from a flat PTFE surface in air. Also indicated
by the dashed lines are the corresponding mean values {¢; )and(g}),i > 1 [66].

the presence of the dielectric surface becomes increasing less important. For
gap spacings greater than about 1.20 cm, the positive discharge ceases entirely,
and the negative discharge takes on the appearance of a phase-restricted train
of Trichel pulses.

Another source of nonstationary PD behavior is that associated with discharge-
induced changes in dielectric surface conductivity. It was argued in an earlier
work by Rogers [67] that the “self-extinction” of pulsating PD in a dielectric
cavity can be attributed to an increase in the conductivity of the cavity walls
that occurs when the discharge is active. More recently, Hudon and coworkers
[19] have reported the transformation of a pulsating discharge into a pulseless
glow discharge in a gap formed by parallel epoxy resin planes. They showed
that this transformation is related to an increase in the surface conductivity
of the epoxy. Possible mechanisms for the increase in surface conductivity will
be mentioned in the next section.

Additional evidence of the effect of changing surface conductivity is provided
from recent work on point-epoxy gaps [18, 27, 68]. Figure 9 shows examples
of integrated charge distributions, p,(Q*) and p,(Q~), measured at different
indicated times for discharge pulses generated by applying a 50-Hz, 3.0-kV rms
alternating voltage to a sharp point electrode that touches a flat cast epoxy
surface. In this case, the epoxy contained Al;Oj filler. Also shown in this
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Figure 9. Positive and negative integrated-charge distributions measured for PD
generated by a point electrode touching a flat epoxy surface at the indicated times
after a 50 Hz voltage was applied. Also shown are the corresponding mean numbers
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(18].

figure are the measured mean numbers of positive and negative PD pulses
({n*)and(n=)). The significant feature of these results is the disappearance
of positive PD pulses after about 1.5 hours. In the early stages of discharge
activity, there is an approximate charge balance, ie., (Q+) ~ —(Q~), thus
suggesting (from charge conservation) that all of the discharge current can
be accounted for by the observed PD pulses. However, as time progresses,
an obvious imbalance occurs which implies that some of the current is not
associated with the discharge pulses.

Subsequent measurements (see next section) showed that there was a signifi-
cant increase in epoxy surface conductivity near the discharge site consistent
with the observations of Hudon and coworkers [19]. With a modified version
of the previously discussed Monte-Carlo simulator, it was possible to show
that the disappearance of positive PD is consistent with an increase in the
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local surface conductivity [18]. Using Poisson’s equation coupled with Eq. (6)
for s = 0, and assuming a locally uniform surface conductivity, I', gives the
following expression for surface charge density:

3~ ~Te (36)

If it can be assumed that AE, in Eq. (31) is proportional to o at the discharge
site, then the solution to Eq. (36) leads to an exponential decay in a time
interval 6t given by

AE,(t + 6t) = AE,(t) exp(—£Tét), (37)

where £ > 0 is a proportionality constant. In the Monte-Carlo simulation,
only the negative surface charge is allowed to decay. The numerical procedure
described above is then modified so that if AE,(t) < 0 and no PD event occurs
in the time 6t, Eq. (32) for AE,(t + 6t) is replaced with Eq. (37). Equation
(32) still applies if AE,(t) > 0 and Eq. (33) still applies if a PD event occurs
in 6t independent of the sign of AE,(t).

In the original model [13], the effective work function, wy, of the dielectric
surface was assumed to be constant, i.e., independent of the local field. To
account for the disappearance of positive PD, it was also necessary to assume
that the positive PD initiation probability decreases with decreasing negative
surface charge density. This was accomplished by giving w; a time dependence
of the form

for AE,(t) < 0, where ag, a), and a; are positive constants. The form implied
by Eq. (38), although empirical, is considered to be physically reasonable, since
the probability for removing an electron from a negatively charged insulating
surface should increase with increasing negative charge density.

Using the model described above, positive PD are found to disappear if [18]

&> w/x. (39)

When this condition is satisfied, the charge deposited by PD during the nega-
tive half-cycle will have almost completely disappeared when the next positive
half-cycle begins.

