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Summary

Outdoor high voltage power plant is exposed to environmental pollution which
is an important cause of failure. Knowledge of conditions leading to flashover is
essential to design insulation levels. Discharges on the surface of polymeric insulators
are one of the ageing mechanisms responsible for eventual failure. In this thesis, we
examine water droplets on insulator surfaces. Chapter 1 discusses pollution on the
surface of high voltage insulators, and chapter 2 considers water droplets on insulator
surfaces. Chapter 3 reviews recent work in this area. Chapter 4 presents the aims of the
present work to examine partial discharges at the edge of water droplets and to
investigate droplet vibration with an applied ac field. Chapter 5 identifies the apparatus
and procedures that were developed. Chapter 6 describes an experimental study of
electrical breakdown at the edges of sessile water droplets on a PE surface subject to ac
electrical stress up to of 2.0MV/m at 50 Hz. The study involves observing the motion
of water droplets using a high-speed video camera operating at 3000 frames per second
whilst electrically detecting any partial discharge activity. The significance of droplet
vibration on electrical stress enhancement is investigated along with the effects on

partial discharge activity. Chapter 7 describes test sample geometry and electric field
modeling using finite element analysis. Chapters 8 and 9 describe an experimental study

of breakdown at a sessile water droplet on a planar, polymeric, insulating surface
subject to ac stress, parallel to the insulator surface, up to 2.0MV/m. The contact angle

between droplet and surface was varied by controlling the physical properties of the
droplet and by inclining the insulator plane from the horizontal. A theoretical model is

developed which shows that it is possible to sustain partial discharges in the air around a

droplet above the polymer surface.
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Chapter 1

Introduction Pollution on HYV insulation

1.1 General

Surface pollution of insulators is one of the most important causes of failure in
the transport of electric energy. Pollution phenomena constitute a serious problem,
which must be taken into account in the design, the dimensioning and operation of HV
insulating structures [1]. Consequently, knowledge of the conditions that lead to
tlashover is essential to properly design the insulation level of an electric power system
against pollution. The particles deposited on the surface of outdoor insulators form a
non-uniform mixture of different soluble and non-soluble substances, which, under
certain conditions, modify the electrical performance of insulators. In such
circumstances, a complex process is originated and its final stage may be the flashover

of the insulators.

Outdoor high voltage power plant, such as insulators, bushings, surge arresters
and current transformers, etc. are exposed to various environmental conditions during
their service life. In industrial, coastal and desert areas, for example, the surface of an
insulator can become heavily polluted [2]. The deposit of pollutants on insulating
surfaces may cause considerable diminution of the dielectric strength of the system [3].
In addition to normal operating stress, HV transmission systems are also submitted to
numerous other stresses of various origins, e.g. mechanical, electrical and
environmental. Among the main electrical stresses are, those caused by lighting and

switching over-voltages and those resulting from the flashover of polluted insulators [4].

Under severe environmental conditions, when a pollution layer (dry or wet) is
deposited on an insulator surface, leakage current begins to flow, which may lead to a
total flashover [5]. Contamination flashover may occur during periods of wet weather

and may cause power outages, which pose a particular threat to the reliability of the




power supply [6]. The performance of an HV insulator under polluted conditions is

quite different from that under pollution-free condition [7].

Considering the importance of pollution problems, continuous and intensive
laboratory studies and field investigations have been taking place worldwide for many
years. In chapter 3, a review is given of previous work especially relevant to the present
investigation. The work involves not only experimental investigations but also

mathematical modeling to understand the different aspects of the contamination

flashover mechanism [8].

Despite this previous work, in recent years the importance of the research on
insulator pollution has increased considerably with the rise in typical transmission line
voltage. Pollution performance of insulators will be of major significance for the co-
ordination of insulation in UHV (Ultra High Voltage) transmission lines. Research on
insulator pollution is directed primarily at understanding the physics of the growth of
discharges and to the development of mathematical models, which can predict

accurately the critical leakage current [9].

The pollution flashover on external insulator is extremely complex and many
vanables are involved during the development of the phenomenon. Some of these
variables: are the polarity of voltages, type and nature of the contaminant, particle size,
non-uniform wetting effect, surface conductivity, washing, wind, length, diameter and
profile of the insulator, etc [10). The most significant ones, causing the pollution
flashover to be complex are: the insulator shapes, the pollutant deposit on the insulator
surface and the wetting of the pollution layer [11]. A review of these factors is given in

the following sections of this thesis.



1.2 Insulating Materials

High voltages are used for wide variety of application, covering power systems,

industries and research laboratories. The potential benefits of electrical energy supplied
to a large number of consumers have resulted in the development of complex electrical
apparatus. The development of electrical energy utilization has led to increasing
transmission voltage. The diverse conditions under which high voltage apparatus is used
necesstitates careful design of its insulation. The principal media of insulation are gases,
vacuum, solids, and liquids or, more usually combinations of these. For achieving
reliability and economy, knowledge of the causes of deterioration is essential, and the
tendency to increase the voltage stress for optimum design calls for judicious selection
of insulation in relation to the dielectric strength, corona discharges and other relative

factors. There are four principal areas where insulation must be applied i.e.:

a) Between HV conductor and earth (phase to earth).

b) Between HV conductors of different phases (phase to phase).
c) Between turns in a coil (inter-turn).

d) Between the coils of the same phase (inter-coil).

The 1nsulation is primarily meant to resist electrical stresses, however, it should
also be able to withstand certain other stresses, for example, mechanical and thermal

stresses which the insulation encounters during manufacture, storage and operation.

Usually the performance of the insulation depends on its operating temperature,
where the higher the temperature the higher will be the rate of its chemical

deterioration. Therefore it is necessary to determine the maximum temperature for an
insulation which will ensure safe operation over its expected life. Thus the insulating

materials are rated into different classes according to their operating temperature limits.

One important matter in the study of electrical insulation is to determine the
condition of the insulating material before breakdown. There are several methods and

instruments by which the quality of insulation can be monitored so as to avoid



unexpected breakdown. Among the most important electrical properties of insulating
materials to be measured are: electrical strength, surface flashover strength, volume and

surface resistivity, and dissipation factor and dielectric permittivity.

The present study is concerned primarily with solid insulating materials; especially
the polymeric insulating materials used extensively in many high-voltage power
transmissions applications. Polymers are favoured by manufacturer because they are
cheap, easy to fabricate into complicated shapes and sizes, tough and lightweight.

Furthermore their electrical properties are generally superior to those of alternative

materials in term of resistivity, surface conductivity and dielectric losses [12].

1.3 Polymeric Insulators

Over the years the use of polymeric materials in electric power applications has
increased steadily. They currently represent 60% to 70% of newly installed HV
insulators in North America [13]. Special interest has been paid to the use of polymeric
materials for high voltage outdoor insulators. Some of the major advantages of the
polymeric insulators over the traditional ceramic ones are their light weight and good
hydrophobicity (water-repellence). As a consequence, they are easier and cheaper to
store, transport and install. However, polymeric materials are more prone to
deterioration and chemical alterations, which can seriously reduce the reliability and
lifetime of insulators in service. The weather-exposed part of polymeric insulator should
possess high hydrophobicity in order to give maximum performance (see chapter 2).
Necessary demands on materials for such usage are an ability to withstand discharges in
wet, salty, acidic, tropical or arctic environment. Difficult environment conditions can,
however, cause a permanent or temporary loss of hydrophobicity. Polymeric insulators
are therefore today often pessimistically designed for an assumed reduced hydrophobic,
i.e. hydrophilic, state. This means that the benefits of using a polymeric matenal instead
of porcelain and glass are not utilised to their full potential. Properly used, these
materials can offer advantages such as more compact design, reduced maintenance and

lower total operating cost.
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1.4 Types of Outdoor Insulators

A practical high-voltage insulator is actually a system of components consisting
of the dielectric, terminal electrodes or end-fitting and internal parts that help attach the
dielectric to the electrodes. There 1s quite a variety in the details of these components
and in construction methods. Insulators are commonly identified largely by the
dielectric material employed. There are three main groups of dielectrics that have been
used for outdoor HV insulator construction and lead to the well-known nomenclature of
porcelain, glass and polymeric insulators. Porcelain insulators are also commonly
known by other names, such as, composite (in Europe) and nonceramic (in North

America) [14].

Porcelain and glass insulators have been used for many decades whereas the
wide-spread use of polymeric outdoor insulation is relatively recent. The most widely
used type of porcelain and glass insulator worldwide, is the cap and pin type where each
unit or bell is connected to each other by metal hardware. Fig (1.1) shows photographs
of outdoor lines using the gap and pin suspension porcelain insulator and composite
insulators. This illustrates the typical configurations and exposure which outdoor

insulators are subject to.

High voltage porcelain insulators are glazed, thereby imparting a smooth,

glossy surface of uniform color to the insulator. This has two important functions. The
first 1s to increase the strength of porcelain. It is well known that failure of brittle
materials generally starts from microscopic surface defect. The glaze not only fills these
microscopic defects, thereby preventing their propagation, but also has a slightly lower
thermal expansion coefficient than the porcelain which induces superficial macroscopic
compressive stresses. The resulting strength improvement over unglazed porcelain is
about 30%. The second function is to provide a smooth surface, which is more easily
cleaned by rain or during insulator washing and cleaning operations {15]. Polymeric
materials are known to suffer from surface erosion and tracking when exposed to such

conditions [13].



1.5 Uses of Outdoor insulators

Insulators used on overhead lines are called line insulators. Insulators used in
stations for supporting bus work and related switchgear are referred to as station
insulators. They are used as bushings in apparatus in order to enable connection of the
enclosed energized terminals to overhead system. Station insulators are used as external
housings on measuring devices such as instrument transformers, and protective
equipment, e.g., surge arresters. In underground networks, they are used with the

terminations, which enable the transition of an overhead line to an underground cable

[16].

