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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. OMV/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 HV 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 
flashover 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 
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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 

variables 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 [101. 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. 
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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 

necessitates 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 insulation 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 
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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 material 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 is 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 is 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]. 
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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 affects 

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 insulators 

function under polluted conditions remains an important field of activity. 
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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 > 1010 S? Jmm'. 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 affect 
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 is 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, it is 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 aerodynamic (H) profiles [ 15]. 
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1.8 Environmental Pollution of Outdoor Insulators 

When contamination is present, the response of external insulation to power 
frequency becomes an important consideration and may dictate external insulation 

design. It is 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 and climates is discussed. It is 

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 it 

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 (SF6) circuit breakers [151. 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 is 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 is wind. The force due to the 

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

proportional to E2 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 (S'02). Common salt (NaCI) contamination is 

problem for insulators close to the coast. Gypsum (CaSO 4) is another common 

contaminant for inland insulators. Calcium chloride (CaCI2) 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 Wettini! 

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 is 

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 is 

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-writing 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 is 

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 

are re-ignition is posed each time the current passes thorough zero; 
3- No flashover, 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 is 

used widely to calculate the flashover, leakage current and other discharge phenomena 

as in for example references [4,26,27 and 28]. 

1-17 



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 in this arrangement the temperature, humidity and chamber 

volume can be controlled and chosen as described in references [29,30,31, and 321. 

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 materials 

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 is 

presented in 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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Fig (1.2): photographs of dead-end (a) and station post (h) porcelain insulators, 

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

(e). 
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Fig (1.3) Dead End Insulator 
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Fig (1.4) Relation between puncture and flashover of a suspension insulator 
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Fig (1.5) schematic ofporcelain/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 

Gravity 1 PU (reference) 

Voltage stress( E=2 kV/cm DC) 10 

Field Divergence (E2=0.2 kV 2/ cm3) 0.0001 

Wind (speed =2 m/s) 1,000 

Wind (speed =5 m/s) 2,000 

Wind (speed = 10 m/s) 3,000 

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

contamination (particle size =5 µm). 
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Chapter 2 

Basic Processes Relating to Water Droplets on 
Insulator Surfaces 

2.1 General 

From chapter 1 it is evident that water pollution on the surface of polymeric 
insulators is 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 identified. 

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 [5]. 

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 2 ). The increase in ys during normal 
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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 
Ys Ysd +Ysh ý2.1 

and, for a liquid, as 

Y1=Yid +Yth (2.2) 

Where the suffixes d and h denote dispersive and non-dispersive forces respectively; 

and I 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 [5]. 

The coefficients y., dand ysh 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 (r. ) 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, 0, 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 is related to the surface tension via Young's equation for a 

solid (see Fig (2.2)), 

YS =Y, + y, cos 0 (2.3) 

with 

Ti "Yld +Ylh (2.4) 

where y5, is the surface tension of the solid-liquid interfacial surfaces [6]. Also 

according to [6 and 7], the relationship among y,,, ys and y, can be expressed as 

_ 

4Ysd rld 4rsh rlh 
iss! - ys+rl -- 

(2.5) 

Ysd +Yld Yah +Tlh 

From equations (2.3) and (2.5) 

(1 + cos 6) y, = 
4y yra 

_ 
4ysh ylh 

(2.6) 
Ysd +Y/d ysh +Tlh 

or, by combining equations (2.4) and (2.6) 
22 

(3-cos6)Yr=4 Yid 
+4 

Yi (2.7) 
Yca +Yrd Y. h +Yu, 

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

environment the larger the y, and ysh, the smaller would be the static contact angle [8]. 

Therefore, when the surface tension r, 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, yd > y,, 4, dispersive forces dominate 

and the surface is hydrophobic. Therefore, yf is determined mainly by y, on an un- 

aged polymeric surface [6]. During aging, ys 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 affect ys 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 arising 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 is 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 is: 

1) Directly 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 q, and q2 are two charged particles situated at points P(z, y, z) and S( 

x, y 
, 
i) as shown in Fig (2.3), the electric force acting on qi due to q2 is 

F2=K qi-z a12 
R12 

(2.8) 

Where FZ is the force experienced by q, due to q2 ,K is the constant of proportionality, 

which depend upon the system of units used, R12 is the distance between points P and S, 

and a12 is the unit vector pointing in the direction from point S to point P. the distance 

vector from S to P is 

R12 =RI, a12 ri -r2 (2.9) 

Where r, and r2 are the position vector of points P and S, respectively. 

In the International System of Units ("SI" system), the constant of 

proportionality is 

K_ 
1 

4n co 
(2.10) 
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Where Eo =8.85x10-`2 =10'/36; r farads /meter (F/m), is the permittivity of the free 

space (vacuum). Thus, 

glq2 -() F1Z 
4; cEo R2a, 2 2.11 

Or 

I IIIF 

l 2-4; cso 
2 TI -r2 (2.12) 

Irl 
- r2 

13 

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 Eo sin (cot) then clearly the 

force experienced by the charge will vary with the same frequency a). 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 in a fluid medium will now be examined. 
In a static field, the net translational force on a neutral, small body at equilibrium 

is given by [10]: 

F=(p. V)E (2.13) 

Where It 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: 

au =aVE (2.14) 

Where a is the polarizability, and V is the volume of the body. This gives us 

F=aV(E. V)E 

_2V IEI2 (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 c2, suspended in an ideal dielectric 
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fluid medium of infinite extent and relative permittivity el, then the field interior to the 

small spherical body is given by 

Ej, = 
3-r' 

E (2.16) 
E2+ 2E, 

The induced polarization per unit volume is 

P=Eo(e2 -ei)Em (2.17) 

and the induced dipole moment is given by 

p=VP=aVE 

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

as 

a=E=so(e2 

_ 
3Eoe, (e2 - El 

62 +2E, 

(2.18) 

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

of volume V= 
4; r a3, 

can be expressed as: 3 

F=2; r a3Eoc, 
Cz -CI VIER 

E2+2E, 

For the purposes of the present study, we will consider a spherical water droplet 

in air in which case the relative permittivity sl = 1, EZ =e and a=r, the radius of the 

droplet, 

The total dielectrophoretic force F is then 

F=22rr3Eo 
c+2 

VIEI2 (2.19) 

If the electric field arises from an applied voltage of the form V= V0 sin cot, equation 

(2.19) implies that the associated dielectrophoretic force will show an cot 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 ] 

1- 
Io exp(ad) 

1-y [exp(ad)-1] 
(2.20) 
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Where lo is the initial current at the cathode, a is the average number of 

ionizing collisions made by an electron per centimetre, y 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= dl. 

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

For values d>d, ,I is approximately equal to 10, and if the external source for the 

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

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

condition is called Townsend's breakdown criterion and can be written as 

y [exp(a d) -1] =1 

Normally, exp (a d) is very large, and hence the above equation reduces to 

y exp(a d) =1 

for a given gap spacing and at a give pressure the value of the voltage V which gives the 

values a and y satisfying the breakdown criterion is called the spark breakdown value 

Va 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, 
J, a(s) ds =1n(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 (-- 108) 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 
Js a(s) ds =k (2.22) 

this equation is known as the streamer criterion for electrical breakdown of a gas in a 

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 

air/insulator interface: - 

" It is a stress enhancer because of its high permittivity. 

" It deforms under the influence of the electric field, due to both coulomb and 
field - gradient forces, thereby increasing its stress enhancing feature. 

" It can 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 0 decreases 

with increasing hydrophilicity. 
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Fig (2.2) Illustrating Young's equation y, = ys, + y, cos e 

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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Fig (2.4) Charge separation in object B produced by electrostatic induction. 

2-13 



2.6 References 

1- S. Keim and D. Koenig, " The Dynamic Behaviour of water Drops in an AC Field", 

Annual Report Conference on Electrical Insulation and Dielectric Phenomena pp. 
613-616,2001. 

2- Heiko John, Roland Bärsch and Eckhard Wendt, " The Influence of Temperature on 

the Recovery of the Hydrophobicity on Silicone Rubber Surfaces", IEEE 

Conference on Electrical Insulation and Dielectric Phenomena Vol. 1 pp. 242 -245, 
2000. 

3- Y. Mizuno, and Others, " Behavior of Water Droplets on Silicone Rubber Sheet 

under AC Voltage Application", IEEE Conference on Electrical Insulation and 
Dielectric Phenomena Vol. 1 pp. 25-28,1998. 

4- A. Krivda and D. Birtwhistle, " Breakdown between Water Drops on Wet Polymer 

Surface", Annual Report Conference on Electrical Insulation and Dielectric 

Phenomena pp. 5 72-5 80,2001. 

5- http: //www. osmonies. com/products/Page772. htm 

6- Reuben Hackam, "Outdoor HV Composite Polymeric Insulators", IEEE Transaction 

on Dielectric and Electrical Insulation", Vol. 6 No. 5, pp. 557-594 October 1999. 

7- S. Wu, "Polymer Interface and Adhesion", Marcel Dekker Inc., NY, 1982. 

8- H. Zhang and R. Hackam, "Electrical Surface Resistance Hydrophobicity and 

Diffusion phenomena in PVC", IEEE Transaction on Dielectric and Electrical 

Insulation, Vol. pp. 73-83 1999. 

9- Ronald Pethig, " Dielectric and Electronic Properties of Biological Materials", 1979. 

10- Bhag Singh Guru and Hilseyin R. Hiziroglu, " Electromagnetic Field Theory 

Fundamentals", 1998. 

11- M. S. Naidu and V. Kamaraju, " High Voltage Engineering", Second Edition 1996. 