Another contribution to nonstationary behavior that might be especially im-
portant under static-gas conditions such as within a cavity of a solid dielectric
is that associated with discharge-induced changes in the chemical composition
of a gas. An example of nonstationary behavior due to this effect is illustrated
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by the positive PD pulse-height distributions for SF¢ shown in Fig. 10. In
this case, the PD were generated using a point-plane gap in an enclosed vessel
containing SFg at an absolute gas pressure of 200 kPa {69]. In pure SFg under
these conditions, the point-plane positive corona exhibits a distinctive pulse-
burst characteristic [70]. However, after about 4 hours of operation, the PD
burst characteristic is found to be replaced by a continuous chain of pulses that
have a relatively lower amplitude, and this is reflected by the change in the
pulse-height distribution such as shown in Fig. 10. That the changes seen in
Fig. 10 were indeed due to changes in the gas composition was verified by re-
placing the gas in the vessel and restarting the discharge. When this was done,
it was found that the amplitude distribution again exhibited a shape similar to
that which had appeared initially in the previous test. It was also found that
the same trend in the PD behavior occurred with increasing time-of-operation.

There is convincing evidence in this case that the observed rapid change in
the positive-corona characteristics of SFg is due to a buildup of water vapor
in the gas during the discharge. Although the source of the water vapor is
unknown, it is speculated that it comes from discharge-induced desorption
from the electrode surfaces. The change in amplitude distribution seen in Fig.
10 can be simulated by adding a trace amount of water vapor to SFg as shown
in Fig. 11 [71].

It is now known that discharge initiation near a positive point electrode can
be significantly enhanced by the presence of small quantities of H;O [72]. The
initiation of a corona discharge near a positive point electrode is expected
to be due largely to the release of electrons from negative ions by a collisional
electron detachment process . It has been shown (73] that in pure SFg, the only
collisional-detachment process which can occur with a reasonable probability
is that involving the negative ion F~, namely

F~ +SF¢ — F +SF¢ +e. (40)

Because of the high threshold energy for this process (8.0 eV), and because
F- is likely to be a minor ion in pure SFg, the probability of initiation by
process (40) is expected to be quite low for E/N above the critical value
needed for ionization growth where & > 5. On the other hand, when H,0
is added, other types of negative ions such as OH~ can appear [74] that will
undergo detachment with orders-of-magnitude higher probability than F=. It
can thus be expected that low levels of water-vapor contamination can have a
disproportionately large effect in initiating and maintaining positive corona in
SFe. On a longer time frame, there are other chemical changes in SFg discussed
in the next section that could influence the behavior of PD such as through
modification of the ionization or attachment coefficients.

The tendency for PD to exhibit nonstationary behavior complicates any at-
tempts to define meaningful statistical patterns that can be used in proposed
pattern-recognition schemes based on neural networks, etc. for possible iden-
tification of the defect sites at which PD occur [75, 76]. Nevertheless, the time
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Figure 10. Time variation of pulse-height distributions for positive-dc-corona pulses
8 in SFs at 200 kPa. Also indicated are the corresponding average corona currents, I,
' and observed burst pulse repetition rates, f (69,70].

development of statistical PD patterns may provide additional useful informa-
tion for identification purposes.

PARTIAL DISCHARGE-INDUCED AGING

When discharges occur in an insulating medium, they can be expected to
cause physical and chemical changes of the surrounding material, and in many
| cases, these changes will be detrimental to the performance of the materials as
i an electrical insulator. The material changes resulting from exposure to PD
|
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Figure 11. Measured pulse-height distributions of positive-dc-corona pulses for pure
and HzO-contaminated SFq at a gas pressure of 300 kPa [T1].

are either directly or indirectly a consequence of bombardment of energetic
electrons that can have mean energies in excess of 10 eV under breakdown
conditions. From a practical point-of-view, the problem of insulation aging
has been of paramount concern and there has been extensive research into the
mechanisms of aging. In this section, the focus will be on a few selected aging
processes that are relevant to the types of PD phenomena discussed above.