Line insulators are called by several names, depending on the function.
Insulators used for suspending the overhead conductor from the tower are known as
suspension insulators. Insulators used on structures where the lines terminate or
originate, or where the direction of a line changes, are known as dead-end insulators (in
North America) and tension insulators (in Europe or elsewhere). Suspension and dead-
end insulators are mounted on cross-arms connected to the pole. Fig (1.2) illustrates the

use of insulators in various applications [15]. Polymeric insulators are being widely

adopted for all types of applications.

1.6 Stresses Encountered in Service

Outdoor insulators are subjected to a variety of stresses, including mechanical,
electrical and environmental stresses, which act in unison. The exact nature and
magnitude of these stresses varies significantly and depends on the details of insulator
design, application and location. For example, suspension and dead end insulators
encounter a tensile load due to weight and tension of the conductor. Fig (1.3) shows a
typical dead-end insulator. It has a fiberglass core with a polymeric sheath and
weathersheds. The surfaces show a wide range of orientations from horizontal to
vertical. Wind and ice imposes additional loading. Insulators used for supporting station
apparatus encounter a compressive mechanical load. Line post insulators are subject to a

cantilever or bending load in supporting the conductor. In addition, transient-loading
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conditions can be generated. Torsional or twisting type of load can be experienced by
line insulators during line construction. Vibrational loads are imposed on insulators due
to conductor vibration and movement. Shock (or impact) loading is possible during
natural events like earthquakes, ice shedding, or man made events like the impact of
vehicles on poles and vandalism (gun shots) [15]. Surface pollution may be affected by
such mechanical stresses. For example, liquid pollution would be affected by vibration.

The term “string efficiency” is used as a general reference to the mechanical

performance of suspension insulators.

Electrical stresses include the steady-state stress imposed by power frequency
normal operating voltage. Voltage surges generated by lighting or switching operation
impose a higher, albeit, momentary stress on the insulator. In the event of an insulator
flashover, the insulator is subjected to a large fault current (several kA) at power

frequency in the form a power arc which, persists until the protection isolates the fault.

Outdoors environmental conditions vary over a wide range. Temperature afiects
the insulation properties of all materials as the conductivity usually increases with
temperature. For polymers that are organic materials, ultra-violet (UV) radiation from
sunlight can break certain chemical bonds, and/or cause cross-linking on the surface,
resulting in surface degradation. Moisture in any form (rain, dew, fog, melting ice and

snow) lowers the surface insulation resistance significantly from the dry state. In the

presence of contamination, the surface resistance is reduced even more drastically.
Altitude or the elevation above sea level affects the insulation properties. Higher
altitudes reduce the air density, hence, weakening the surface insulating strength. These
stresses could be acting on insulators in various combinations. Hence it is clear that the
insulators have to perform under a wide range of surface of service conditions. Needless
to say, only insulators that are designed to take all these stresses into account will work

satisfactorily in the field for many years [17]. Hence, research into how 1nsulators

function under polluted conditions remains an important field of activity.



1.6.1 Electrical Performance

The insulator’s dielectric material is largely responsible for the electrical
performance of the insulator. It is important to distinguish between the bulk or volume
properties, and surface properties. The volume dielectric strength is determined by
defects in the form of impurities and voids. These defects provide sites for electrical
stress concentration, which could lead to formation of permanent failure path within the
dielectric. Failures along the bulk of material are usually permanent in nature and are

called punctures [15]. The surface dielectric strength is determined largely by surface

deposits and moisture.

Resistivity values, for the bulk material which are indicative of the dielectric

strength, are typically > 10" Q/mm?. High surface resistance may also obtained under

dry conditions. However, in the presence of humidity, surface resistance values are
lowered by several orders of magnitude, and are even further lowered in the presence of

ionic contaminants on the surface [15].

For dielectric materials that do not contain large voids or impurities the electric
stress required for failure via the surrounding air medium is much lower than for bulk
failure. The arc produced by such a flashover is usually away from the surface of the

dielectric. Therefore, as far as flashover is concerned, porcelain, glass and composite

insulators are self-restoring types of insulation. However, such discharges may aftect
the surface by altering its hydrophobicity, for example, by emitting UV light and so
breaking chemical bonds, as mentioned above. This effect may also occur in the

presence of partial discharges near the surface.

Whether an insulator fails by surface flashover or by puncture depends on the
magnitude and duration of the electric stress applied, insulator dimensions and defects
in the material. Puncture breakdown will take place at the point where the voltage curve

of surface flashover intersects that of internal breakdown, as illustrated in Fig (1.4).

Breakdown requires the formation of an ionized channel, and this channel has to be
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established within the duration of the applied voltage. If the insulator is defective (i.e.
has large voids or impurities), puncture can be caused by extremely short duration, large
magnitude pulses. Lighting surges, which have a risetime in the microsecond range, do
not cause puncture if the insulator is sound. Similarly, switching surges normally do not
cause puncture. Both lighting and switching surges can cause surface flashover if they
have adequate magnitude, even under dry conditions. Longer duration stresses, such as
imposed by power frequency, do not result in a puncture, except, perhaps, in the very

long term. A flashover is possible, however, in a wet and contaminated environment
[15].

1.7 Shapes of Outdoor Insulators

Flashover due to surges is usually determined by the shortest gap in air between
the conductors supporting as insulator. This spacing is called the dry arc distance, see
Fig (1.5). Moisture has little effect on the flashover voltage due to lighting surges. The
flashover voltage under surges is, however, dependent on the dry arc distance.
Flashover under contaminated conditions depends on the leakage or creepage distance

which 1s also illustrated in Fig (1.5).

If the dielectric material is not altered during service, electrical characteristics
like power frequency wet withstand or flashover, lighting and switching surges are
defined by dry arc distance. The shape or profile of the dielectric determines the leakage

distance and is important for the insulator’s contamination performance.

In order to increase the leakage distance, and to help keep certain sections of the
insulator dry, 1t 1s common to see corrugations on the underside of porcelain and glass
cap and pin insulators. The required dry arcing and leakage distance is obtained by
stacking several units, the number being dependent on the voltage level, contamination
severity and the profile of the insulator. Many shapes of porcelain and glass insulators
have been developed as shown in Fig (1.6) of which the common ones are the standard

(A), fog type(C) and the acrodynamic (H) profiles [15].




1.8 Environmental Pollution of Qutdoor Insulators

When contamination is present, the response of external insulation to power
frequency becomes an important consideration and may dictate external insulation
design. It 1s known that flashover of insulation generally occurs when the surface is

contaminated [18]. The surface pollution can take a number of forms, including:

- Wetting by fog, dew, rain, snow or sea spray. This wetting may be affected by
dissolved contaminants contained in the wetting agent, including salt and other

chemical pollutants. Such pollution tends to form thin layers distributed over parts
of the surface.

- Contamination by natural air-borne particles such as dust, sands or soot. In this case
the pollution can be in the form of discrete particles scattered over large areas of the

insulator surface.

1.9 The Pollution Problem

High voltage systems often contain insulating bodies in a gaseous environment.
If a contamination layer develops on the surface of such an insulator, its electric
strength can be enormously reduced. Above all, this is the case for insulation of
overhead transmission lines or outdoor switching stations, the long-term behavior of

which under atmospheric pollution is of great significance to the operating security of
high voltage networks [19].

The severity and frequency of breakdown of insulators due to pollution varies
considerably with climate and environment. The problem is that insulators, which are
designed carefully to have surface with creepage paths long enough to prohibit voltage
breakdown have their properties completely changed by pollution. For example, the
pollutants of the surfaces of insulators in desert areas are mainly sand and salty water
which can form a conductive path on the surface. The particles constituting the
pollutants are deposited from the environment onto the surfaces. The processes, which

lead to deposition, are quite diverse, they include: gravitation force, electrostatic
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attraction, dielectrophoric migration of high permittivity particles, evaporation of

solutions, condensation of solution (dew) and aerodynamic catch [20].

In a recent paper [21] the effects of pollution in arid climates is discussed. It 1s
considered that the resistance of the polluted regions is dependent upon the chemical

constituents, the thickness of the deposited layer, the ambient temperate, and the

humidity, the dimensions and shape of insulators.

Air movement can cause rotating flow or vortex generation. This effect is
particularly important in the portion of the insulator, which is ribbed. In service, the
severity of pollution depends on many factors such as: velocity, direction of wind, grain
size and type of the contaminant, temperature, humidity and rate of wetting, rainfall,
thermal conduction, and corona discharges on the surfaces. The surface becomes
conducting under certain conditions and this may initiate breakdown. In comparatively
clean regions where rainfall is plentiful, the insulator pollutants are washed off and

breakdown problems due to pollution are rare [20].

Surface damage can result from the deposited chemicals and their reactions,
which produce sulfuric and nitric acids. These acids increase the exposed area of
pollution and react with the surface producing deterioration, which promotes creeping

surface discharges when the voltage is applied.

These surface discharges produce ionization in the ambient air and hence ozone.

Ozone will be active to oxdize nitrogen, which increases the concentration of nitric acid
in the presence of humidity. In turn the nitric acid affects the surface and increases the

leakage current.

This leakage current, with its high resistance leakage path, results in heating that

dries the region and may promote formation of an electric arc. Such an arc will burn the
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region and raise its temperature, which increases the rate of deterioration towards

complete failure [21].

The problem of pollution in insulators design has to be seen in the context that 1t
is very desirable to produce high voltage insulators with high electric strength, long life-

time and high string efficiency but with minimum weight and size. These requirements

give rise to conflicting constraints.

1.10 The Contamination Problem

Determining the performance of insulators under contaminated conditions is the
underlying factor that determines insulation design for outdoor applications.
Contamination has an unavoidable role to play in every outdoor insulator application.
This fact was recognized from the very beginning of outdoor power delivery. There are
long-established standardized contamination tests for porcelain and glass insulators, but
not for the relatively recent composite insulators [15]. Even for porcelain and glass
insulators, there are instances where discrepancies between laboratory predictions and

field experience arise. Thus, it is of continuing importance to have a good understanding

of the fundamental contamination flashover phenomena if only to understand the

advantages and limitations of laboratory testing in relation to application in the field.