2-14 



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 µl, 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 
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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 is 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 121. 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 
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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 [141, see Fig 
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(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 I min below the surface. The rods were 15 nun 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 is 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 (E0) 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 E0. 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 =(3E0 

Where ß, the stress enhancement factor, equals 3 at the point where the surface of the 

droplet intersects its axis of symmetry [1]. Hence, in the absence of clear data on 

enhancement factors such as ß, 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. 
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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 (Ea�) 

c) The onset of droplet spreading (EO, ) 

d) Breakdown between electrodes (Eob) 

The applied stress is 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 20µl and conductivities, a, of 300µS/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 l8kVp (salt 

solution). Breakdown was found to occur at 23kVp (deionised) and 20kVp (salt 

solution). We identify "distortion" with Eo� and/or E0 and breakdown with Ed, 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 30gl were placed on the surface at the mid point of a 10-mm gap. The water was 

deionised with a conductivity of 50µS/m. The voltage applied was varied in frequency 

from 20 to 50Hz. For 10-µl droplets on both PTFE and SiR, vibration onset was 

detected at 5kV and 36Hz. For 30-µl droplets, vibration began at 6.5kV (22Hz) with 

SiR and 8.5kV (20Hz) with PTFE, with breakdown at 11kV and 13kV, respectively. 
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According to [9], [11] and [16], for a SiR gap of 30mm and a 30-111 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-µl droplet of tap water on an SiR surface, partial discharges are detected at 

an applied field of 5.5 kV/cm (= E0p). With SiR surfaces of 18 to 20-mm length and 

droplets of conductivity l00mS/m it is reported in [14] that a 30-pl droplets showed 

spreading and breakdown at 5.75kV/cm, with 10-µ1 droplets showing similar behaviour 

at 6.1 kV/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 is 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 in 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 Eop, Ea� and Eob compared to the 

values found for uniform-field conditions. 
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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 lOmA 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/cm2. 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 5bar 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 50µl. 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 Al(OH 3) filler was employed in [11] where, again, 
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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 either vibration or spreading, may take place 

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

which a free spherical water droplet distorts is known to be proportional to (X/r)"2, 

where I is 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 µl. 

Comparing tables 3.3 and 3.2, it is reasonable to suggest that it is the magnitude 

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 

50m1. 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 300µS/m to that of an NaCI saturated solution of 5.8S/m. In [3], the 

water resistivity, p, was taken as 1x 10 6 SZm (corresponding to a conductivity of 

lOmS/m, which is typical of tap or rain water). In [4] the conductivity of the water 

droplet used was 5mS/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 1 mS/m, or with NaCl added to give a conductivity 

1S/m). In [8] the conductivity of the deionised water used was 50µS/m whereas in [10] 

tap water was used which had a conductivity of 60mS/m. Two conditions were used in 
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[11]: deionised water, with a conductivity 20µS/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-µl 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 151il to 200µl. 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 2O1L1 - 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 20µl, 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 it. This is discussed in [3], where a water droplet with volume 
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100µl 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 0 as shown in Fig (3.12) and the other to estimate the water droplet 

volume v: 

B= -+aresin[z. z'] (3.5) 
r 

v=ab, [(c-z; ) - 
c33c2 3tß 

(3.6) 

Where a, b and c are the ellipsoid semi-axes, z; is the insulator surface level and zo is 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 200pl. For deionised water, the reduction was 

very pronounced as volume increased from 15 to 50µl. 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 301l 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 100µl 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 ±1/3H. Fig 

(3.13) shows the characteristic shapes they recorded for a drop of l00µ1. 

Droplet volume can influence behaviour from a hydrodynamic viewpoint. It is 

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-µ1 droplets of 

deionised water on PTFE and SiR surfaces as the frequency of the applied field was 

raised from 0 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, it 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 co are the dielectrophoretic and Maxwell forces. Both of these lead to a 

possible frequency of vibration of (w/27C)2. 

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 induced charges are subject to tensile forces proportional to the instantaneous 

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 affect 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 [I I] 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 µ1 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, 2011 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 pI at 20° vibration amplitudes were found to be lower than with the 

horizontal arrangement. A 50-µ1 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-µ1 droplets on a surface inclined at 30° elongated but did not roll. 

3.6 Partial Discharge Activi 

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 [I I] show discharge activity from a single, 3Oµl, 

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] if 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 sr for water was taken as 

80, sr for air as 1 and c,. 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-m1, deionised or salt-water droplets on an epoxy resin 

surface was examined in [7] with 50Hz 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 initially 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 is 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 processes: 

partial discharges, vibration, droplet deformation (spreading, elongation, 

fragmentation). These processes appear to occur with most combinations of electrode 

geometry, polymer types and surface conditions, and water droplet characteristics and 

surface location. A combination of large droplet volume and high water conductivity 
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reduces the magnitude of the applied voltage required to generate onset of partial 
discharges, vibration, etc. The physical location of partial discharges has been reported 
to be at the triple point, or at the side of the droplet, or at its tip. Finding further details 

about the location is of some importance, because it will determine how efficiently these 

discharges can lead to reductions in the hydrophobicity of the polymer surface - with 

the effects this can have on droplet deformation and movement. It is not clear from 

previous work whether partial discharges near triple points are wholly on the surface or 

wholly in the air or a combination of both. It may be that location is influenced by 

whether the applied field has predominantly tangential or normal components relative to 

the polymer surface near the droplet. In the following chapter, these specific points are 

considered further, and suitable aims for a programme of research are examined which 
is intended to aim at shedding light on some of the issues. 
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(a) End Electrodes 

(b) Surface Electrodes 

(c) Embedded Electrodes 

Fig (3.1) General Types of electrodes Geometries 

ON End Electrodes, (b) Surface electrodes and (c) Embedded Electrodes 
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Fig (3.2) the insulator geometry modeled by H. El-Kishky [4] uniform field geometry 

with a= 20mm, b= 250mm and d= 50 mm 
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Fig (3.3) the experimental Procedure used Y. Mizuno [5,12] approximately uniform- 
field geometry 
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Fig (3.4) the test arrangement used by Koji Katada [7] non-uniform field geometry 

using specimen insulators (i) and approximately uniform electric field (ii) . 
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Fig (3.5) the test arrangement used by I. J. S. Lopes [10] (A) and schematic 

representation of the flat acrylic sample coated with silicone rubber uniform electric 
field geometry (B). 
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Fig (3.6) A Single Water Droplet between Parallel Rod Electrodes and Experimental 

Set-Up for Observing the Behaviour of Water Droplet used by Yoshio Higashiyama 

[8]. Electrodes geometry not uniform field geometry. 
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Fig (3.7) Experimental Set-Up for Observing the Behaviour of Water Droplet used by 

Norihiro Arise [8] and M. Otsubo [10]. Electrodes geometry not uniform field 

geometry. 
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Fig (3.8) Measurement set-up for observation of a single 
water droplet in a 50-Hz electric field used by A. Krivinda [14] . 
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Fig (3.9) Test Object with Embedded Electrodes and droplets on the surface used by D. 

Koenig the electric field geometry approximately uniform [7] 
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Fig (3.10) Teat Object with embedded electrodes and surface 
droplet as employed by D. Koenig [13] 
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contact angle 

Fig (3.11) Force Balance at the interface Solid/ Liquid at a Water Droplet on a Solid 

Surface [4]. 
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Fig (3.12) Cross Section (x = 0) Plane Water Droplet for calculating the contact angle 

and droplet volume [4]. 
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Fig (3.13) water droplet unstressed and stressed [ 15] 
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Fig (3.14) Sequential Frames during 1 Cycle of AC Voltage 171. 
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Fig (3.15) Deformation of Water Droplet due to Electrostatic Induction and Coulomb's 

Force [7] 
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Fig (3.16) Vibration of Water Droplet with a volume 1 OµI [81 
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Fig (3.17) Vibration of Water Droplet with a volume 3Oµ1 [81 
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Fig (3.18) Four cases of droplet deformation in a 50-Hz field [14]. 
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Fig (3.19) Deformation of droplet in 50-Hz field on inclined plane [14]. 
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Fig(6.2) Partial Discharge with water droplet over the sample 

00-, i 

001. 

0j 

ýooz 
- 

-003}- _-__ 

0 04 
C J15 -0.01 -000I ime0(4rnsl0.005 

T Line (4 ms) 

Figure (3.20) Phase resolved Partial Discharge pattern from 
a dropletmid way between the high-voltage electrodes. 
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Figure (3.21) Partial discharge at a solid/liquid/gas interface [14]. 
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Fig (3.22) Field Strength component EX on the Epoxy Resin surface in x- direction for 

three water drops with different diameters. 
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Basic parameters Possible variations 

Electrical field Ac, dc, impulse 

High voltage Amplitude 

Frequency 

Waveform 

Periodic, non-periodic 

Liquid Chemical 

Dielectric properties 
Volume of droplet 

Number and separation 

of droplets 

Position in field 

Solid Material type 

Hydrophobicity 

Ageing 

Surface cleanliness 
Surface Roughness 

Orientation: horizontal/inclined 

Flat or curved 
Gas Chemical composition 

Ambient conditions: 
temperature, 

humidity, 

pressure. 

Table 3.1 Parameters likely to influence droplet behaviou 
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References P. D. 

Epp 

Vibration 

Eo, 

Spreading 

Eoý 

Breakdown 

Eob 

[1], [2] 6.4 to 7.4 7.02 to 8.13 

[6] 3.85 

[8] 5.0 to 8.5 11 to 13 

[9], [11], [16] 2.67 3 to 5 >5 >5 

[10] 5.5 

[14] 5.75 5.75 to 6.1 

Table 3.2 Values of E0 through to Eob calculated from the data presented 
in references [1], [2], [6], [8], [9], [10], [11], [14] and [16]. 

Droplet radius (mm) 1 2 3 4 5 

Droplet volume (µl) 4.2 33.6 113 269 525 

E, (kVp/cm) 13 8 7 6 5 

Ec (kVrms/cm) 9.2 5.6 4.9 4.2 3.5 

Table 3.3. Calculated values of electric field to cause gross 
distortion of a free, spherical droplet (from[1]). 
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Water type Deionised Tap or Rain Salt solution 

Characteristic Conductivity (S/m) 20R to lm 5m to 60m 1 to 30 

Table 3.4. Typical conductivities used in previous studies 

Frequency (Hz) 

Material l Oµ1 30µ1 

PTFE 33,50 22-25,35 

SiR 30-40 10,22-25 

Table 3.5. Frequency of strong vibration for deionised water 

droplets with volumes of 10 and 30µl at constant magnitude 

of applied ac stress. 
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Chapter 4 

The Aim of the Present Work 

4.1 General 
As previously explained, pollution phenomena constitute a serious 

problem, which must be taken into account in the design, dimensioning and operation of 
HV insulating structures. The presence of quasi-free water droplets on high voltage 
insulation surfaces has long been recognized as an important area within this general 

problem - although the work on the relatively new polymeric insulators, which have 

strongly hydrophobic surfaces, has not yet been as extensive as that on the more 

established glass or ceramic insulators. 