It was pointed out in the previous section that the exposure of cast epoxy
resin surfaces to PD under alternating voltage conditions causes changes in
" the surface characteristics which can, in turn, influence the behavior of PD.
Microscopic examinations of the epoxy surfaces after exposure to PD in air
revealed that material had been removed at the discharge site. Results of
typical surface profile measurements in the vicinity of a discharge site are
shown by the profilograms in Fig. 12 [17). The locations of the point electrode
used to generate PD are indicated by the vertical arrows. The epoxy materials
used in this case contained an Al;O; filler. The discharges were generated in
room air by applying a 4.0-kV rms (50-Hz) voltage to the point clectrode for
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arrows indicate the location of the point electrode [17].

a period of 22 hours. In all cases, it was found, as seen in the figure, that the
surface roughness increased significantly at the center of discharge activity.
The measurements before and after PD exposure showed that there was a
volume decrement indicating that material had been removed. For longer PD
exposures, narrow channels appeared that are perhaps the precursors to tree
formation [26, 65]. Changes in surface profiles such as seen in Fig. 12 can
also change the local electric-field strength as well as the ability of the surface
to trap charged particles. Removal of dielectric material by PD can be safely
considered as a “permanent” alteration or aging effect.

It was noted that PD also cause increases in the local surface conductivity of
epoxy. Figure 13 shows the results from measurements of the epoxy surface
resistance versus distance from the center of the discharge site for different
indicated times since the termination of discharge exposure. The discharge
conditions were similar to those that produced the surface damage shown in
Fig. 12. The resistances were measured by moving small parallel wires across
the epoxy surface as described previously [17, 18]. The change in surface
conductivity at the discharge site appears to be “quasi-permanent” in a sense
that the conductivity will, given a sufficiently long time after PD exposure,
decrease to a value closer to that observed before initiation of the discharge.
This is illustrated by the trend shown in Fig. 13. Moreover, wiping the surface
with a damp cloth tended to restore the conductivity to the pre-discharge value
[17).

The precise nature of the PD-induced physical and chemical changes of epoxy
surfaces that give rise to an increase in surface conductivity remain unknown.
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Figure 13. Measured changes in epoxy surface resistance versus distance from the

center of the PD site for different times since the termination of dischage exposure
in air [17].

The fact that the predischarge condition can be largely restored after wiping
suggests that the changes are likely due to formation of deposits. There is
evidence from the work of Hudon and coworkers [22] that droplets of glycolic
and formic acid are formed on epoxy surfaces during exposure to PD. These
acids are known to be far more conductive than the epoxy resin matrix.

A necessary condition for the formation of PD is that the mean energy of
electrons should be sufficiently high to cause a net growth in the ionization of
the gas. Specifically for electronegative gases, this requires that & > 5. Under
this condition, the electron energies are also high enough to produce molecular
dissociation leading to the formation of highly reactive free radicals such as O,
OH, F, and SF;5 by processes like

e+0z; = 0+ 0+e (41)

and

e+ SFg — SFn + (6 — n)F +e¢, (42)

where n is an integer satisfying the restriction 1 < n < 5. These reactive frag-
ments can then lead to the formation of other reactive species. In the case of
SF¢ /O, mixtures, the discharge by-products are known to include SOz, SOF;,
SOzF:, SOF4, SF.‘, SgFlo. SzOFm, SzOzF;o. and HF [15, 16] Exa.mples of
fast neutral reactions in the active discharge zone that occur in SFg corona
when O; and Hz0 are present are listed in Table 2. Species like F and HF will
attack solid insulating surfaces and contribute to the removal of material.
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Table 2. Examples of important fast reactions that occur in the discharge zone of a
negative corona in SF¢ containing H20 and O;. (M = third body)