As described earlier, the most significant electrical stresses on HV insulation can

be divided into lighting overvoltages, switching overvoltages, and abnormal voltage
gradients caused by contamination deposited on the insulator surfaces. The lighting and

switching surge problems can be adequately addressed by the use of zinc oxide surge

arresters and sulfur hexafluoride (SF,) circuit breakers [15]. This leaves insulation

pollution as the most important outdoor insulation problem still outstanding, and this is
particularly the case for the more recent polymeric materials. This fact 1s one of the

significant reasons for undertaking the work of this thesis.
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1.11 Contamination Flashover Phenomenon

The events leading to contamination flashover of outdoor insulators are shown
in Fig (1.7). For a given contamination severity and voltage, this illustrates whether the

insulator flashes over or not depends on the insulator materials and design.

1.11.1 Accumulation of contamination

The main forces acting on a dust particle near an energized insulator are gravity,
wind and electric field. Of these, the most dominant 1s wind. The force due to the

electric field (E) is composed of two components: a force proportional to E, and a force

proportional to E* due to divergence of the electric field (see section 2.2). On insulators
used an ac lines the first component of these forces averages to zero over a whole cycle
due to the alternating nature of the voltage, but the second component — field divergence
always result in positive force whose magnitude increases with the normal electric field.
On insulators used for dc lines, both components of the magnitude of the forces exerted
on a dust particle are shown in Table (1.3). The most dominating force for insulator
contamination is wind, followed by electric field stress (for dc). On both ac and dc
insulators, as the electric field is non-uniform and concentrated more near the HV
terminal, it is common to see this section of the insulator more contaminated than the
rest. There are many types of contaminants in the field. The types and amount

accumulated on the insulator depends on the service area.

The most common is sand (Si0,). Common salt (NaCl) contamination is
problem for insulators close to the coast. Gypsum (CaSO,) is another common

contaminant for inland insulators. Calcium chloride (CaCl,) is the salt used on

roadways in colder locations to prevent icing on roads following a snowfall. A
combination of vehicular traffic and wind cause deposition of this salt on the insulator
surface. In agricultural areas, phosphates and nitrates of nitrogen and ammonia are

commonly noticed on insulator [15].
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1.11.2 Insulator Wetting

During service the insulator can become wet during rain, wind assisted spray,
dew or fog. Wetting by rain and spray is by simple water particle impingement. The
surface of an insulator exposed to rain/spray can be expected to be wetted more easily
than protected surfaces. If the rain persists long enough, the entire insulator can become
wet. Wetting during dew and fog is by the process of condensation, which depends on
the temperature difference between the insulator surface and the ambient. Water vapor
will condense on the insulator surface for as long as the surface temperature is below
that of the ambient. Condensation will cease when the temperature difference vanishes.

The profile of the insulator has little influence on condensation wetting.

The insulator material has a significant effect on wetting in service. One
important difference between inorganic porcelain and glass materials and the organic
polymer materials used for composite insulator is their wettability. The strong
electrostatic bonds between the silicon and oxygen in porcelain and glass contribute to a
high value of surface free energy, which is a thermodynamic quantity that determines
the strength of adhesion of the surface with water. Hence porcelain and glass insulators
are readily wettable. Polymers, on the other hand, are weakly bonded at the molecular
level, and this provides them with low values of surface energy. This property 1is
responsible for composite insulators resisting the formation of a continuous water layer

to a far greater extent than porcelain and glass insulators. The property of resisting

water film formation is referred to as hydrophobicity. The surface resistance of an
insulator with a hydrophobic surface is far higher than one with a wettable or

hydrophilic surface [15]. These aspects of surface behaviour will be examined in more

detail in chapter 2.

For a given insulator material, the surface resistance is lowered to a greater
degree by condensation wetting than by collision wetting. Condensation wetting is
characterized by uniform distribution of tiny water droplets, whereas collision wetting
by rain is characterized by bigger water drops that are also further apart. Wind assisted
spray wetting can produce a pattern similar to condensation wetting, depending on the

wind speed.
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The reduction in surface resistance of the insulator under wet condition is a
function of the solubility of the contaminant. Among all the salt, NaCl is the most
readily soluble salt, but is not the most frequently encountered contaminant (except near
the coast). Hence this salt can be expected to provide the highest leakage current.

Gypsum and sand are insoluble, and other salts, which are among likely to be observed

on insulators, are soluble to different degrees.

1.11.3 Dry Band Arcing

A wet insulator with contaminating has a conductive layer. Electric stress results
in a leakage current which causes heating of the electrolytic layer. The power
dissipation, which is a function of the current density, this is higher in the narrow parts
of the insulator, such as near the pin of porcelain and glass insulators, and on shank of
composite insulators. Water is evaporated in this region leaving small annular bands,
called dry bands. The formation of dry bands causes a significant change in the voltage
distribution along the insulator. The bulk of the voltage now appears across the narrow
bands. Consequently the electric stress across the dry bands is higher than the withstand
value of the dry band, causing an arc to develop across this band. The arc current is
limited by the resistance of the surface layer in series with the dry band. Several dry

band arcs can develop in an insulator, but one of them will dominate [15].

The dry band arcs are usually self-limiting. The current in the dry band arc 1s
only a few milliamper’s, and requires substantial voltage to support it. This factor,
combined with the large surface resistance, causes dry band arcs to be arrested or
extinguished. However, under certain conditions such as, low surface resistance caused
by high levels of contamination, or voltage surge, presence of ionized gases in the
vicinity of the insulator. Then, with the wind assisted motion of the arc, the dry band
can elongate long enough to bridge the gap between the insulator terminals causing a

flashover.
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1.12 Artificial Contamination Test

Artificial contamination laboratory tests have been the subject of research in
standard-wrnting organization, such as the IEC and IEEE/ANSI, for more than years.
This has led to the standardization of the two test methods for evaluation porcelain and
class insulators, the salt-fog test and the clean-fog test. Both these tests are performed

within enclosed chambers.

The quality of laboratory testing can be assessed by three measures: repeatability,
reproducibility, and representivity. Repeatability refers to the ability of the test to
produce the same (within reasonable limits) results every time the test is performed in
one laboratory. Reproducibility refers to the ability to obtain the same results (again
with reasonable limits) when the tests are performed in other laboratories.

Representivity refers to the ability of the laboratory test to duplicate service or field

conditions [15].

1.13 Pollution Test

Testing insulators for their contamination behaviour must take the physical
mechanisms during development of flashover into particular account. Deposition of the
contamination layer on the insulator can be done either before beginning the voltage
test or during the test. In the case of natural pollution, formation of the contamination
layer depends on whether the voltage was on or not during increasing pollution [22].
Because of the effect of the electric field on the thickness and distribution of the
contamination layer, the results can vary considerably. Natural pollution has the
advantage that the site conditions are accurately realized, but too much time is required
and the reproducibility is poor. In artificial pollution the contamination layer 1s
deposited before or during the test, where the requirement is to realize as closely as

possible the natural pollution condition at the future site [23].

1.14 Flashover Models of polluted insulators

The flashover of a given polluted insulator under ac stress is the final stage of

complicated mechanisms. There are three cases of ac flashover mechanism can be

distinguished: -
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1- Immediate flashover of the pollution band similar to the flashover phenomena
under dc voltage;

2- Flashovers on several consecutive voltage cycles in which case the problem of the
arc re-ignition is posed each time the current passes thorough zero;

3- No tlashover, that is the case in which, despite the heating effect which, may
increase the conductivity of the surface layer, the applied voltage is insufficient to
induce a flashover [2].

Despite the complexity of the mechanisms involved in the discharge (arc)
phenomena, numerous models describing the flashover processes of a polluted insulator
have been proposed. A common feature of all these models is a simplified
representation of a propagation arc consisting of a partial arc in series with the
resistance of the not bridged section of polluted layer. Most of these models are limited
to the static state under dc voltage and then extended to the ac case, with no
consideration of the re-ignition process. Therefore, they cannot be considered as a

complete model that can predict the entire temporal evaluation of the flashover process.

1.15 Types of flashover models

The Mathematical dynamic models allowing to compute the parameters
describing the evaluation of the flashover. The mathematical model may be an
equivalent electrical network. In this case the flashover or the discharge can be modeled
as a resistance in parallel with a capacitance, which respectively represents the arc
resistance and the accumulation of the charge at the arc head. A complete
characterization will consist of a description of the arc channel by RLC (R, L, C are
respectively the resistance, the inductance and the capacitance of the channel [2, 24,

25].

Another type of model is to describe the system by two electrodes (the type of
the electrodes may be cylindrical, circular, rectangular, etc.) with the insulation sample
between the two electrodes. The length of the insulation sample is varied according the
type of the test, the nature of the pollution layer and the electrical stress. This model 1s
used widely to calculate the flashover, leakage current and other discharge phenomena

as in for example references [4, 26, 27 and 28].
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The flashover, discharge and leakage current can be controlled in an
environmental chamber and the type of pollution of interest can be set over the
insulation sample. Also 1n this arrangement the temperature, humidity and chamber

volume can be controlled and chosen as described in references [29, 30, 31, and 32].

1.16 Summary

The material presented in this chapter has identified the broad range of issues
which are significant for insulator performance. From these the question of the
behaviour of water pollution on the surface of polymeric insulators would appear to be
one of some importance. The performance of the relatively recent polymeric matenials
when polluted by the water on their surfaces has not been as extensively studied as other
materials. In recognition of this, a review of this area of interest was undertaken. This 1s

presented 1n the following chapters 2 and 3.
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Fig (1.1): 500 kV line using composite insulators (left) and a 230 kV line using cap and

pin porcelain insulators (right)
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Fi1g (1.2): photographs of dead-end (a) and station post (b) porcelain insulators.

porcelain apparatus bushing (¢), porcelain line post (d) and polymer cable terminations

(€).
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Fig (1.4) Relation between puncture and flashover of a suspension insulator
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Fig (1.5) schematic of porcelain/glass insulator; illustrating arc and leakage distances.
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Fig (1.6) profiles of porcelain and glass insulators development.