In the previous chapter, we reviewed recent research on the behaviour of water 
droplets on hydrophobic polymer surfaces under high electrical stress, and examined the 

role played by droplets in partial discharge activity and surface flashover, and in the 

changes in the hydrophobic and other properties of the polymer surface associated with 

such discharges. From this review, general areas of potential future research were 

identified. The purpose of the present chapter is to describe the specific research aims 

that were identified at the outset of the present programme. 

4.2 Areas of Interest 

It is evident that several factors influence the effect of even a single water 
droplet on the surface of a polymer insulator. Clearly, the formation of partial 

discharges around the periphery of a water drop depends to a large degree on the local 

geometry of the electric field around the drop and at the surface of the polymer. This 

local geometry is determined by a number of factors: the form of the applied field; the 

dimensions and shape of the droplet, including its instantaneous shape as it vibrates; the 

conductivity of the water; the tendency of the polymer surface to lose hydrophobicity 

with exposure to electrical discharges. 
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The applied electric field on the surface of the polymer is considerably enhanced 
locally on the surface close to the triple junction. Clearly, this increases the probability 

of initiating electrical discharges there. However, there is some recent strong visual 

evidence - particularly the work described in reference [141 of chapter 3 and published 
in 2001 - that partial discharges may not necessarily occur only on the surface itself but 

may be located above the surface in the air between it and the side of the water droplet. 

If these discharges do not affect the polymer surface in immediate contact with the 

droplet, then spreading of the droplet due to loss of surface hydrophobicity will be 

affected. 

In the light of this, the decision made at the outset of the present programme is 

to undertake a programme of research into the behaviour of water droplets on polymer 

surfaces that is designed to allow the location of such discharges to be investigated. 

Experimental studies of water droplets on polymer surfaces under high ac stress 
have not previously been undertaken at Strathclyde and so the initial requirements are to 

develop suitable techniques for preparation of polymeric test surfaces with specified 

water droplets, to design and construct suitable high-voltage experimental apparatus 

with which to generate the required behaviour and discharges, and to devise suitable 

electronic and optical apparatus with which to record and measure this droplet 

behaviour. 

It is anticipated that this experimental programme will provide new information 

about discharge activity at the edge of water droplets and on how this might affect the 

insulator surface there. In particular it is considered that this study might shed light on 

how discharges lower the hydrophobicity of the polymer in the vicinity of the droplet, 

so leading to changes in its shape that affect the local electric field and, in turn, the 

discharges themselves. In this context, the question of discharge location is of clear 

interest 

Previous researchers have used three types of electrode geometry: end, surface 

and embedded. The uniform-field end-electrode geometry produces an electric field 
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tangential to the polymer surface and the embedded electrode can be used to generate a 

strong component normal to the surface near the periphery of the droplet. These two 

geometries are selected on the assumption that the absence or presence of normal 

components of applied field is likely to influence droplet vibration and the location of 

partial discharges. Surface-mounted electrodes are not considered to add any useful 

additional features. 

Clearly, it was necessary to have quantitative information on the applied field 

around water droplets, and so a further aim of the programme is to examine the use 

computer modelling to determine the potential and electric field distributions around the 

droplets. This can be used to determine how static or distorted droplet shapes affect the 
local field and to provide quantitative data with which to investigate the applicability of 
the steamer breakdown criterion to the question of onset of partial discharges. 

4.3 Specific Objectives 

The specific objectives can be summarised as: 
1. To develop suitable means of preparing specified water droplets on 

polymer samples. 
2. To construct an HV ac test system, capable of generating: 

(a) discharges at the edges of water droplets on a polymer surface 
in atmospheric air 

and 
(b) droplet vibration and spreading. 

3. To devise apparatus capable of electrically detecting discharge 

activity at the edge of a sessile water droplet. 

3. To develop suitable high-speed camera techniques with which to 

record vibration, spreading and discharge activity at water droplets on a 

polymer surface. 
4. To determine suitable field modelling techniques with which to 
investigate the electric fields around a droplet. 
5. To investigate the location of partial discharge activity at the edges of 

a droplet. 
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The whole programme is conducted within the context of how these processes 

are important in understanding how surface pollution of HV insulators influences their 

effective operation when exposed to a combination of hostile environmental conditions 

and high electrical stress. 
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Chapter 5 

Experimental apparatus and procedure 

5.1 General 
From previous chapters, the factors that are important for water-drop behaviour on 

insulators surfaces stressed with ac fields have been identified. These factors are 

interdependent and the most significant are: magnitude and frequency of applied stress; 
insulator surface properties, in particular hydrophobicity; contact angle and triple 

junction point; drop volume and shape; water conductivity; partial discharge location. It 

was also seen that it might improve our understanding of the overall breakdown 

mechanisms if the onset of the formation of partial discharges and their location at the 

surface of sessile water droplets could be more clearly related to the applied field at 

these locations. 

The design, and operation of experimental apparatus with which to examine such 

questions is described below, as is software that could be used to determine the electric 

potential distribution and electric field around droplets. 

5.2 General Arrangement 

Clearly, the proposed research requires the generation of high ac voltages and, 

following a Risk Assessment, it was concluded that it was essential to contain all the 

high voltage apparatus in a fully-interlocked safety cage. Figure (5.1) shows the general 

arrangement adopted in the laboratory. 

5.3 The High Voltage System 
From table 3.2, the HV system must be capable of generating an electric field 

that is continuously variable up to 20kV/cm at 50Hz. As the proposed research was to 

examine the behaviour of single droplets of typically a few tens of µl -i. e. around 2 mm 

in diameter, it was decided at an early stage to assume a polymer sample length of 

51 



10mm. Consequently, an HV supply was required to generate voltages between 0 and 
20kV. 

The maximum discharge currents reported in the literature were less than 0.5mA 

and so it was decided that an HV supply capable of supplying a few tens of mA would 
be appropriate for investigation of partial discharges. Also, this limited current was 

considered to offer safety advantages. 

5.3.1 The HV supply 
A0 to 230V ac variable transformer (variac) was connected to the primary of a 

230/20kV, 2.8KVA, 50Hz (Admiralty Pattern W. 193) transformer which had rated 

primary and secondary currents of 12.2A and 0.14A, respectively. The HV transformer 

thus had a ratio of approximately 87. The variac was mounted outside the safety cage. 

It could be controlled manually, or driven by stepper motor, so that the HV delivered to 

test samples could be adjusted to required value. With steps taken to limit the 

secondary current to 20mA (as described below) and with a transformer ratio of 87, the 

primary current would not exceed 1.8A. It was decided that further protection would be 

obtained by including a fast-blow fuse rated at 1. OA in the circuit formed by the primary 

winding of the transformer and the variac. 

The HV transformer itself was not rated as partial discharge free but, before 

conducting any experimental work, the complete HV system was tested for inherent 

partial discharges and its performance in this regard was found to be satisfactory, as will 
be described in more detail below. 

5.3.2 Current limiting resistor 
To limit the current drawn on the secondary side to maximum of 20mA at 20kV, 

required a 1-MSZ resistor to be inserted in the secondary circuit of the HV transformer in 

series with any test sample. As mentioned above, it was expected that partial discharge 

activity in the test samples would generate currents less than 1mA. However, if 

flashover of the sample occurred, the sample would effectively be short-circuited. It 

was therefore necessary to construct a current limiting resistor rated for 20kV at 20mA. 
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Consequently, the resistor was required to dissipate 400W. The design finally adopted 

consisted of 46 wire-wound resistors connected in series, each having nominal 

resistance of 22k), voltage rating of 500V and power dissipation of 9.0W. The limiting 

resistor thus matched the required specification with a nominal total resistance of 
46x22kl = 1.012MS2, a voltage rating of 46x500V = 23kV and a power dissipation 

rated at 46x9W = 414W. 

5.3.3 High voltage probe 
In order to measure the voltage across the test sample, a high voltage probe was 

connected between the HV side of the sample and ground. This had an input resistance 

of 1000MS2, a voltage division ratio of 1000: 1 ± 2% (into 10MS1), a working voltage of 
50kV dc or 50kV ac peak, a frequency range up to 300Hz and an operating temperature 

of 0°C to +50°C. A digital multimeter (Type 3225, Black Star, UK) was used to 

measure the output of the probe. With this arrangement, the voltage applied to the 

sample could be measured to an accuracy of ± 2%. 

5.4 Oscilloscope 

A Tektronix TDS 3032,300Mhz, two-channel digital oscilloscope was used to 

display the applied voltage waveform and simultaneously record any partial discharge 

activity that might be generated in the test sample (see below). This oscilloscope has 

input impedance of IOMSZ ± 1% in parallel with l3pF± 2pF. The data captured on the 

two channels could be stored electronically on disk. 

5.5 Test Sample Arrangements 

As noted in chapter 3, some particular polymers commonly used for HV 

insulators - such as silicone rubber, polytetrafluorethylene and epoxy resins - have been 

the subject of studies by previous workers. However, the essential requirement for the 

present study is a polymer that is a good insulator, has good surface hydrophobicity, is 

easily formed into suitable samples and is readily available. As a result, of was decided 

to employ a well-characterised polyethylene (PE) as a suitable test material. Although 

PE is not commonly used for HV line insulators, it is used in a number of high-voltage 
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applications including the outer casing of surge diverters used on overhead lines and 
high-voltage power cables. 

PE is produced in a wide variety of compositions. Because of its easy 

availability the form selected for use in this study was high-density Cestilene HD1000 

as this has very high impact strength, good abrasive wear resistance and was available 
in sheet and rod forms produced with a high-quality surface finish. This HDPE has a 

natural translucent white colour, a continuous working temperature of 60°C and is not 

sensitive to ambient levels of chemical or UV light exposure. This latter characteristic 
is particularly desirable in the present study where stability to ambient levels should 

allow the effects of exposure to the raised the levels of UV associated with electrical 
discharges to be distinguished (see sections 1.6 and 2.2). The electrical resistivity this 

HDPE may be taken as 10131 /m and it's permittivity as 2.35. To confirm its suitability, 

a water droplet was deposited a horizontal surface of this HDPE. This is shown in Fig 

(5.2) where it can be seen that the droplet took an approximately spherical shape with a 

contact angle close to 90°. This compares well with the droplet shapes discussed 

previously in chapter 3. 