Reaction Rate coefl. (cm3/s)
F + H,0 — OH+HF (9.0x10-D)
OH + SFs — SOF4+HF (1.1 x10-1?)
SFs + O+M — SOFs+M (1.0 x 1071
SOFs + SFs — SOF4 +SFg (1.0 x 10~13)
SFs + O — SOF¢+F (2.0 x 10711)
SF: 4+ 0 — SOF; + F (1.0 x 10-12)
SFs+F+ M — SF¢+ M (1.5 x 10-11)
SFa+F+M — SF(+ M (24 x 10-1Y)
SFg +SFs+M — S;Fio+ M (1.4 X 10‘")
SF3 + SF3 —  SF; + SFy (2.2 x 10-12)
SF3 + SFs — SF¢ + SF, (5.0 x 10-12)

As seen from Table 2, the gas-phase chemistry associated with PD phenomena
can be very complex. The decompaosition of SF in corona discharges has been
extensively investigated in recent years because of the widespread use of SFg
as an insulating medium in high-voltage apparatus and related concerns about
toxicity and corrosiveness of the discharge by-products (15, 16, 77, 78, 79].

Figure 14 shows examples of data on the production rates for the major
sulfur-containing oxyfluoride by-products from negative point-plane corona dis-
charges in SFg [80]. These results were obtained using a continuous constant-
current negative-glow corona operated at 40 A for a total absolute gas pres-
sure of 200 kPa. Shown in Fig. 14 are the charge rates of production normalized
to the SFg concentration as given by:

__ 1 (dx]
)= e (&) e

where Iy is the discharge current, [X] is the quantity in moles of the by-
product of interest, and [SFe] is the absolute quantity of SF¢ in moles. The
total oxyfluoride production given by

r = r(SOF4) + r(SOF3) + r(SO;F3) (44)

is compared in Fig. 14 with the estimated maximum possible SF¢ decompo-
sition rate r¢(max). The estimate of the maximum rate is based on using the
calculated rate for reaction (42) [55] in a model of the discharge (45, 46], and as-
suming that every sulfur-containing fragment (SF,) converts to an observable
by-product.

The tendency of r; to fall considerably below r{(max) is a consequence of the
fact that recombination reactions such as
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Figure 14. Measured charge rates-of-production of the oxyfluorides SOF,, SOF,,
and SO3F2 from negative dc point-plane glow-type corona in SF¢/O2 mixtures [80].
Also shown net oxyfluoride production rate, r;, and the calculated maximum SF¢ de-
struction rate in the discharge, r.(max). The production rates have been normalized

to the SFe¢ concentration. The discharge current was 40 pgA and the total pressure
was 200 kPa.

SFs + F + SFg — 25Fg (45)

are f:a.st at moderately high gas pressures and therefore very efficient in re-
forming SF¢ after it has been dissociated. The increase in r, with increasing

oxygen content is primarily a consequence of the diluting effect of O3 which
can inhibit the recombination reactions such as process (45).

Under the discharge conditions that yielded the results shown in Fig. 14, it was
found that other gaseous by-products can be formed which are not derived from
SF¢ dissociation, i.e., they contain neither sulfur nor fluorine. Among these is
the gaseous compound CO;. Shown in Fig. 15 are examples of the measured

61




62

60 T T T T T T T T T T T

| NEG. CORONA AT 40 pA
CO2 from SFg /0, MIXTURES
so} P=200kPa

o SFg
o & SFg f'l%o; -1
o SFg /10% O,

CO, CONCENTRATION (p Moles)

0 1.0 2.0 3.0 4.0 50 6.0

NET CHARGE TRANSPORTED (C)
Figure 15. Measured yields of CO; versus net charge transported in a 40 pA
negative glow corona in SF¢ and indicated mixtures of SFg with O,.

yields of CO; versus net charge transported given by the product of discharge
current and time. The data in this figure were obtained for a 40 uA glow-type
negative corona in the three indicated SFg/0O; mixtures at an absolute total
gas pressure of 200 kPa. For these experiments, a stainless-steel point electrode
was used. It is speculated that the CO; is derived from reactions of oxygen
with carbon contained in the steel electrode. The rate for CO; production is
seen to increase with oxygen content as expected.