Standard (A), fog type (B) and aerodynamic (H) are commonly used.
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Insulator collects dirt and becomes wet during dew, rain or fog

Leakage current promoted

Current density on insulator surface is non-uniform, higher at regions of smaller
diameter (shank, pin) and lower at region of large diameter

Leakage current produces heating causing circular dry bands in regions of high
current density

Voltage across insulator is applied across dry bands, high electric stress causing dry

band arcing

Mostly self limiting, across insulator resistance sufficiently high

If insulator surface resistance is sufficient low, dry band arcs propagate to
bridge terminals causing flashover

Fig (1.7): Schematic of events leading to contamination flashover
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Type of force Relative Magnitude

L I

Table (1.3) Relation comparison of magnitude of forces responsible for insulator

contamination (particle size = 5 pm).
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Chapter 2
Basic Processes Relating to Water Droplets on

Insulator Surfaces

2.1 General

From chapter 1 it 1s evident that water pollution on the surface of polymeric
insulators 1s an important cause of insulator failure. The natural hydrophobic state of
polymer surfaces tends to form such surface water into discrete droplets. When, in
addition, the surface is stressed by an applied electric field, such droplets will generate
local changes in the distribution of the field and changes in surface properties of the

polymer and so may affect conditions leading to flashover [1, 2, 3, 4].

In this chapter the important factors thought to be associated with such a process

are 1dentified.

2.2 Surface Factors

Surface tension

Due to an imbalance in molecular forces that occurs when two different
materials (e.g., a liquid droplet on a solid surface) are brought into contact with each
other forming an interface or boundary, a force is generated in each material in the
region of the boundary. The force is due to the tendency for all materials to reduce their

surface area in response to the imbalance in molecular forces that occurs at their surface

of contact [J].

The force required to stretch a uniform field is proportional to the length of the film.
The constant of proportionality,y, is known as the surface tension, and can be

considered as the force exerted by a surface of unit length. Surface tension y, is also

called the ‘surface free energy per unit area’ (J/m?). The increase in y, during normal



aging of polymer is considered to be due to the formation of chemical functional groups

on the surface which originate from additives. The surface tension for a solid can be

expressed as

V= ¥g+Ve (2.1)
and, for a liquid, as

Yi=Via*TVn (2.2)
Where the suffixes d and 4 denote dispersive and non-dispersive forces respectively;

and / and s denote liquid and solid, respectively [6].

Hydrophobicity and hydrophilicity

Hydrophobic Materials have the opposite response to water interaction to
hydrophilic materials. Hydrophobic materials have little or no tendency to adsorb water
which tends to “bead” on their surface (i.e., form discrete droplets) because they possess
low surface tension and lack active groups in their surface chemistry for formation of
hydrogen bonds with water molecules. Hydrophilic materials exhibit an affinity for
water and such materials readily adsorb it. The surface chemistry allows these materials
to be wetted, forming a water film or coating on their surface. Hydrophilic materials
possess a high surface tension and have the ability to form hydrogen bonds with water

molecules [3].

The coefficients y,and y, identified in equation (2.1) represent the

hydrophobicity and hydrophilicity, respectively of the surface of the solid material.

When a polymeric material is immersed in water, the interaction between the water and

the surface results in a higher surface tension of the polymer (¥,) and a consequent

increase in hydrophilicity.

Contact angle
With reference to Fig (2.1), for a given droplet on a solid surface the contact

angle, 6, is a measurement of the angle formed between the surface of a solid and the

line tangent to the droplet radius from the point of contact with the solid.
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The contact angle 1s related to the surface tension via Young’s equation for a
solid (see Fig (2.2)),

Y. =Vgqty cosl (2.3)
with

Yi=ViatVu (2.4)
wherey,, is the surface tension of the solid-liquid interfacial surfaces [6]. Also

according to {6 and 7], the relationship among 5,7, and y, can be expressed as

Ysa t Y YV TVn
From equations (2.3) and (2.5)

4 4
v =y 4y, Y sd¥ i Y snl i (2.5)

YsatYu VstV

or, by combining equations (2.4) and (2.6)

(l + COS 9) 7; — 4ysd71d 4ysh7!h (2.6)

)2 2
(3-cos@)y, =4 ——"— 442 (2.7)
Vsa YV Ysh TV

Equation (2.7) indicates that for a given polymeric material and wetting

environment the larger the y , and ¥, , the smaller would be the static contact angle [8].
Therefore, when the surface tension y, of the solid surface is increased, a smaller

contact angle will be observed. That is, as a surface becomes more hydrophilic, a water

drop would tend to spread across it.

For a virgin polymeric insulating material, y,, > 7,,, dispersive forces dominate
and the surface is hydrophobic. Therefore, y, is determined mainly by y,, on an un-
aged polymeric surface [6]. During aging, y, changes with time due to, for example,

interfacial interaction between the polymer and the moisture. Therefore the surface
tension of the polymer increases because of the absorption of water and its adhesion to
the surface. This causes a decrease of the contact angle as the surface becomes more

hydrophilic. Other processes, such as the occurrence of suitably energetic electric

surface discharges, may also be expected to affecty, by breaking molecular bonds in
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the polymer at its surface and so allowing the formation of hydrogen bonds with water,

as mentioned above.

2.3 Factors Associated with an Applied Electric Field

Under electrical stress, a water droplet on a polymer surface will experience
forces ansing from the presence of electrical charges or dipoles etc. It is useful to
examine how these forces respond when the applied field varies with time. e.g. if it has

a sinusoidal variation.

Coulomb force

As 1s very well known, Coulomb’s law describes the electric force that one charged
particle exerts on another [9]. This electric force between two charged particles i1s:
1) Dirrectly proportional to the product of their charges.
2) Inversely proportional to the square of the distance between them.
3) Directly along the line joining them, and
4) Repulsive (attractive) for like (unlike) charges.
If g,and g, are two charged particles situated at points P(x, y, z) and S (

X,y ,z) as shown in Fig (2.3), the electric force acting on g, due to g, is

F;z =K 1k a,, (28)

Where F,, is the force experienced by g, due to g, , K is the constant of proportionality,

which depend upon the system of units used, R, is the distance between points P and S,

———

and a,, is the unit vector pointing in the direction from point S to point P. the distance

vector from Sto Pis
El: =R, a:=;:"; (2.9)

Where ;'; and ;; are the position vector of points P and S, respectively.

In the International System of Units (“SI” system), the constant of
proportionality is

1
4r &,

K= (2.10)
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Where £,=8.85x10""=10"/36x farads /meter (F/m), is the permittivity of the free

space (vacuum). Thus,

1 q4,—
F.,= 21722 4 2.11
12 472'80 Rlzz 12 ( )
Or
1 r—r
F = @_.—) (2.12)
drey |n-r,

This coulombic force means that a charge, q, in the presence of an applied electric field,
E, experiences a force, F, given by F = qE. If E varies as Eg sin (ot) then clearly the
force experienced by the charge will vary with the same frequency ®. It is also

reasonable to assume that the force exerted on a collection of charges, such as might be
associated with a charged water droplet, will also show the same fundamental frequency

as that of the applied field, although some harmonics arising from the mechanical

properties of the droplet might also be found.

Dielectrophoretic force

The force exerted by a non-uniform field on an electrically neutral body
suspended 1n a fluid medium will now be examined.

In a static field, the net translational force on a neutral, small body at equilibrium
1s given by [10]:

F=(u.V)E (2.13)

Where p is the dipole moment vector (induced or permanent), V is the vector

operator “del”, and E is the external electric field. For the case where the neutral

dielectric body is homogeneously, linearly, and isotropically polarized:

u=aVE (2.14)
Where «a is the polarizability, and V is the volume of the body. This gives us
F=aV(E.V)E

. ..‘.':’2_'@;:»'”;|2 (2.15)

If we now consider the body to be a sphere of radius a, composed of an ideal

(zero conductivity) dielectric of relative permittivity &£,, suspended in an i1deal dielectric



fluid medium of infinite extent and relative permittivity &,, then the field interior to the

small spherical body is given by

E,.,,=( 3¢ )E (2.16)
£, +2&,
The induced polarization per unit volume is

P=5o(32 "31)Em (2.17)
and the induced dipole moment is given by

u=VP=aVE

The polarization a per unit volume is therefore given from equations (2.16) and (2.17)

aS
P E
a""E: £,(s, _51)‘}?
(2.18)
_ &5 (£,-5)
£, +2¢&

and from equation (2.15), the total dielectrophoretic force F acting on the small sphere

Ar a’

of volume V= , can be expressed as:

F=2ra'ee, [—6:3—:5—) V|E[
£, +2¢&

For the purposes of the present study, we will consider a spherical water droplet
in air in which case the relative permittivity &, = 1, &, =¢ and a = r, the radius of the

droplet,
The total dielectrophoretic force F is then

F=2rx r380(j:;J VIEIZ (2.19)

If the electric field arises from an applied voltage of the form V' =V, sin@¢, equation

(2.19) implies that the associated dielectrophoretic force will show an ®* dependence.

From this it is reasonable to assume that a water droplet on an insulating surface would
vibrate at twice the frequency of the applied field if the force on the droplet was mainly

a dielectrophoretic one.
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Electrostatic induction

Electrostatic induction is the phenomenon by which an uncharged object
becomes charged when brought near (but not touching) a charged body. For an
example if a positively charge body (A) is brought near an uncharged object (B), a
separation of charges in produced in B. The positive charges on A simultaneously repel
the positive charges and attract the negative charges on B as shown in Fig (2.4). The
figure illustrates that the negative charges on B are closer to the positive charges on A
than the positive charges on B. This implies that the force of attraction between the
positive on A and the negative on B outweighs the force of repulsion between the
positive region on A and the positive region on B, which results in object B being
attracted to body A. This resultant force is called the electrostatic induction force.
Electrostatic induction force will arise only if the external field is non uniform. This
force is essentially linked to the presence of electrical charges and, as such, is
coulombic in origin but will be directed to one of the electrodes irrespective of polarity.