5.5.1 The insulation sample 
Test samples were prepared in the departmental workshop by cutting 10-mm 

lengths of polymer from the 20-mm diameter rods supplied by the manufacturer. In 

some experiments, the outer cylindrical surface of these rods was used as the test 

surface. This surface was washed in tap water and allowed to dry in air but otherwise it 

was as supplied from the manufacturing process. In other experiments, a flat surface 

was machined along one side of the rod-shaped samples. This machined surface was 

then treated by being placed on polished glass plate that was heated to 80°C for a period 

of 30 minutes and then allowed to cool naturally to room temperature. This produced a 
flat, even finish to the machined surface. 

These samples were used in conjunction with two different electrode geometries 

5.5.2 End - electrode geometry 
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See figure (5.3). This model provided was adopted to provide an essentially 

uniform-field in which to examine experimentally and theoretically the behaviour of 

water droplets such as the onset of vibration, spreading or partial discharge activity. The 

significant feature of this geometry is that it produces an applied electric field that is 

essentially directed along (i. e. tangential to) the surface of the insulation sample under 

test and uniformly distributed along the surface, in absence of a water droplet. As 

previously described in chapter 3 (see table 3.2), the values of the average applied 

surface electric field sufficient to promote the onset vibration, spreading or partial 
discharge activity all lie below 20kV/cm. With the 20kV supply described above, 

sample lengths of 1.0cm would generate this field. This length would also allow 

suitable water droplets of a few mm diameter to be located between the electrodes. 

The electrodes and electrode supports. Two circular, 20-mm diameter, "uniform 

field" electrodes were machined from stainless steel. One electrode was connected via 

the current limiting resistor to the high voltage winding of the transformer. The other 

electrode was connected to ground through a small impedance that was used to detect 

discharges (see below). The electrodes were mounted between supports made from 

PVC and which were moveable, so that the samples of PE could be clamped between 

the two electrodes. 

It was recognized that such an arrangement would itself be liable to produce partial 
discharges at the sample/air/electrode interfaces and preliminary tests to determine this 

activity would be required. However, it was anticipated that activity would most 

evident around water droplets and that activity there would be clearly distinguishable 

from other sources. 

The complete electrode and support arrangement was mounted inside an aluminum 

case with a small viewing port. This was a precaution considered necessary to protect 

the high-speed digital camera employed (see below, section 5.6) from possible damage 

from the sudden flashover of the test sample that was to be expected during the 

experimental procedure. 
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5.5.3 Embedded - electrode geometry 

From chapter 3 it may be inferred that partial discharge development around a 

water droplet or the onset and development of droplet vibration could well be 

influenced by a significant normal component of the applied electric field. The essential 

feature of the embedded-electrode geometry is that it can generate fields at the central 

region of the sample surface that can have comparable tangential and normal 

components. Hence, it was decided to employ this type of electrode geometry in some 

experiments. The geometry adopted is shown in Figure (5.4). Compared to the end- 

electrode arrangement, the embedded arrangement has the drawback that it is more 

time-consuming to prepare and replace fresh samples if, for example, a sample becomes 

damaged through exposure to discharges. 

Following preliminary studies, a second embedded arrangement was developed 

which was easier to manufacture and to replace following exposure to discharges. This 

is shown in Figure (5.5). For this second embedded arrangement, rod electrodes of 10- 

mm diameter were inserted through "push-fit" holes drilled at each end of the sample at 

right angles to the sample axis. The electrodes were located at a depth of 2 mm below 

the test surface and were separated by a gap of 10mm. 

A finite element program (Quickfield®) was used to model the shape of the 

electric fields generated in each of the above sample and electrode geometries. 

5.6 Partial Discharge Detection 

Two types of partial discharge detector were proposed to investigate the partial 

discharge activity electrically. A "non-contact" antenna system using UHF signals 

which was under development at Strathclyde. The essential features of this are 

summarized below and are fully described in reference [1]. 

5.6.1 Antenna tune 

This partial discharge detection system (known as a Monopole Transfer 

Function Model) consisted monopole probe acting as a receiving antenna. The antenna 

is connected by UHF cable (RG 58,5052) to the input amplifier of the digital 
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oscilloscope (see section 5.4). In the frequency domain, the transfer function of the 

probe in this configuration can be expressed as [1] 

H=yL = 
h`ZL 

E, Z+ZL 

where E, is the incident electric field normal to the ground plane and VL is the output 

voltage into the load impedance, ZL. The probe's effective height he and impedance Z 

are both frequency dependent functions of its dimensions. The monopole used in these 

experiments was constructed from a readily-available SMA connector with a centre pin 

of radius r=0.65mm. The probe length h= 25mm was selected to avoid any resonances 

below 2GHz. Using these dimensions, Z and he can be obtained from values for the 

corresponding dipole [2] because the ground plane of the monopole forms a plane of 

symmetry between the probe and its image. The effective half-length of the dipole then 

becomes the effective height of the monopole, while the monopole's impedance is half 

that of the corresponding dipole. 

5.6.2 Series resistor type 

As shown in Fig (5.6), this very simple partial discharge detection arrangement 

consisted of a resistor connected between the low-voltage electrode and ground. A 

value of 90 SZ was adopted. The signal developed across this resistor was fed via a short 

length of coaxial cable of the same impedance and detected using the digital 

oscilloscope. To protect the oscilloscope against overvoltage surges that might be 

generated by inadvertent breakdown of a test sample, a Siemens gas discharge tube type 

A81 C90x with voltage 90V and peak current 20 kA was connected in parallel with the 

detection resistor. It was considered that this simple detection system would be 

appropriate to monitor the occurrence and location on the ac cycle of the established 

partial discharge activity expected during the time when a water droplet was showing 

visible signs of vibration and spreading. 

5.7 High-speed Camera 
A high-speed digital camera was used to investigate the behaviour of water 

droplets on the surface of stressed insulation samples. This was expected to record the 
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mechanical vibration of droplets, the location of partial discharge development at 

droplet edges and the eventual surface flashover. As described in chapter 3, droplet 

vibration would be expected to be at the frequency of the applied voltage or, possibly, at 

double this frequency. At 100Hz, one cycle takes IOms. If it is assumed that droplet 

vibration can be reasonably observed by recording at least 10 frames during this lOms 

period, a frame rate of at least 1,000 frames per second would be required. To 

distinguish clearly between 50Hz and 100Hz a frame rate of 3 or 4 times this would be 

desirable. 

The camera used was a Photron Fastcam Super 1 0k series, which can take up to 

20,000 frames per second [4]. This camera was interfaced to a 750 MHz PC via a 

standard SCSI interface (see below). Frames were downloaded for real-time viewing 

and capture and sequences of frames were stored on compact disc. The main camera 
features used in the present study are described below. 

Trigger signal Two modes of the trigger signal were available: TTL in which the 

camera accepted a TTL-compatible signal to start or end a recording and which could be 

used to trigger the camera from an external source (for example, in the present study it 

was expected that suitable signals could be generated from the PD detection systems); 

Manual in which case, the start of recording was directly activated by the individual 

conducting the experiment. 

SCSI Card System This is the widely-used Small Computer System Interface. This 

interface utilizes standard protocol commands to provide a data path for digital video 

downloads between camera and PC. The SCSI Card used in the present study was an 

ISA SCSI Adaptor (Adaptec 1510). 

The Video Output 

The video output is designed to drive a 75 S2 coaxial cable connected to a video 

monitor. 

The sample illumination System 

58 



The system adopted consisted of two 12-V AC spot lights, each rated at 50 W. 

This was found to provide a satisfactory degree of illumination with which to record 

frames. It could be focused onto the sample until the movement of the water droplet 

could be detected and recorded clearly. The system allowed control the angle of the 

light incident on a water droplet placed on the PE sample. With the camera on the same 

plane as the sample, it was found that optimum illumination was obtained by placing the 

light source directly above the camera with its beam directed at the droplet and set at an 

angle of between 55° and 60° to the plane of the sample 

Preparation of camera prior to recording 

At power on, the camera performed a self-check routine and then automatically 

entered live mode. This mode was used to initially adjust the focus and lighting system 

for best results. 

Before recording, one of the three available trigger modes was selected. namely, 

start mode, centre mode or end mode. In start mode, the camera is ready to record 

images until every frame in memory has been filled and then stops the recording 

automatically, when the memory is full. In center mode, the camera records an equal 

number of frames before and after the trigger signal input. The frames numbered before 

and after the trigger were equally placed in the memory of the camera. By triggering on 

partial discharge activity, this mode was frequently used to observe the behaviour of the 

droplets before and after the action of such discharges. With end mode, the camera 

stops recording the instant the trigger signal is received. The video stored in the memory 

will contain images covering events up the time when the trigger signal was received. 

This mode was used to capture activity prior to the occurrence of surface discharges. 

The frame rate must be selected as noted above. A further constraint was that 

the dimensions of the image recorded reduces with increase in the selected frame rate. 

It was found that with frame rates over 5000 frame/second up to 20000 frame/second 

the size of images displayed on the video monitor was relatively small and weakly 

illuminated, although the number of frames stored in the memory was high. At frames 

rates below 1000 frames/second, the video image was bigger and well-illuminated. 
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However, the smaller number of frames then recorded in memory were normally 
insufficient to allow convenient use of trigger center mode. After considerable 

experimentation, it was determined that the optimum frame rate for most of the 

experiments intended in the present project would be around 3000 frame/second. With 

this, the number of frames recorded in the memory was 8,736. At this frame rate, the 

available combination of picture size, illumination requirements and number of frames 

recorded in memory was particularly suited to the present study. 

It was proposed that the frequency of water vibration could be determined from 

the number of frames required for the water droplet to undergo a vibration and return 
back to its original shape. In the present work, the frequency of the applied voltage was 
50Hz, which corresponds to a cycle lasting approximately 20 ms. For 3,000 frames/ 

second the time for one frame is -0.33 ms - that is, the number of frames in one cycle 

equals 6 or 7. It was assumed that if a water droplet required 6 or 7 frames to vibrate 
before returning back to its original shape, the frequency of vibration would be equal to 

the frequency of the applied voltage. However, if the number of frames equaled 3 or 4, 

then the frequency of vibration might be closer to 100Hz . From tests conducted at 500, 

1,000,2,000 and 5,000 frames/second it was concluded that 3,000 frames/second was 

the best frame rate with which to record the vibration of the water droplets. 