The production of CO3, even in relatively pure SFg, may be a good indication
of so called “electrode conditioning.” During a negative corona discharge,
the point electrode can be eroded by ion bombardment. This is manifested
by the appearance of increased surface roughness or micro-pits at the tip of
the electrode. The discharge-enhanced roughness of the electrode surface can
cause it to become a more efficient emitter of electrons 70] and can cause an
increase in the catalytic destruction of some relatively unstable by-products
such as S;F o [79).

The production rates for SFg by-products from corona or PD implied by the
results shown in Fig. 14 suggest that under practical conditions where the vol-
ume of SFg is relatively large, the buildup of by-products from the discharge
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will be too slow to significantly affect the ionization, attachment, and recombi-
nation coefficients of the gas. On the other hand, if the decomposition occurs in
a small volume such as in a dielectric cavity, it is possible that a large fraction
of the gas can become decomposed in a short time, and this could significantly
modify the discharge behavior. In general, if the gas consists of more than one
component, then the ionization coefficient given by Eq. (13) must be replaced

by the sum
e 17NN 1™ E
| vou(m) TR werege
where Q;; is the ionization cross section of the jth component of density N;,
and
N=)Y"N;. (47)
J

Similar modifications would need to be made in i and other coefficients. Hence,
if Nj changes with time due to discharge-induced modifications of the gas,
then so will the ionization coefficients, etc., and likewise also the discharge
characteristics.

To date, there have not been many attempts to model the chemistry in partial
discharges. Only recently has a successful model been formulated for SFg, and
this is restricted to negative-glow type discharges in point-plane gaps [45, 46].
Some success has also been achieved in modeling the chemistry of pulsating
dielectric barrier discharges in oxygen [39]. The task of modeling the chemistry
in partial discharge is quite formidable as can be appreciated when it is realized
that Tables 1 and 2 list only a small fraction of the many hundreds of possible
chemical processes that may need to be considered.

CONCLUSIONS AND RECOMMENDATIONS

Evidence is provided here of significant progress that has been made in achiev-
ing a better understanding of the physical and chemical bases of PD phenom-
ena. If anything is to be gained from reading this work, it should hopefully
be an appreciation of the fact that PD phenomena are enormously complex.
In attempts to explain PD behavior, caution must be exercised in making
simplifying assumptions about the relevant mechanisms.

As is often the case with basic research, the increase in knowledge about PD
raises more questions and places ever greater demands on the quality of fun-
damental data needed to carry us up to the next level of understanding. In
pursuit of this next level, it is recommended that emphasis be given to the
following avenues of research: (1) extend computer simulations of discharge
growth to include the modifications of the local environment by residuals from
prior discharge activity; (2) develop models that can predict the transition from




a pulsating corona to a glow discharge; (3) develop models that predict the
size of constricted glows in highly nonuniform fields; (4) perform experiments
and calculations to give more information about the influence of high local
fields on secondary electron emission from surfaces due to impact of photons,
ions, and metastable species; (5) develop better experimental and theoretical
techniques to investigate the dynamics of dielectric surface charging during PD
activity; (6) acquire more information about changes in PD behavior during
electrical tree formation in solids; (7) develop better diagnostics to investigate
permanent and quasi-permanent changes in the composition and morphology
of solid surfaces exposed to PD; (8) extend measurements of PD-induced de-
composition of dielectric gases to lower currents and pulsating PD conditions;
(9) develop spectroscopic or other nonintrusive methods for measuring tem-
perature profiles in PD; and last but not least, (10) give special attention to
determination of the effects of absorbed and gas-phase H;0 on PD behavior.
In reality, there is a much greater number of avenues than implied here for
future research on PD that is at least as great as the multitude of different
modes of discharge activity. There is yet much more to be learned about PD,
and as more is learned, this information can hopefully be put to good use in
constructing better diagnostics of insulation performance. | caution against
undertaking new large efforts to develop practical PD diagnostics without a
good understanding of the phenomena being observed.
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