It should show twice the frequency of the applied electric field.

Electrical triple junctions

The point at which three media meet is called a triple junction. If electrical
properties of the three media are different, considerable field enhancement may occur at
this point. In our study the three media are water droplet, air and solid insulation. As
mentioned above, solid insulation surface properties might change under the influence

of an applied electric field, particularly if discharges occur, so it is important to examine

how the behaviour of a water droplet may be affected by the distribution of the electric
surface potential and the electric field strength around a triple junction point. This topic

is examined in more detail in later chapters of this thesis in association with the

experimental and theoretical work presented there.

2.4 Electrical Breakdown in Gases

The total average current in a gap between two parallel-plate electrodes before
the occurrence of breakdown can be expressed as [see, for example, reference 11]

I I,exp(ad)

= (2.20)
1-y [exp(ad) -1]



Where I, is the initial current at the cathode, a is the average number of

ionizing collisions made by an electron per centimetre, ¥ is the secondary ionization

coefficient, and d is the distance between the two electrodes. The coefficient y

represents a “positive feedback™ mechanism which releases additional electrons into the

discharge. As the distance between the two electrodes is increased, the denominator of

the equation tends to zero and at some distance d =d ;.
l1-y [exp(ad)—-1]=0
For values d > d,, I is approximately equal to /,, and if the external source for the

supply of I, is removed, I becomes zero. If d = d,, I —->oand the current will be

limited only by the resistance of the power supply and the external circuit. This

condition 1s called Townsend’s breakdown criterion and can be written as
y lexp(ad)-1]=1
Normally, exp (a d) is very large, and hence the above equation reduces to
y exp(ad)=1
for a given gap spacing and at a give pressure the value of the voltage ¥ which gives the
values a and y satisfying the breakdown criterion is called the spark breakdown value

V, and the corresponding distance d , is called the sparking distance. This equation

can be re-arranged to give

ad = In(1/y) (2.21)

If the electric field is non-uniform, equation 2.21 may be expressed as an integral along
a field line, s. That is,

fs a(s) ds =In(1/y) =k
where a is now expressed as a function of distance along the field line of interest.
Close to breakdown, the feedback term (1/y) is very large (~ 10°) and k, known as the
streamer breakdown constant, is found to be typically 12 to 18 at breakdown, depending

on the gas involved. When written in the form

Jsa(s) ds=k (2.22)
this equation ts known as the streamer criterion for electrical breakdown of a gas ina
non-uniform field [11]. Equation 2.22 could be used to examine the likelihood of

electrical breakdown in the air surrounding a water droplet.
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A water droplet plays a number of roles in the electrical breakdown of an

atr/insulator interface: -
e Itis a stress enhancer because of its high permittivity.

e [t deforms under the influence of the electric field, due to both coulomb and
field — gradient forces, thereby increasing its stress enhancing feature.

e Itcan be a good conductor, especially when heavily contaminated, and so partly

short out some of the insulating surface thereby increasing the field in the

surrounding gas.

2.5 Summary

Considering the importance of the water droplet pollution problem, continuous
and intensive laboratory studies and field investigations have been taking place
worldwide for many years. The work involves not only experimental investigations but
also mathematical modelling to understand the different aspects of the behaviour of the
water droplet on the insulator surface. The effect of a water droplet on partial discharge
activity, hydrophobicity, contact angle, surface tension, flashover and breakdown has
been studied. The influence of water-droplets at the surface of HV insulators on the
distribution of the potential and the electrical field along the surface has been
investigated in many publications. Behaviour has been studied with both ac and dc
applied voltage. Partial discharge measurements from water droplets have been used as
a means to study pre-leakage current development on the insulating surface. Visual
observation of droplets on an insulator surface under ac or dc stress has also been
performed and the results examined in many papers and publications. These studies
have used high speed-video camera techniques to study the vibration, scattering and the
extending of water droplets and to record partial discharge activity, flashover and the
breakdown. In the next chapter we review in detail prominent recent papers, in
particular those which have examined the behaviour of a single water droplet on the

surface of a polymeric insulator under a high electrical stress.
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Fig (2.1) Wetting of solid surfaces: the contact angle 6 decreases
with increasing hydrophilicity.
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Fig (2.2) Illustrating Young’s equation y, =y, + ¥, cos ¢

at the interface between a liquid droplet and a solid surface.
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Fig (2.3) Electric force between two point charges
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Object B

Fig (2.4) Charge separation in object B produced by electrostatic induction.
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Chapter 3
Review of Recent Work on Water Droplets on

Insulator Surfaces

3.1 General

As previously described in chapter 1, surface pollution of high voltage insulation
is considered to be one of the most important factors leading to insulation failure. Also,
as discussed in chapter 2, the specific feature of water droplets at the surface of HV
insulators has a particularly significant effect on insulation performance, which can lead

to flashover of the insulator.

In this chapter we review recent research on water droplets on polymer surfaces
under high electrical ac stresses. The variety of test arrangements that have been
adopted is described and their features discussed. Observations of partial discharge
activity near the surface of droplets, droplet vibration and spreading, and surface

flashover are compared.

In previous investigations of the effect of water droplets on electrically-stressed
insulator surfaces, a very wide range of factors has been examined. Table 3.1, adapted

from reference [15], summarises the fundamental parameters that may be considered as

most important.

For the present purposes, we confine our review to work concerning applied
electric fields with sinusoidal waveforms at frequencies relevant to the “power” values
of 50 to 60 Hz. We examine the work done on essentially single water droplets with
volumes of the order of tens of pl, representative of typical naturally-occurring rain,
condensation or spray. We consider the conductivity of the water in three broad ranges:
deionised, rain (or tap), and salt solution — again, representative of naturally-occurring

conditions. In practice, most HV insulators with droplet contamination are otherwise

undamaged and so, for the present review, it is considered appropriate to limit



consideration to essentially flat, smooth polymeric surfaces that are nominally clean and
have not been contaminated by, for example, prior aging through prolonged exposure to
electrical discharges or chemical degradation leading to breakage of molecular bonds.

We also consider droplets and polymer surfaces exposed to ambient air.

Within the above general constraints, a number of recent studies have been
identified [1-16] that describe experimental systems designed to investigate water
droplet behaviour on polymer surfaces under power-frequency ac stress. In the review
of this work presented below, we attempt to identify the key parameters, and where the
areas of general agreement, or otherwise, lie — even although there are distinct
differences in the individual test arrangements adopted by the various investigators

concerned. From this review, it is expected to gain information on those areas where

further research may prove useful.

3.2 Experimental Systems

Before examining the observed behaviour of droplets in detail, it must be
recognized that the studies referred to above do not all adopt the same experimental
arrangements. For example, several different electrode and polymer geometries have
been employed as well as different polymer materials. In order to assist comparisons
between studies, it was considered necessary to first examine the electrode and sample
geometries that have been used, and to consider whether the resultant variations in the

form of the applied electric field were of significance.

3.2.1 Electrode Geometry

Three different general forms of electrode geometry have been used in previous
studies. Their essential differences are illustrated in Fig (3.1). First, there 1s an “end”
electrode geometry where a length of polymer is mounted between two electrodes
located at its ends. This arrangement has been used to give either an essentially uniform
or a distinctly non-uniform field along the sample surface [1-3, 5-6, 10 and 12]. A
second geometry commonly used is where the two electrodes are “surface” mounted on
the polymer sample [4, 8-9, 11, 14 and 16]. A third geometry has the two electrodes
positioned below the insulating surface i.e. “embedded” in the polymer [4, 7, 13 and



15]. It is useful to consider each of these geometries in turn before making comparisons

between the behaviour of droplets in each system.

End electrodes. Figs (3.2, 3.3, 3.4 and 3.5) illustrate the typical use that has
been made of end—electrode geometry, as adopted in references {3], [5], [6], [10] and
[12]. The significant feature of this geometry is that it can produce an applied electric
field that is directed along (i.e. tangential to) the surface of the insulator under test and
which can be essentially uniform along that surface, in the absence of a water droplet.
In previous work, the distances that have been employed between such end electrodes
have shown a range of values, but 20mm has been commonly used. In [1] a flat piece of
silicon rubber (SiR) - cut from a silicone rubber suspension insulator — was centrally
mounted between two uniform electric field electrodes such that the electric field was
along its 20-mm surface. In [3], electrodes were located at both ends of an insulation
sample of length 250mm. In [5] and [12] samples were arranged horizontally between
plane electrodes 20mm apart. In [6] two nominally uniform arrangements were used

with distances between electrodes of 18mm and 20mm.

A second, end-electrode geometry used in [6] comprised an end portion of an
SiR insulator fixed between two end electrodes of dissimilar dimensions (see figure
3.3B). A similar non-uniform geometry was used in [10]. The electric fields generated
by these arrangements were significantly non-uniform. Neither of these papers provides
clear detail of the shape of electric field generated by these non-uniform geometries.

However, it may be assumed that field components both tangential and normal to the

polymer surface were present.

Surface mounted electrodes. Figs (3.4, 3.6, 3.7 and 3.8) illustrate typical
arrangements using surface-mounted electrodes. Fig (3.6), see reference [8], shows a
pair of parallel rod electrodes of approximately rectangular cross-section and 10-mm
apart used to form what is described as a tangential electric field along the surface of the
insulation. In work reported in [8], [11] and [16], surface electrodes with a
hemispherical cross-section were used. The cross-sectional dimensions of these

electrodes were not stated but their separation was fixed at 30 mm. In [14], see Fig



(3.8), two elongated carbon electrodes were surface mounted on a silicon rubber test
sample and the separation between electrodes varied between 18 and 22 mm. However,
the other dimensions of these two electrodes, which appear square in cross-section, were
not stated. In all of the above, it is safe to assume — from symmetry - that the electric
field at the surface of the polymer near its centre was predominately tangential to the

surface and essentially uniform.