5.8 Water Droplet Properties 
Three general "grades" of water were used in the experimental work: Deionized, 

Tap and Salt. The conductivities were as shown below. 

Water Type Conductivity 

Deionised 3009S/cm 

Tap 100µS/cm 

Salt to - 10 S/m 

Each "grade" was assumed to have a relative permittivity of 81. The 

conductivities of were chosen to compare with those employed in the previous studies 
decribed in chapter 3. From chapter 3 it is worth noting again that it was reported that 

5_10 



conductivity itself had little or no effect on droplet contact angle, with a horizontal 

plane PE sample. However, it was to be expected that the above range of conductivities 

should show a significant effect on vibration, spreading, partial discharge activity and 

surface flashover. In nearly all experiments, the water droplet volume was 10µl 

measured using a precision syringe with a rated accuracy of ± 0.5µl. Static contact 

angle is not sensitive to volumes in this range [5]. The droplet was normally placed 

manually at the center point between the two electrodes. It was estimated that this could 
be done to an accuracy off 0.5mm. 

5.9 Typical Experimental Run 

After setting up the PE sample and placing the water droplet, the safety cage was 

closed. The sample was then illuminated and the camera checked for focus, frame rate 

setting and image brightness. The applied AC voltage was then slowly increased either 

manually or by stepper motor. The oscilloscope monitored for evidence of partial 
discharge activity. Depending on the particular objective of the run, the appropriate 

camera trigger mode was selected. Manual triggering was generally used to record 
droplet behaviour prior to the onset of partial discharges. When recording behaviour in 

the presence of partial discharges, start or center triggering was generally used. If the 

voltage was raised to bring about surface flashover, then end mode was found to be 

most appropriate. The images held in the camera memory were then downloaded to the 

PC and viewed for content. In some experiments, simultaneous partial discharge pulse 

records were stored on the digital oscilloscope. A run lasted typically less than 30 

minutes. It was considered that the water droplet was not significantly exposed to 

environmental variations during such a short period and would not undergo significant 

evaporation. After completion of the run, the voltage was removed and the sample 
inspected for visible surface changes. 
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Figure 5. lA Illustrating the general plan of the laboratory 

and the location of the HV equipment within 

the safety cage. 
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Figure 5.1 B Illustrating the HV transformer, AC measuring probe 

and associated circuitry. 
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Figure 5.2. Approximately spherical droplet formed on a horizontal surface. 
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Figure 5.3. 

4 

End electrode geometry 
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Figure 5.4. Embedded electrode - geometry 1 
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Figure 5.5 Embedded electrode - geometry 2 
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Figure 5.6. Resistor PD detection arrangement. 
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Chapter 6 

Initial Experimental Studies 

6.1 General 
Initial studies were undertaken in order to test the operation of the experimental 

apparatus and to develop experimental techniques. The general aim was to observe 

vibration and other motion of discrete water droplets using the high-speed video camera 

whilst detecting partial discharge activity in the vicinity of the droplets. End-electrode 

geometry was employed to generate a high electrical field directed along the surface of 

the PE sample with the distance between the two electrodes set between 10 and 20 mm. 

For this initial study, sessile water droplets were placed on a horizontal PE 

surface. Typical droplet volumes were -I Old and they were placed on the PE surface 

using a syringe. For most of these initial studies, tap water was used with a 

conductivity of approximately 10 mS/m. These conditions were considered typical 

since, as previously described in chapter 3 table 3.3, it may be assumed that the onset 
fields for droplet vibration, spreading, partial discharge activity or flashover are not 
highly sensitive to changes in droplet volume or the dielectric properties of the water. 

6.2 Experimental Procedure 

In a typical experimental run, the applied voltage was raised slowly and until PD 

activity was detected electrically via the series resistance detector. This PD activity was 

then recorded using the digital oscilloscope. The applied voltage was then increased 

gradually until partial discharge activity was observed visually. The video camera was 

used to record the location of these discharges and the vibration and other movement of 

water drops. Sequences of images, up to a maximum speed of 3000 frames per second, 

were then saved to PC as jpeg files, as described in chapter 5. In most experimental 

runs, the applied stress was then raised slowly until: (a), substantial, visible discharge 

activity took place, and / or, (b), flashover took place across the gap between the 

electrodes, destroying the sample. For most test condition studied, this sequence of 

6-1 



observations could be repeated two or three times before a flashover destroyed the 

sample. 

6.3 Partial Discharge Activity 

Most of the partial discharge observations were made with droplets of tap water 
located in the centre of the PE test sample. A 10-mm gap was used so that fields up to 
20kV/cm were possible. These experiments to detect partial discharge activity were 

repeated using at least 10 samples in order to examine repeatability. 

As outlined above, the PD activity was observed in two ways: electrically and by 

using the video camera. 

6.3.1 Electrical Detection of Partial Discharges 

Figures (6.1) to (6.4) show the typical partial discharge activity detected 

electrically with a 10041 resistor in series with the test gap and observing the voltage 

pulses generated across it with the digital oscilloscope, as described in chapter 5. 

When no water droplet was present on the sample surface, the onset of PD 

activity in the test samples was detected at 9.5 ± 0.3 kV (i. e. an average applied field of 
E0= 9.5 kV/cm). A typical record is shown in figure (6.1). This PD activity was found 

to occur during both positive and negative half cycles close to the peak value of the 

applied voltage. The PD activity had a maximum magnitude at the negative half cycle 

of -4 to 5µV. At an applied voltage of around 9.5kV, sustained PD activity did not 

generate any visual damage to the test sample nor lead to full breakdown, at least in the 

short term, that is over a few hours. 

When the water droplet was located at the centre of the test sample mid way 
between the two electrodes, the onset of PD activity was detected at an applied voltage 

of 6.0 ± 0.3 kV (i. e. E0= 6kV/cm), - 3.5 kV below the level found with no droplet 
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present. Figure (6.2) shows a typical record. Compared to the case with no drop 

present, discharge activity appears to be more frequent and to have significantly 

increased in amplitude to a maximum of -35 µV during the negative half cycle. With 

the droplet present, partial discharges over the negative half cycle appear greater 

(approximately double) than during the positive half cycle. It was found that these PD 

signals were suitable for use as a triggering signal for the high-speed digital camera as 

described in chapter 5. 

At this comparatively low level of applied stress (E0 = 6kV/cm) no vibration or 

motion of the droplet was observed, as might be expected from table 3.2. 

Figure (6.3) shows the level of PD activity with the droplet present when the 

voltage was increased to 7 kV (i. e. E0= 7kV/cm). The magnitude of the PD activity 

was not observed to increase and showed a maximum of -36µV around the peak of the 

negative half cycle. At this increased level of applied field the water droplet was 

observed to vibrate and subsequently, over a period of several minutes, to spread over 

the surface of the insulation sample as noted in chapter 3 (see, for example, Lopes 2000, 

Higashiyama 1999). Again, the PD activity recorded during the negative half cycle is 

higher in magnitude. 

From the above, it appears that the values of applied field found in the present 

investigation - corresponding to the onset of partial discharges, vibration and spreading 

- are generally comparable with the values reported in previous studies and shown in 

table 3.2 in chapter 3. 

There is particular agreement between the present observations and those 

reported in reference 5 of chapter 3 where the test geometry was similar to the present 

study. In that case, when the water droplet in the middle of the sample, partial 

discharge activity was reported to occur over both half cycles close to the peak value of 

the applied voltage. However, that study did not find partial discharges over the 

negative half cycle to be stronger than over the positive half cycle. It is difficult to 

explain this difference - it is unlikely that all droplets in our study were consistently off- 
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centre - but this point was not investigated further at this stage because the main 

purpose in detecting partial discharges in the present study was to provide a suitable 

trigger signal for the camera. 

Figure (6.4) shows the frequency of PD activity increased when the applied 

voltage was raised to 8.5 kV (i. e. E0= 8.5kV/cm) although the magnitude remained 

around the same level as in the previous two cases. At 8.5kV/cm, it was observed that 

vibration of the water droplet lead within seconds to spreading over the sample until 

contact was made with one or both electrodes. This resulted in immediate breakdown 

of the test sample with physical damage to its surface. . 

For the remainder of this initial study, it was considered appropriate to increase 

the sample length to 20mm - and to correspondingly raise the applied voltage - in order 

to allow more extensive droplet motion prior to sample flashover. 

As a check for the significance of water conductivity, the conductivity of a 10-µ1 

droplet was varied from tap value (-I0mS/m) to saturated solution (-5.8S/m) using 

common salt (NaCI). It was found that, for the lower conductivities, discharge activity 

and droplet motion were not sensitive to small variations in conductivity. However, 

figure (6.6) shows discharge activity with a 10-µl, saturated-solution droplet on the 

insulation surface at an applied voltage of 9kV, 50Hz (E0 = 4.5 kV/cm). With this high 

conductivity, the partial discharge activity was found to be significantly higher than that 

observed with tap water, or water containing a small amount of added salt. Also, with a 

saturated-solution droplet, breakdown occurred in a few seconds, and the sample was 

damaged, at an applied voltage of 14kV (Eo = 7.5 kV/cm). This applied field is lower 

than the 8.5kV/cm noted above for tap water in connection with Fig (6.4). One 

explanation of these observations might be that the lower applied fields with a 

saturated-solution droplet are at least in part due to an increased stress-enhancement 

factor (ß) with the higher conductivity water, as previously described in chapter 3. 

During these tests, many samples were permanently damaged and so had to be 

discarded. It was evident during these initial studies that visual damage caused by 
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breakdown of the test samples increased with the applied field. Also, as previously 
described in chapters 2 and 3, it was probable that some surface degradation was caused 
by partial discharge activity and the associated emission of ultra-violet radiation 

affecting the insulator surface. 

6.3.2 Observation of Droplet Motion 

The electro-mechanical activity undergone by water droplets on the insulation 

surface was recorded using the high-speed digital video camera operating at up to 3000 

frames per second. As noted above, the onset of droplet vibration was found to occur at 

an applied field of -7kV/cm and figures (6.5) and (6.6) show the behaviour observed for 

a 10-µ1 sessile water droplet in a 10-mm insulation surface mounted between end 

electrodes at an applied voltage of 7kV, 50 Hz. 