Embedded electrodes. Keim and Koenig have published several papers in
which they employed embedded-electrode geometry [4, 7, 13 and 15]. Figs (3.9) (see
[4], [7], and [15]) and Fig (3.10) (see [13]) illustrate the geometry used. Typically,
parallel circular cross-section rod electrodes were embedded parallel to the insulator
surface at a depth of Imm below the surface. The rods were 15 mm in diameter, 100
mm in length with the distance between the centres of the two electrodes set at 35mm —
i.e. a gap spacing of 20mm. Such an arrangement can be used to generate fields at the
central region of a sample surface that have comparable tangential and normal

components.

The various electrode configurations described above can all generate high
electric fields at the surface of the test sample. Uniform-field end electrodes generate
field lines that are essentially tangential to the sample surface. Surface-mounted
electrodes do not generate such a uniform field but, from symmetry, will produce field
lines that are approximately tangential to the surface of the sample near the mid-point
between the electrodes. However, non-uniform end electrodes, surface-mounted
electrodes and embedded electrodes will generate non-uniform fields which are not
completely tangential to the sample surface — i.e. they will generate field components
normal to the sample surface, directed into or out of the surface. Clearly, a uniform,
tangential field 1s more easily analysed, but non-uniform fields are more representative
of practical applications. It must also be recognized that any applied field will be altered
considerably when a water droplet is introduced, particularly a highly conducting one.
The significance to droplet behaviour arising from the differences in applied electric

field that result from variations in electrode geometry are examined further in the next

sections.
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3.2.2 Applied Electric Field

With the variety of electrode geometries noted above, it is of interest to examine
whether agreement can be found between the various investigations reported, for

example: what agreement is there about the values of the applied electric field required

to force a droplet to vibrate, to spread, or to cause flashover of the polymer surface?

With the range of geometries as described above, the most straight-forward
measure of the applied electric field in each case is to calculate an average value (E,) by
dividing the applied voltage by the distance between the electrodes. Such an average
field may be calculated corresponding to the onset of droplet vibration, the onset of
partial discharges or the flashover of the test sample. Although it would not be

reasonable to expect such a simple measure to show, for any particular process, a close
agreement between the various test geometries, it is possible that it will show some
trends as to the relative field levels for onset of the various processes. For example, for
all the geometries studied, does the average field at the onset of detectable partial

discharges generally lie below or exceed that for vibration?

As mentioned in chapter 2, a water droplet on a surface will act as a local stress
enhancer and so the electric field in the vicinity of a water droplet may be considerably
higher than the average field E,. Many of the studies mentioned above do not give
sufficient data to calculate such local enhancements. However, any enhanced field will
be proportional to the average applied field. For example, when adhering to a plane
surface, a hemispherical droplet that is conducting or has a high permittivity generates a

stress enhancement at its surface given by
Ez = B E 0

Where B, the stress enhancement factor, equals 3 at the point where the surtace of the
droplet intersects its axis of symmetry [1]. Hence, in the absence of clear data on
enhancement factors such as f, it is reasonable to examine whether it is helpful to base
initial comparisons on average values of applied field and to interpret apparent

discrepancies in terms of likely local enhancement factors.



Approximately uniform applied fields. As described in the previous section,
both the uniform-field end electrodes and parallel-rod surface electrodes can be
considered as generating approximately uniform fields that are essentially tangential to
the surface at the centre of the insulator (prior to placement of a water droplet). Hence,
in the present study a comparison was made of the levels of E, reported in the literature
for these geometries corresponding to

a) The onset of partial discharges  (Eop)

b) The onset of droplet vibration  (Egy)

c) The onset of droplet spreading  (Es)

d) Breakdown between electrodes  (Ep)

The applied stress 1s expressed in RMS values unless stated otherwise. For simplicity,

only data for single droplets are considered.

Employing both end and surface-mounted electrodes with a 20-mm gap spacing,
single droplets with a volume of 20ul and conductivities, &, of 300uS/m and 5.8S/m on
silicon rubber (SIR) were investigated in [1] and [2]. The conductivities are

representative of deionised and saturated salt solutions respectively. With ac, these
authors report that single droplets “distorted” at 21kV peak (deionised) and 18kVp (salt

solution). Breakdown was found to occur at 23kVp (deionised) and 20kVp (salt
solution). We identify “distortion” with E,, and/or E,; and breakdown with Eq, and

convert these peak voltages into corresponding RMS values of average applied field.
Table 3.2, below, presents the values calculated.

Discharge activity is reported when 7.7kV was applied across a 20-mm gap with
a deionised or salt-solution droplet of about 1-mm radius on SiR [6]. This paper also
records that, as voltage was raised, vibration was followed by spreading and then

followed by breakdown. PTFE is compared with SiR in [8]. Here droplets of either 10
or 30ul were placed on the surface at the mid point of a 10-mm gap. The water was
deionised with a conductivity of 50uS/m. The voltage applied was varied in frequency
from 20 to 50Hz. For 10-pl droplets on both PTFE and SiR, vibration onset was

detected at 5kV and 36Hz. For 30-pl droplets, vibration began at 6.5kV (22Hz) with
SiR and 8.5kV (20Hz) with PTFE, with breakdown at 11kV and 13kV, respectively.



According to [9], [11] and [16], for a SiR gap of 30mm and a 30-ul droplet of
conductivity 56mS/m (acid rain), partial discharges were found at 8kV followed by
vibration at around 10 to 15 kV and breakdown in excess of that. In [10] it is reported

that for a 30-ul droplet of tap water on an SiR surface, partial discharges are detected at
an applied field of 5.5 kV/cm (= Eqp). With SiR surfaces of 18 to 20-mm length and

droplets of conductivity 100mS/m it is reported in [14] that a 30-ul droplets showed

spreading and breakdown at 5.75kV/cm, with 10-pl droplets showing similar behaviour
at 6.1kV/cm.

Evidently, detailed comparisons of these essentially uniform values of the
average applied tangential field are limited by the various test conditions that differed
considerably between studies. However, for most cases described above, it 1s appears
from table 3.2 that applied fields in excess of around 3kV/cm are generally required to
generate partial discharge activity and at fields in excess of 5kV/cm droplet vibration,
movement and spreading can be expected, with higher still values of average field

(typically 1n excess of 7kV/cm) leading to breakdown.

Non-uniform applied fields. In [6], the dynamic behaviour and deformation of
a water droplet under ac voltage placed on the surface of the simulated energized end of
a hydrophobic polymer insulator was examined. The experimental arrangement (see
figure 3.3B) employed non-uniform field end electrodes separated by a distance of
18mm. Under de-energized conditions the water droplet was quite round due to the
hydrophobicity of the SiR surface. The authors report that a water drop started to vibrate
at an applied voltage of 5 kV, with spreading evident at about 15 kV followed by gross
deformation and movement to an end electrode at about 20 kV, corresponding to
average field strengths of 2.8, 8.3 and 11.1 kV/cm, respectively. For non-uniform field
conditions it may be less appropriate to examine such average values of electric field.
However, comparison with table 3.2 indicates that the non-uniform conditions in [6] do
not lead to large differences in the average fields Ep, Eov and Eqy compared to the

values found for uniform-field conditions.



In [4], [7], [13], and [15] embedded electrodes were used. A typical arrangement
is shown in Fig (3.8). In [7] it is reported that elongation of droplets and PD activity
could be observed when the applied voltage was increased from 4kV, corresponding to
an average field of 2kV/cm, to 8 kV, corresponding to 4kV/cm. during a test period of
30 minutes. In [13] and [15], vibration was reported at an applied voltage of 13kV,
corresponding to an average field of 6.5kV/cm. These authors did not provide more
details of the different field strengths at which they first detected the onset of vibration,
spreading or PD activity. However, the above values are comparable with the ranges
shown in Table (3.2) and it would appear that in terms of average onset fields,

embedded electrodes may give generally similar results to the other geometries.

3.3. Polymer Sample

In previous studies, several different polymer materials and sample

arrangements have been employed. The surface properties of the samples examined are

clearly significant.

3.3.1. Sample Surface

The dimensions, surface geometry and surface preparation of the polymer
samples used in the recent work were examined. In [1], 20-mm long, flat sheet of SiR
was cut from a suspension insulator. No information was given about the initial surface
of the SiR other than that it was “fully hydrophobic”. In this study, the surface was
purposely degraded in order to achieve substantial loss of hydrophobicity by sparking
the surface at a current of about 10mA for 1 minute. The loss was not expressed in
quantitative terms, however it was sufficient to allow a droplet to spread on simple
contact with the unstressed surface. In [4], a cylindrical epoxy-resin sample was used,
similar in shape to a post insulator. Micro-discharges at droplets were considered to
trigger and influence electrochemical degradation of the insulator surface, with a
resultant loss in hydrophobicity. Again, only qualitative information was given. In [5],
70-mm long samples were cut from 2-mm thick sheets of SiR. The surface was

described as initially clean, but no further details were given. This surface was also
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deliberately contaminated with a water slurry which generated a uniform deposit of both
non-soluble material and salt at densities of 0.1mg/cm”. This process was described as
producing a uniform contamination of the hydrophobic surface without causing any
other physical and/or chemical changes. These authors reported that both droplet
vibration and PD activity were substantially reduced when the contamination was first
introduced, and that this could be attributed to low hydrophobicity due to the surface
contamination. However, after several days the surface hydrophobicity appeared to
recover. In [6] both the surface of an end portion of an SiR insulator and an SiR sheet
were tested. No specific details of surface conditions were given and it must be assumed
that no special surface preparation was undertaken. In [7], an epoxy resin was examined
which was identified as Araldite F, HT 907, DY 061 with quartz filler W 12 EST (data
from Ciba Geigy). The surface was described as initially smooth, as produced in the
manufacturing process. For some experiments, this surface was also deliberately
roughened by treatment (presumably blasting) with glass balls at a pressure of Sbar and
a distance of 15cm. Droplet vibration was observed only on the smooth surface whereas
with the roughened surface droplets tended to split into several, separated fractions.
The authors did not identify the mechanisms that might account for such behaviour. In
[10], test samples comprised either a slab of acrylic coated with silicone rubber or a
distribution-class silicone rubber insulator. No special surface preparation was reported

prior to testing.

The hydrophobic insulating materials used in [8] were polytetrafluoroethylene

(PTFE), and silicon rubber (SiR). The surface of the PTFE was stated to show less
friction than that of SiR. With deionised water, the initial static contact angles for SiR

and PTFE were measured as 108° and 93°, respectively, indicating that the SiR was
more hydrophobic - a result that was essentially independent of droplet volumes from 5
to S0ul. These authors found that droplets vibrate in different modes on PTFE surfaces
compared to SiR. This appears to be due, at least in part, to the different contact angles
found with these materials, and it was concluded that disturbances in droplet shape

depended not only on electrostatic forces but also on the hydrodynamics of the liquid
motion. Silicone rubber with AI(OH,) filler was employed in [11] where, again,



droplet vibration was found with ac applied voltage. However, no particular surface

property other than hydrophobicity was noted.

3.3.2 Surface tension and hydrophobicity

The effects of the forces that act on a water droplet on an electrically-stressed
solid insulation sample have been studied. As described in chapter 2, these forces are:
the surface tension of the water, the solid and the interface tension between liquid and
solid. In equilibrium these forces are in balance, see Fig (3.11). However, from [1] and
[5], it can be seen that this balance is altered when an electric field is applied along the
surface of the insulator due to additional forces that deform the droplet. Although such
behaviour has been well researched for dc fields, it has received limited attention for the
quasi-free droplet subjected to ac stressing [1]. However, it is reasonable to assume that

droplet deformation, in the form of cither vibration or spreading, may take place

whenever the additional forces exceed those due to surface tension. The field, E _, at

which a free spherical water droplet distorts is known to be proportional to (A/r)'?,

where A 1s the surface tension of the water and r the undistorted radius of the droplet
[17]. This has been calculated in [1] for distilled water in terms of peak values of

applied ac field for a range of droplet radii. Table 3.3 shows the values they obtained
and, in addition, expresses these in terms of RMS values of applied field and droplet

volume in pl.

Comparing tables 3.3 and 3.2, it is reasonable to suggest that it is the magmitude
of the above field E; that may well indicate the onset of vibration and spreading of
droplets, and so point to a link between these processes and surface tension. However, it
must be noted that table 3.2 concerns quasi-free droplets — which are approximately

hemi-ellipsoidal - on a polymer surface, whereas table 3.3 refers to free, spherical
droplets.

Many industrial polymers in their usual, manufactured form have surfaces with

the degree of hydrophobicity required for well-formed water droplets to develop. In the

previous work reviewed here, this is true for a range of water types from deionised
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through tap and rain and on to salt solutions and for droplet volumes from at least 5 to
S0ml. As noted in chapter 2, such initial hydrophobicity can be reduced when surfaces
are damaged by sparking or contaminated by some surface deposits. For example in [1]
sparking was found to lower flashover voltage by 30% but recovery to the fully
hydrophobic value could take only a few minutes. In most cases, flashover is reported
to be triggered by gross distortion of droplets such that they extend over the surrounding
insulator surface, indicating the surface there has become hydrophilic. This part of the
surface is then effectively shorted-out electrically, and so the stress-enhancing effect of
the droplet increases, leading to further distortion and spreading of water droplets.

3.4 Water droplet characteristics

Next, we examine what previous studies have revealed about the significance of

the dielectric and geometric properties of the water droplet placed on an electrically-

stressed polymer insulator surface.

3.4.1 Dielectric properties

Over the limited range of frequency applicable to power applications, the

relative permittivity of water may be assumed constant at 81.

In [1] conductivity was varied over more than four orders of magnitude from a

deionised value of 300uS/m to that of an NaCl saturated solution of 5.85/m. In [3], the

water resistivity, p, was taken as 1x10°Qm (corresponding to a conductivity of
10mS/m, which is typical of tap or rain water). In [4] the conductivity of the water
droplet used was SmS/m (tap water) and 31.2 S/m (salt water). In [6] two types of
droplet were used: distilled and salt water. However, no quantitative details were
provided on the conductivity of these droplets. In [7], the water was described as either
deionised, with a conductivity 1mS/m, or with NaCl added to give a conductivity
1S/m). In [8] the conductivity of the deionised water used was 50uS/m whereas 1n [10]

tap water was used which had a conductivity of 60mS/m. Two conditions were used 1n
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[11]}: deionised water, with a conductivity 20uS/m and an artificial acid rain with a

conductivity 56mS/m. In [13], distilled water was used.

These previous studies have, therefore, used water droplets with conductivities
that represent deionised, tap, rain up to saturated salt-solutions and range over 4 to 5

orders of magnitude. Typical values of conductivity are summarized in table 3.4.

From [1] and [2], increasing conductivity to this degree appears to reduce the
measured average field strengths for PD activity, vibration onset or breakdown by only

around 10%. However, in [5] it was reported that, when deionised water was replaced

by tap water, the vibration inception voltage for a 15-ul droplet on clean SiR was
reduced by about 50%, from about 16 to 8kV. With a fixed conductivity (tap water),

this voltage fell from approximately 8 to 4kV when the droplet volume was increased
from 15u] to 200ul. It was considered that higher conductivities coupled with larger

volumes would, with a fixed applied voltage, increase the electric field between droplet

and electrodes and so the result was to bring about a lower inception voltage.

From the above, it may be argued - at least for droplet volumes of the order of

10 to 20ul — that onset (inception) fields are particularly sensitive to droplet
conductivity. However, this sensitivity falls off considerably for greater droplet

volumes.

3.4.2 Volume and shape

As indicated above, droplet volume and shape has been found to influence
behaviour. A 20pl, sessile drop on a strongly hydrophobic SiR surface can have two
stable shapes under ac stress [1]. Once highly distorted from its initial near-spherical

shape, a droplet can remain permanently squat and elongated. This has clear
implications with regard to the effect a droplet might have on enhancement of the

electric field around 1t. This is discussed in [3], where a water droplet with volume
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100pl and radius 3mm was studied. The droplet was considered to elongate over a
horizontal surface, partly due to field intensification at its tip and partly due to gravity
but it should be noted that the possibility of an increase in surface hydrophilicity was
not considered. As a result of elongation, an initial spherical shape would become
ellipsoidal, with the same volume. Two expressions were given in [3], one to compute

the contact angle 8 as shown in Fig (3.12) and the other to estimate the water droplet

volume v:
0 =2 + arcsin [ 22— (3.5)
2 r
6‘3 —231'
v=abr [(c—-z) — o ] (3.6)

Where a, b and c are the ellipsoid semi-axes, z; is the insulator surface level and z, 1s at
the center of the droplet. They calculated field enhancement on the insulator surface at
the triple junctions and found a 60% increase for the ellipsoidal shape over the spherical
one, although part of this was because the edges of the elongated droplet were closer to
the end electrodes thus shortening the gap between droplet and electrode.

In {5], the effect of varying water droplet volume has been considered. It was
found that for tap and salt water on an SiR surface the onset field for vibration fell by
50% as volume was increased from 15 to 200ul. For deionised water, the reduction was
very pronounced as volume increased from 15 to 50ul. The authors suggested the fall
was associated with changes in electric field but did not offer an explanation. It may be

that the shape factors mentioned in [3] above are concerned.

The droplet shape considered in [4] is shown in Fig (3.11). These authors
considered force balance at a droplet on a solid surface. The forces generated from the
application of a tangential electric field are considered to affect this balance and so

deform the droplet into a more irregular shape. This, it was suggested, results in areas

on a droplet which produce local field enhancement that leads to more deformation.

This “feed-back™ process could trigger what were termed micro-discharges and
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electrochemical degradation of the insulator surface. The relation between point on the
applied waveform and droplet shape have been examined for 10 and 30ul droplets on
SiR [8]. At the zero-crossings the droplet was found to have a raised center and to have
a shape approximating to a prolate semi-ellipsoid. At the maxima the droplet was
flattened into a prolate semi-ellipsoid. The movement of drops with volumes between 6

and 100pul was studied in [12]. If we denote the height of an unstressed droplet by H,

then these authors report that the stressed droplet height could lie between H +'/3H. Fig
(3.13) shows the characteristic shapes they recorded for a drop of 100pl.

Droplet volume can influence behaviour from a hydrodynamic viewpoint. It 1s
shown in [17] that the natural mode of vibration of a free spherical droplet is inversely
proportional to its radius. Hence it would be expected that free spherical droplets of
different volumes subject to oscillating forces in an ac applied field would show
resonance at different frequencies, and these resonance frequencies should move to
lower values as droplet volume is increased. It is considered here that a similar effect
may also occur with quasi-free, hemi-ellipsoid droplets adhering to an insulator surface.
In [8], such surface droplets were considered to be characterized by an aspect ratio

given by droplet width over droplet height — i.e. this ratio is unity for a hemisphere.
These authors detected the peak values of aspect ratio for 10 and 30-pl droplets of
deionised water on PTFE and SiR surfaces as the frequency of the applied field was

raised from O to 100Hz at a constant applied stress. The unperturbed aspect ratio was
between 2.5 and 3. Their results are summarized in table 3.5.

It is evident that the larger droplet resonates at lower frequencies than the
smaller one. This is consistent with the suggestion made above. However, with the

departure from spherical symmetry indicated by aspect ratios greater than one, 1t seems

reasonable that essentially two resonances are found. If we assume the shapes of these
droplets can be approximated by semi-ellipsoids, then these two resonances are

probably associated with its major and minor axes.

3.5 Modes of droplet vibration
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The main influence on vibration is obviously the frequency of the applied field.
However, as pointed out in chapter 2, it is possible that a droplet could respond by
oscillating at twice the applied frequency. Also, as described above, departure from a
simple hemispherical shape can introduce resonant responses over a range of
frequencies. As discussed in section 2.2, two of the possible forces which a free particle

floating in air experiences from the application of electric field oscillating at angular

frequency o are the dielectrophoretic and Maxwell forces. Both of these lead to a

possible frequency of vibration of (w/2x)".