From the video camera records, it can be seen that a typical vibration cycle took 

approximately 6 or 7 frames at 3000 frames per second. This corresponds to a cycle 
lasting approximately 20ms. This is, the frequency of droplet vibration was also 50Hz, 

the same as the applied stress. This measurement strongly suggests that the mechanism 

of vibration is in accordance with equation (3.9) rather than with equations (3.8) or 
(3.10). That is, the vibrations observed here result from electrostatic forces on the 

droplet. 

Figures (6.5) and (6.6) also show discharge activity during vibration. The discharges 

appear to be located in the gas away from the surface of the insulator and not close to 

the triple junctions. 

6.4 Initial Conclusions 

From this initial study it was evident that the experimental system that had been 

designed and constructed and the experimental techniques that had been developed were 

generally appropriate to the overall programme of work which had been outlined in 

chapter 5. 
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For the present conditions, it was also concluded that as applied AC stress is 

increased, partial discharge activity precedes the onset of droplet vibration. It was also 

concluded that electrostatic forces are responsible for the initial vibration of the droplet 

and that lateral spreading of the droplet in the direction of the applied field follows the 

onset of vibration. The effect of water conductivity on partial discharge activity and 

droplet vibration was not significant except at very high concentrations of salt near the 

saturated-solution level. 

The observation of partial discharge activity in the gas away from the triple 

junction as shown in figures (6.5) and (6.6), was interpreted as suggesting that the path 

of these discharges might be governed by gas-breakdown rather than surface-breakdown 

processes. That is, that the electric field configuration in the gas surrounding the droplet 

may allow the streamer breakdown criterion to be satisfied even although surface 

flashover conditions are not met. This is considered to have implications for the 

interaction between partial discharges and the insulator surface and, therefore, to the 

ultimate performance of insulators under such contaminated conditions. It was decided 

to investigate this question further. 

A paper based on this work was published in the XIV International Conference 

on Gas Discharges and their Applications in Liverpool University, 1-6 September 

2002, under the title "Electrical Breakdown at Sessile Water Droplets on Insulating 

Surfaces Subject to High AC Stress". A copy of this paper is appended to this thesis. 
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Fig(6.2) Partial Discharge with water droplet over the sample 
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Fig (6.3)lhe Partial Discharge with the Vater Droplet scattered 
over the sample 
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Fig (6.4) Break Down when the Water Droplet expanded 
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Figure (6.5) Droplet on insulation surface average applied stresses 7kV/cm (RMS). 
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Figure (6.6) Salt droplet on insulation surface average applied stresses 7kV/cm (RMS). 
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Chapter 7 

Development of Electric Field Models 

7.1 General 
In this chapter, the development of electric field modeling of test sample 

geometry and material properties is described. Modeling was done using a Finite 

Element Method (FEM) software (QuickField® version 4.2). This is a 2D/3D- 

rotational symmetry, PC-oriented interactive environment for electromagnetic, thermal 

and stress analysis. Standard analysis types include: 

" Electrostatics. 

" Linear and non-linear magnetostatics. 

" Time-harmonic magnetics (involving eddy current analysis) 

" Linear and non-linear heat transfer and diffusion. 

" Linear stress analysis. 

" Coupled problems. 

With this program the system to be analyzed can be specified in terms of its geometry, 

material properties, field sources and boundaries. A variable element mesh size can be 

specified to focus on regions where the highest accuracy is required whilst keeping 

computation time acceptable. Computed solutions can then be analyzed both visually 

and quantitatively using a range of post-solution processing facilities. 

7.2 Computation of Electromagnetic fields 

This FEM program does not allow analysis of transient conditions or electrical 

problems simultaneously involving both electrostatic and current flow (i. e., both 

conductance and capacitance at once). For the present study, it is required to determine 

how electrical breakdown is affected by the electric field at a water droplet on an 
insulator surface in air under electrical stress at 50Hz. Given the fast nature of gas or 

surface breakdown (typically -ps) compared with period of the applied field (20ms), it 
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is reasonable to assume quasi-static conditions for modeling and that an electrostatic 

computation will accurately determine the electric field for the purposes of evaluating 

electrical breakdown criteria. 

7.2.1 Electrostatic analysis 

Electrostatic computation combined with post-solution analysis can be used to 

calculate potential distribution, electric field, capacitance, gradient of electric field 

intensity, electric induction, total electric charge in a particular volume, total 

electrostatic force acting on bodies contained in a particular volume and total torque of 

electrostatic force acting on bodies contained in a particular volume. This analysis is 

based on finite-element solutions to Poisson's equation with the following conditions: 

" Material properties: Orthotropic materials with constant permittivity. 
In this study the materials were air, polymer and water as a droplet. 

Under quasi-static conditions these materials may be assumed to satisfy 
these conditions. 

" Loading sources: Specified voltages at defined contours and specified 

electric charge densities within defined volumes. 
The test geometry is consistent with these requirements. 

" Boundary conditions. Prescribed potential values, prescribed values for 

normal derivatives (surface charge), and prescribed constraints for potential 
boundaries with given total charges. 

In the present study, the region of computation was contained within a 

suitably remote boundary that was specified to adopt local values of the 
field at the boundary surface. It was assumed that such an outer 
boundary would not distort the calculated values of electric field in the 

inner regions close to the droplet. 

7.2.2 Current flow analysis 
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The FEM package could also be used to calculate current density and power loss 

(joule heating) at a constant frequency of applied voltage. For this, the following 

conditions applied: 

" Material properties: Orthotropic materials with constant resistively. 

o The resistivity of the water droplets was known and suitably high 

values were assumed for air and polymer. 

" Loading sources: Voltage, and electric charge density. 

" Boundary conditions. As described above in electrostatic analysis. 

7.3 Use of QuickField: - 

Before using this FEM package to analyze the present test geometries, it was 

used to examine several arrangements previously described in the literature. The results 

were found to show good agreement with this previous work and it was concluded that 

the computation conditions described above were satisfactory (see section 7.4). Having 

established acceptable field-modeling techniques, computation with the present material 

conditions and test geometry were undertaken. In using the FEM package to analyze a 

problem, the typical sequence of phases gone through in the present study is described 

below and depicted in the flow chart as shown in Fig (7.1). 

7.3.1 Problem Description 

A database was built for each problem to be solved with QuickField. The core 

of the database is the problem description, which is stored in file with the extension 

. pbm. The problem description contains the basics of the problem: its type (e. g. 

electrostatic), co-ordinate type (e. g. Cartesian), precision class, etc., and also references 

to all other files, which constitute the problem database. These files are the model file 

(with standard extension mod) which contains the geometrical data and the physical 

data files (with extension . dms, dhe, 
. 
des, 

. dcf, . dht, or. dsa - depending on the subject 

and type of problem) which contain the data concerning material properties. A single 

problem may require several files of physical data. Usually, the first file contains 
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specific data related to the problem, as the other files are libraries of standard material 

properties and boundary conditions, which are common for a whole class of problem. 

When solving a problem QuickField creates a results file with the extension 

. res. The data held in this file can then be repeatedly analyzed in different ways 

without the requirement to re-solve the finite element problem on each occasion. This 

is termed post-processing. 

7.3.2 Choosing Length Units 

QuickField allows the specification of polar or Cartesian coordinates and a wide 

range of units of length (e. g. µm to km) when creating the geometrical data for the 

model file. 

7.3.3 Creatini a model 

Model development consists of three stages: 

" Geometric description. 

" Definition of material properties, field sources and boundary conditions; 

" FEM mesh generation. 
Model geometry is defined by specifying the co-ordinates of vertices (points) and 

contours (edges) connecting vertices. This procedure is used to form the closed 
boundaries of all different sub-regions having specific physical properties. Following 

this, these regions can be labeled (e. g. air, water, electrode, insulator, etc. ) and their 

physical properties defined. In addition sources can be specified (e. g. a region of 

specified potential) and boundary conditions set (e. g. equipotential or floating surfaces). 

There are two options available for creating the FEM mesh: 

"A fully-automated method which generates the FEM mesh in all regions with 

mesh sizes linked to each region's typical geometrical dimensions. This 

method has the drawback that it can generate very fine mesh dimensions over 
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large regions containing one small feature, and so lead to very long 

computational times. 

"A manual method that allows the user to specify the typical mesh dimension 

at selected locations by setting the value at specific vertices. This feature 

allows the system to be modeled in fine detail around selected regions of 

greatest interest and to adopt a coarser mesh elsewhere. This option reduced 

computational time and proved particularly useful in our applications. 

7.3.4 Solving the Problem 

Following a complete specification of the model and data files, it is possible to 

then solve a problem to obtain data on, for example, equipotential and field distributions 

in the form of a results file. This file can then be further analyzed using the 

postprocessor features that provide various forms of presentation and analysis, e. g.: 

" Colour-graded equipotential and/or field distributions, 

" Individual equipotential and/or field values at selected points, 

" Integration operations that can be applied over selected contours to 

calculate: capacitance between bodies, electric charge within a volume, 

electrostatic force acting on a particular body, torque due to electrostatic 
forces. 

" Graphical plots of parameter distributions along selected contours, 

" Numerical data on parameter distributions over selected regions in the 

form of Tables. 

In order to analyze potential or field, for example, it is possible to select a 

particular existing geometrical contour within a particular region of interest, or even 

insert a new contour. For example, in this study an existing contour might be along the 

edge of a water droplet or along the surface of the insulator. The facility to introduce a 

new contour proved useful to investigate the electric field distribution in the air along a 

selected field line extending from the edge of a water drop, and hence to the question of 

electrical discharge development in this location (see Chapter 9). 
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7.4 Model Development 

As mentioned above, several known electric field geometries were modeled 

using the above FEM program before applying it to the present work. To illustrate this, 

we choose two cases from those examined that show details of use in specific situations. 

These cases are based on material taken from relatively recent papers that consider the 

effects of a pollution layer and a water droplet on the potential and electric field 

distributions over an insulator surface [1,2,3,4]. 