Most researchers find that water droplets vibrate synchronously with the
frequency of the applied stress used in their investigations. A typical pattern of vibration
is shown in Fig (3.14), taken from {7]. It is perhaps worth noting that these authors
confirm that water droplets do not vibrate before breakdown with a dc applied field.
These authors discussed deformation and vibration of a water droplet in terms of a
model shown in Fig (3.15). They considered positive and negative charges to form at
the edges of a droplet as illustrated in Fig (3.15) as a result of electrostatic induction
(see section 2.2). Such charges are subject to a coulomb force in the electric field
direction proportional to the applied field. Consequently, the edges of the water droplet
having 1nduced charges are subject to tensile forces proportional to the instantancous
magnitude of applied field. Under both positive and negative polarities, the same
magnitude and direction of forces is induced and so, with electrostatic induction, the
water droplet is subject to a constant deformation in the direction of the applied field

which does not attect the frequency of droplet vibration.

In most previous studies it has been found that droplets become distorted in
shape shortly before breakdown. An important feature is that, once distorted from its
initial shape, droplets remain permanently elongated - even if the applied field is not
raised further (see, for example, [1] and [3] and [5]). As shown in table 3.5, elongated
droplets show more than one frequency of vibration at resonance. Hence it would
appear likely that droplets which initially vibrate at the applied frequency will show
more complex vibration patterns when they start to elongate or spread as the applied

field is raised. Figures 3.16 and 3.17 illustrate this type of behaviour.
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In [9] and [11] it was reported that water droplets could charge negatively before

starting to vibrate and then change from negative to positive polarity after the onset of

vibration. This phenomenon was thought to be due to “intermittent” vibrations of the
droplet that caused pronounced shape changes generating tips from which electrical
discharges could be triggered resulting in loss of electrons from the droplet and,
eventually, a positive charge on the droplet. In [13] the deformation and vibration
modes of the water droplet depend on a number of factors: applied field, surface
tension, drop volume and water conductivity. These factors were investigated
experimentally and theoretically. Fig (3.18) shows several vibration modes observed in
a 50 Hz applied field where it can be seen that the water droplet can be deformed in a
variety ways: elongation and contraction, Figs (3.18 a and c), sideways oscillation, Figs
(3.18 b and d).

It has been reported that droplet vibration is found to be more evident on smooth
(i.e. as normally manufactured) surfaces [8]. On surfaces deliberately roughed by
blasting with glass beads, droplets tended to split rather than vibrate. Single droplets
were found less likely to spread over a solid surface than an array of droplets, where
droplet volume could increase due to the combination of several droplets under the

influence of the applied electric field.

In [12] a vertical, up-and-down oscillation was observed, in which characteristic
structures on the surface of the liquid were observed depending on the volume of the
drops. These characteristic structures repeated every half cycle of the applied waveform.
Consequently, this vertical oscillation was found to be at twice the frequency of the
applied field. The same authors found that when a frequency of 25Hz was applied to
100 pl drops, there was a horizontal wave-like movement along the surface of the liquid
that moved periodically at a frequency equal to the applied frequency. This was also
observed at 50 and 60Hz. At an applied frequency of 100Hz, drops with volumes of 50
and 100 pl tended to show reduced vertical movement and developed what could be

described as surface waves but which did not show a clear pattern of oscillation.
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It should also be noted that on the inclined surfaces encountered in practice, the
shapes that arise due to droplet deformation will be influenced in an asymmetrical way
by gravity and so even further modes of vibration may be expected. See Fig (3.19)
taken from reference [15]. When the solid surface was inclined by at 10° to the
horizontal, 20ul droplets developed higher amplitudes of oscillation than on a horizontal
surface where they tended not to be very active [12]. However, for the combinations of
10 pl at 50° and 50 pl at 20° vibration amplitudes were found to be lower than with the
horizontal arrangement. A 50-ul droplet on a surface inclined at 30° rolled down the
surface before the applied field reached a level high enough to cause flashover. On the

other hand, 20-ul droplets on a surface inclined at 30° elongated but did not roll.

3.6 Partial Discharge Activity

As previously described in chapters 1 and 2 suitably energetic discharges located
around droplets may reduce surface hydrophobicity by, for example, emitting UV light
and so by breaking molecular bonds in the polymer at its surface allowing the formation

of hydrogen bonds with water. That is, the surface tension of the solid, y,, may be

increased by exposure of the surface to discharges. For this reason, partial discharge

activity generated by the presence of water droplets on highly-stressed solid insulating
surfaces has been widely investigated.

3.6.1 Physical Location and Distribution on ac Cycle

In [6] a water droplet was placed on an SiR surface mid way between two end
electrodes. These authors report detecting leakage currents from corona discharges
from deformed water droplets just before the positive and negative peaks of the applied
ac voltage. The magnitude of these discharges does not depend on the polarity of the
peak. Larger and more frequent pulses were found with a salt-water droplet compared
to a distilled-water droplet. This might be expected because the higher conductivity of

the salt water leads to a higher field enhancement as explained in section 3.3.2.
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PD activity has been examined for a tap water droplet on a flat SiR surface
between end electrodes [10]. The droplet was placed in three locations: near the high
voltage electrode, the ground electrode or in the middle of the sample as shown in Fig
(3.5). PD signals were sampled at 1.2MHz that is, each 60Hz-cycle was divided into
100 phase windows each of which comprised 200 samples. Fig (3.20) illustrates the
results they obtained. It was concluded that PD activity occurred near to the peak values
of the applied voltage. This activity was mainly in the positive half-cycle from a droplet
near the high voltage electrode, and mainly in the negative half-cycle from a droplet
near the ground electrode. For a droplet located in the middle of the sample, similar PD
activity took place during both half cycles again near the peak values of the applied
waveform. These authors did not report the physical location of the partial discharges.

Figures 5 and 6 of reference [11] show discharge activity from a single, 30ul,
deionised, water droplet located at the center of a flat SiR sample between surface
mounted electrodes, one of which was grounded. This discharge activity is reported to
be from corona discharges at sharp tips formed during intense vibration of the droplet.
The figures show discharges in both the positive and negative half cycles located
between the zero crossing and the peak of the cycle. There appears to be a slight
emphasis on activity during the positive half cycle, but this could be explained,
according to [10] 1f the droplet was located slightly nearer the high voltage electrode.
From measurements of the surface potential distribution in the gap space it was
concluded that the droplet was negatively charged prior to vibration but during vibration
tiny droplets were scattered and the droplet lost its negative charges and eventually
became positively charged.

In [14] it was reported that partial discharge activity occurred at the triple point

at the edge of the water droplet, as shown in Fig (3.21). Here € , for water was taken as

80, €, for air as 1 and ¢ ,. for SiR as 4 and so the triple point intensified the electric field

and discharges occurred in the high stress region. These authors do not calculate the
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intensification nor explain these discharges in terms of, for example, the conditions

required for electrical breakdown in air.

The effect of multiple 0.3-ml, deionised or salt-water droplets on an epoxy resin
surface was examined in [7] with SOHz applied stress. Partial discharges were found to
take place between droplets but these authors do not record their location in time
relative to the applied waveform. Over a 30-minuite period they found that the rate of
PD activity increased, rose to a maximum then decreased with activity higher for the
salt-water droplets. No explanation is suggested. However, if it is assumed that the
droplets spread during the experiment then the gaps between them would decrease,
which would imtially lead to an increase in the field strength between droplets.
Eventually, the droplets would be in contact in which case the field between them
would fall to zero. Since the PD activity is determined by the field, it would show the
same behaviour. Another possibility might be associated with the observation in [11]
that droplets become positively charged through discharge activity and if this occurred
for all of the multiple droplets then this also could lead to a suppression of discharge

activity over a period of time.

Fig (3.22), taken from reference [13], shows calculated values of the tangential
component of the electric field in the presence of distilled water droplets of diameters
from 2 to 6mm centrally-located on the surface of an epoxy-resin sample with
embedded electrodes. These calculations show a sharp maximum in the electric field at
the triple points with a field enhancement of approximately 15 times. The enhancement
was higher the bigger the drop, as would be expected from section 3.3.2. The high value
of surface field suggests discharges will be located at triple points, but it would be
useful to calculate the three-dimensional electric above the insulator surface close to the

droplet in order to investigate the likelihood of breakdown in the air above the surface.

In reference [10] partial discharges were measured using a PD detector.
However no details were given. The discharges were shown to have magnitudes of

typically up to 2000pC. Other investigators have used a simple resistor of the order of
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100 ohms in series with the test gap to detect partial discharges. They record partial
discharge currents of typically less than 0.5 mA. Because significant vibration
accompanied by droplet deformation and increased partial discharge activity appears to
be required before complete breakdown, it would appear that few, if any studies have

been designed to employ sensitive PD detection techniques to this type of problem.

3.7 Test Sample Flashover

There 1s general agreement - see, for example, papers [1], [5], [8] and [9] — that
complete flashover of test samples takes a place when water droplets spread towards the
electrodes and increase the wetted area on the sample. Flashover with sessile droplets
was triggered by gross distortion of the droplet [1] such that, according to these authors,
it covered more of the surface and its stress-enhancing effect was increased by about
60%. Flashover took place by bridging of water droplets on contaminated silicone
rubber [5]. Higher flashover voltages were found with water droplets of smaller volume
and lower conductivity, as would be expected from surface-shorting behaviour as noted
above. In [8] discharge inception from a droplet was studied and during a relatively
violent vibration, instability may happen, and several small droplets could be ejected
from the upper surface of the droplet. Complete breakdown happened via these droplets.
In [9], where condensation took place under the influence of an applied field, droplets
could coalesce and thereby increased the wet contact surface area. The resulting large
droplets, together with the associated increased PD, could lead to a raised value of

leakage current and eventually complete flashover.

3.8 Summary and Discussion

It is reasonable to conclude that water droplets on ac-stressed polymer surfaces
contribute to electrical flashover of the polymer surface through a series of proce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>