In the first case a cylindrical dielectric insulator with a layer of surface pollution 
is mounted between a pair of uniform-field, end electrodes, as shown in Fig (7.2). The 

upper electrode is at high-voltage and the lower is grounded. The upper section of the 

layer is wet (i. e. conducting) and the lower section is dry (i. e. insulating). The system is 

axially-symmetric and located within a boundary specified to take up local values of 

potential. With a voltage applied, the typical resultant potential distribution, electric 
field and current density calculated using the FEM program are shown in figures (7.3), 

(7.4) and (7.5) respectively. These results were compared with those described in 

references [1] and [2] and were found to be in good agreement. 

The second case from the literature (see reference [3] and [4]) comprised 

surface-mounted rod electrodes of hemispherical cross-section mounted 30-mm apart on 

a flat, hydrophilic insulation sample, as shown in Fig (7.6). To compare with references 
[3] and [4], the FEM model included a water droplet with a contact angle greater than 

900 located at the center point between the two electrodes. The colour-graded potential 
distribution, electric field and current density computed using the above FEM program 

are illustrated in figures (7.7), (7.8) and (7.9), respectively. As expected, figure 7.8 

shows an enhancement of the electric field at the triple junction where the water droplet 

touches the insulator surface. The distribution of this field was closely matched that 

shown in references [3] and [4] and numerical values at individual locations were in 

close agreement. 
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Such agreement in the two cases above was interpreted as confirmation that our 

general application of the FEM software was appropriate, and, in particular, that the 

selection of boundary conditions, mesh density, material parameters and other model 

factors was also appropriate. 

7.5 Theoretical Procedure 

This section describes an initial application of the post-solution processing 
facilities available from the FEM software to model and examine a water droplet on a 

PE surface between end-electrodes. 

7.5.1 The Geometry of the Model 

Similar to section 7.4, an end-electrode model was adopted in order to study 

theoretically a water droplet located on a pollution layer on an insulation sample. Using 

this model, the effect of varying the permittivity and conductivity of the wet pollution 

layer on the electric field strength and leakage current density was examined. By 

applying the post-processing features of the software to selected geometrical contours, it 

was possible, in theory, to investigate the electro-mechanical forces on the droplet. 

This general arrangement is illustrated in Figs (7.10a) and (7.10b). One 

electrode is specified to be at a potential of 20kV and the other grounded. For 

simplicity in selecting a contour, the droplet profile was assumed to be an arc of a circle 

(this may in fact not be an unreasonable approximation for a sessile droplet on a PE 

surface, as found in chapter 9 and illustrated in figure 9.8 b). The water droplet 

conductivity was taken as 100 pS/cm and that of the air and polymer as 1x 10-" S/cm 

and 1.2 x 10-13 S/cm, respectively. The relative permittivity of the water droplet was 

taken as 81 and that of the polymer as 2.35. The droplet diameter was arbitrarily set at 

2.0 mm. 
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Two types of FEM analysis were undertaken: 

(1) Electrostatic analysis to calculate potential and field; 

(2) Current flow analysis to calculate leakage current density. 

7.5.2 Electrostatic Analysis 

Tluee cases were considered. Case A. The permittivity of the pollution layer 

was set to be the same as the PE insulation sample (i. e. 2.35), so there was effectively 

no pollution layer. Case B. The relative permittivity of the pollution layer was set equal 

to 40 (approximately mid-way between PE and Water). Case C. The relative 

permittivity of the pollution layer was set equal to 81 (Water). These values of relative 

permittivity - ranging from a completely dry surface to a completely wetted one - 

represent the full extent likely to be encountered in the present investigation. 

The general distributions of the electrostatic potential and field for case A are 

shown in figures (7.11) and (7.12), respectively. Post-processing facilities were used 

to examine in more detail the electric field along the surface of the polymer, including 

the triple junction at the water droplet. This was done by selecting the contour passing 

along the surface of the pollution layer on which the droplet was located between the 

electrodes. The results are presented in figures (7.13 A, B and Q. The average electric 

field (Eo) in each case is 20kV/cm. As expected - see chapter 3 and references [2] and 

[3] in particular, the surface electric field reaches a maximum (E3 m8x) at the triple 

junctions at each side of the water droplet and a minimum value (ES mm) at the centre of 

the water droplet. 

For a dry PE surface, figure (7.13 A) shows that the presence of the water 

droplet "shorting out" part of the inter-electrode gap raises the surface field near the 

electrodes from the average value of 20kV/cm to -20.9kV/cm. At the edge of the 

droplet, the field reaches a maximum value (Es max) of - 22.5kV/cm, that is about 12.5% 

above the average value. Table (7.1) shows computed values of the surface field for the 
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three cases A, B and C. This shows that as the relative permittivity of the surface layer 

increases from 2.35 (case A) to 81 (case C) the percentage increase in E max over the 

average field falls from 12.5% to 5.5%. Increases of this order would have a 

considerable effect on gas breakdown in the vicinity of the droplet edge. In the light of 

this, it was concluded that care should be taken to ensure that the surfaces of test 

samples should be dry prior to stressing. 

By selecting contours on each side of the droplet, the electro-mechanical forces, 

Fm, on the droplet were calculated in the high-voltage electrode direction (HVED) and 

in the ground electrode direction (GED). Results for the three cases A, B and C are 

shown in table (7.2). The calculated ratios of HVED/GED are all slightly greater than 

one, which indicates that the calculated electro-mechanical force in the HVED 

consistently exceeds that in the GED. Symmetry dictates that the two forces should be 

equal and, following further inspection of the FEM mesh diagrams, it was concluded 

that slight imbalances in the automatic mesh generation on either side of the droplet 

were the most likely cause for calculating an apparent force imbalance. 

Assuming the HVED and GED forces should in fact be equal, it is reasonable to 

take an average value of the computed F. for each case of layer permittivity. In table 

(7.3) the average value of F. for cases A, B and C is presented and it can be seen that 

this tends to increase with increasing permittivity: compared to a dry PE surface (case 

A), case B shows a 3.1% increase and the fully wetted surface (case C) shows a 5.2% 

increase. However, these increases are not large which suggests that the force on a 

droplet will not be particularly sensitive to small changes in nominally-dry surface 

conditions. Therefore, prior to any experimental investigation of droplet behaviour, no 

special control of surface conditions appears to be required other than straight-forward 

cleaning and drying. 

7.5.3 Current Flow Analysis 

As an example of current flow analysis we examined the effect of the water 

droplet and the pollution layer on the leakage current (1, ) between the electrodes. The 
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surface-mounted electrode geometry described above in section 7.4 was examined with 
the resistivity of the PE taken as 1013 flm and that of the water droplet as 1051)m. 

Initially, the case when the layer resistivity was equal to that of the PE was 

computed - i. e. when the pollution layer should have no effect. Figure (7.9) illustrates 

the distribution found. It is interesting to note that droplet effectively forms a 

conducting bridge across the PE such that the current density through the PE 

immediately below the droplet is therefore reduced substantially. Figure (7.14A) shows 

the variation in current density along the pollution layer. Typically, this current density 

in the layer is of the order of 2x10-7 A/m2. The droplet causes an increase in layer 

current density at its periphery where current is seen to flow from the bulk of the PE to 

the droplet. However, where the droplet bridges the layer a substantial decrease in layer 

current density is shown. The computed maximum and minimum values of the current 
density in the layer are shown in table (7.4). Similar calculations were made for the 

cases where the resistivity of the layer taken as 10100m and 1050m, the latter 

representing a fully-wetted layer. These results are presented in figures (14B) and 
(14C), and also summarised in table (7.4). It is evident that highest current density in 

the pollution layer occurs when the resistivity of the layer equals that of the water, as 

would be expected, and for this case the current density is of the order of A/m2. This is 

approximately seven orders of magnitude greater than for the "dry" layer, and suggests 

that with a fully-wetted layer surface breakdown would be highly probable. 

Note: a preliminary version of the work described above was presented at the 

36th Universities Power Engineering Conference (UPEC 2001) 12-14 September 2001, 

Swansea, UK in a paper entitled "A Study of Water Droplet Behaviour on Insulator 

Surfaces under High Electrical Stress". 

7.6 Conclusions 

The application of the Quickfield® FEM software to the present study is 

appropriate subject to suitable selection of boundary conditions, mesh density, material 

parameters and other model factors. 
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The permittivity of a surface layer on a PE sample influences the field there, and 

so might be expected to have a considerable effect on gas breakdown in the vicinity of 

the droplet edge. In the light of this, care should be taken to ensure that the surfaces of 
test samples should be consistent prior to stressing, e. g. appropriately dry. 

The electro-mechanical forces on a droplet are not particularly sensitive to small 

changes in nominally-dry surface conditions. Therefore, from this point of view, no 

special control of surface conditions appears to be required other than straight-forward 

cleaning and drying. 

For a dry sample, leakage current density near the surface is of the order of 
2x 10-7 A/m2. The presence of a water droplet causes an increase in current density 

around its periphery where current flows from the bulk of the PE to the droplet. 

However, where the droplet bridges the PE a substantial decrease in leakage current 

through the PE occurs. With a fully-wetted surface, the relatively high level of leakage 

current through the surface layer suggests that surface breakdown would be highly 

probable. 
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Create new. Empty problem 
File: New: QuickField Problem 

Specify the problem parameters 
Edit: properties 

Defined the geometry, part labels and 
mesh for the model 

Edit: Geometry Model 

Provide data for the materials, loads 
and boundary conditions 

Edit: Data 

Obtain the solution 
Edit: Solve problem 

Review the results and obtain the post 
processing parameters 
Edit: Analyze Results 

Fig (7.1) QuickField Flow Chart 
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Fig (7.4) The Electric Field Strength Distribution 

Fig (7.5) The Current Density 



Fig (7.6) Two hemisphere electrodes over the insulation sample and water droplet 
Note: a large FEM mesh size shown here for illustrative purposes. 

Vlm 

1 
Fig (7.7) The Equipotential Distribution 
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Fig (7.8) The Electric Field Strength Distribution 

Fig (7.9) The Current Density Distribution 
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Electrode Electrode 
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Sample 
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Figure (7.10 a) The Geometry for Initial Model 

Fig (7.10 b) The mesh Geometry adopted for the FEM calculations 

showing the variations in mesh size. 
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Fig (7.11) the Equipotential Distribution 

Fig (7.12) the Electric Field Strength Distribution. 
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Pollution layer 

permittivity 

E5 max 
kV/cm 

(E s max - E0)/Eo 

% 

ES mi� 
kV/cm 

(A) 2.35 22.5 12.5% 0.85 

(B) 40.0 21.5 7.5% 0.7 

(C) 81.0 21.1 5.5% 0.95 

Table (7.1). The effect of surface-layer permittivity 

on the surface electric field. 

Pollution layer 

Pe vita' 

Fm in (HVED) 

With angle 0° 

Fm in (GED) 

With angle 180° 

Ratio 

HVED/GED 

(A) 2.35 0.0556 N 0.0549 N 1.013 

(B) 40 0.0575 N 0.0565 N 1.017 

(C) 81 0.0584 N 0.0579 N 1.009 

Table (7.2) The electro-mechanical forces on a 2-mm diameter droplet. 
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Wet Pollution 

layer permittivity 

Average value 

of F. 

Percentage 

relative to case A 

(A) 2.35 0.0553 N 0% 

(B) 40 0.0570 N 3.1% 

(C) 81 0.0582 N 5.2% 

Table (7.3) The computed average electro-mechanical force 

on a 2-mm diameter droplet.. 

Pollution layer 

conductivity 

S2m 

Ic Maximum 

A/m2 

Ic Minimum 

A/m2 

(A) le+13 2.45e-7 8.59e-8 

(B) le+10 2.18e-4 1.53e-5 

(C) 1 e+5 21.11 8.78 

Table (7.4) the effect of pollution layer conductivity on current 
density in the pollution layer. 
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Chapter 8 

Droplet Behaviour at Applied Stress 

Close to Gap Breakdown 

8.1 General 

As described in chapter 6, the initial study employed uniform-field, end- 

electrode geometry to study the behaviour of a water droplet on a 1-cm long, level PE 

surface and, as described, flashover of the test sample confined these studies to average 

stresses less than 1OkV/cm. After some further experiments with this end-electrode 

geometry, it was found that at higher stresses this geometry was prone to surface 

discharge development from the electrodes in the form of what appeared to be surface 

tracking. Following development of the FEM field modelling techniques described in 

chapter 7, which allowed quantitative analysis of non-uniform fields, it was decided to 

examine the use of a non-uniform field, embedded-electrode test arrangement that 

would have an increased surface path along the PE between the metal electrodes. A 

design was developed (described below) which allowed average stresses up to 20kV/cm 

(i. e. 2. OMV/m) to be applied without evidence of surface tracking - at least in the short 

term over which droplet vibration and PD observations were made. An additional 

consideration was that embedded-electrode geometry could be used to introduce a 

significant component of applied electric field normal to the PE surface and so influence 

- in theory - the development of discharges at the droplet edge. As a further means of 

varying the field around the edge droplets, it was decided to alter the static contact angle 

between droplet and insulator surface. This could be done either by varying the droplet 

by volume and/or by other physical properties (e. g. water conductivity) or simply by 

inclining the plane of the insulator from the horizontal. Partial discharge activity at the 

droplet was investigated using a combination of the high-speed video camera, operating 

at up to 3,000 frames per second, and the electrically-coupled partial discharge detection 

system described in chapter 5. A key objective was to examine whether the location of 

partial discharges was primarily along the PE surface or in the air close to the droplet 
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8.2 Experimental Procedure 

The test geometry finally adopted for this part of the study is shown in Fig (8.1). 

This consisted of a 30-mm long, 20-mm diameter cylinder of solid PE with a flat 

surface prepared along one side, as described in chapter 5. Two, 10-mm diameter rod 

electrodes were embedded at right angles through the PE cylinder with their surfaces 

placed 2mm below the flat surface of the PE cylinder. The axes of the rod were located 

20mm apart, leaving a 10-mm gap between them. It was found that voltages up to 20kV 

could be applied between the electrodes without causing short-term surface flashover 

across the PE. 

During a test run, a single droplet of tap water with resistivity of approximately 

106 QM (conductivity 1OmS/m) was placed centrally on the flat surface. For field 

modelling purposes, relative permittivities of 81 for water and 2.35 for PE were 

assumed. The conductivity of PE was taken as 1.2 x 10-13 S/cm. Figure (8.1 c) shows the 

general form computed for the electric field. It can be seen that near the centre of the 

PE plane surface the electric field has a significant tangential component. 

The applied voltage was raised slowly until partial discharge activity was 
detected by observing the associated voltage pulses, generated across a 100-52 resistor 

connected between the low-voltage electrode and ground, on the digital oscilloscope. 

Vibration and movement of the droplet was recorded using the high-speed video camera 

operating at up to 3,000 frames per second. In some experiments, the camera was 

triggered from the voltage pulses generated by the partial discharges. 

8.3 Contact Angle on an Inclined Surface 

As described in chapter 2, static contact angle is the angle contained by the 

tangent to the water droplet, at its point of contact with the planar surface on which it is 

placed, and the plane itself. This angle gives a measure of the hydrophobicity of the 
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surface when the surface is horizontal. In this part of the study, contact angle was 

varied by tilting the insulator plane from the horizontal - without, of course, altering 

surface hydrophobicity. This increased the contact angle at the lowest point of contact 
between the droplet and the plane surface and decreased it at the highest point - as 

shown in Fig (8. lb). For ease of reference here, the larger contact angle (at the lower 

point of contact) is designated "A" and the smaller angle (at the higher point) "B". For 

example, with the 60° angle of inclination shown in Fig (8.1 b), the angle A is - 95° and 

the angle B is - 200. It is clear that the geometry and magnitude of the electric field at 

the edge of a droplet will be strongly influenced by these different angles. 

To determine sensitivity to conductivity, angles A and B were measured to an 

estimated accuracy of ± 5° for 10-µ1 droplets of de-ionised, tap and "salt" water (tap 

water containing 1% saturated sodium chloride solution). The results are shown in Figs 

(8.2) and (8.3). Deionised water consistently shows the highest values of A and B. For 

a level surface (0 = 0) the angles A and B are equal (- 65 ± 5°) and are independent of 

conductivity. As 0 rises to 300, A increases to 700 (salt), 75° (tap) and 80° (deionised), 

whereas B shows a decrease to 25° (tap), 35° (salt) and 40° (deionised). As 0 rises 

further from 30° to 40°, the upward trend in A and the downward trend in B continue, 

except for one case (salt) where A falls to - 60°. Beyond 0= 40°, all water types show 

a downward trend in A with an upward trend in B, although A always exceeds B- as 

would be expected. A decrease in A might occur with increase in 0 if the lower edge of 

a droplet were to slip down the PE surface to form an increased contact area between 

droplet and PE. However, it should be noted that no droplet slippage was observed 

during these tests, although slippage was evident in later studies in which an ac stress 

was applied (see section 8.4 below). The increase in B at higher values of 0 suggests 

that the surface of the droplet may be developing a double curvature, but this is not 

clear. 

After several further experiments it was concluded that a 10-111 droplet of tap 

water at an inclination angle of 20° would prove a particularly suitable combination 

with which to examine behaviour under AC stress. This combination gives A- 75° and 
B -- 40°, ensuring different electric field conditions at each side of the droplet, whilst 
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avoiding the high values of 0 at which droplet slippage might be occurring. These tests 

also confirmed that droplets remained static for at least one hour when no electrical 

stress was applied, showing no tendency to move down the insulator surface. 

8.4 Drop Movement Caused by High AC Stress 

Fig (8.4) presents frames recorded with the digital camera. The first frame 

shows a 10-µl, tap-water droplet with the PE surface inclined at 20° the horizontal. 

With zero applied voltage the droplet remained static. With the upper electrode 

grounded and a 50-Hz voltage applied to the lower electrode, the onset of vibration was 

observed at 8.6 kV (E0= 2.9kV/cm). With the camera operating at 3,000 frames per 

second, sequences of frames were recorded that show the droplet vibrating at 50Hz at 

the onset voltage. Fig (8.4,2 to 6) are selected from these at 5ms intervals over a period 

of 20ms - i. e. covering one complete cycle. These frames show that at the onset voltage 

the droplet does not slip down the surface. However, it does become distorted, with 

wave-like undulations appearing on its surface. Fig (8.4,7 to 12) shows a set of 5 

records obtained with the applied voltage raised to 11.85 kV (E0= 3.95kV/cm). These 

frames cover a period of about one minute and show the lower edge of the droplet 

slipping down the PE surface while the upper edge remains fixed. Similarly, frames (13 

to 18), obtained at an applied voltage of 14.8 kV (E0= 4.95kV/cm), show that the 

complete droplet eventually flows down the surface to accumulate at the lower end of 

the PE. In the complete video sequence, vibration and spreading of the water droplet 

over the whole sample can be observed. 

Figure (8.5, frames 1 to 15)) were recorded after the water droplet accumulated 

at the lower end of the PE sample and the applied stress was raised to 17.2 kV (i. e. E0= 

5.75kV/cm). These 16 frames are 2ms apart in time and so extend over 1.4 cycles. 

Breakdown and arc formation can be seen twice during a cycle and appear around the 

voltage maxima. At this high voltage, the insulation sample was permanently damaged 

as soon as arc breakdown occurred, with visible evidence of extensive tracking along its 

surface (see Fig (8.6)). 
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For comparison purposes, the behaviour of a salt-water droplet was examined 

(i. e tap water containing 1% saturated sodium chloride solution). The volume of the 

droplet was l0µ1, as in the previous case, but the water conductivity was -10 S/cm. 

Typical video camera records are shown in Fig (8.7). Frames 1-6 show activity over a 

half cycle at an applied voltage of 8.5kV. The droplet is static with no evidence of 

movement down the PE surface. In frame 3, a discharge is visible at the upper edge of 

the droplet. This discharge is evidently not along the PE surface, but is more consistent 

with one extending along a field line from the conducting surface of the droplet into the 

surrounding air. At an applied voltage of 12.5 kV, frames 7 to 18 of Fig (8.7) show the 

typical discharge activity recorded after a droplet has moved down the surface of a PE 

sample. These frames record arc discharges forming twice over a complete cycle. For 

each stage of droplet behaviour, the values of applied voltage for tap and salt water are 

similar. The values of average applied field found here are comparable with those 

reported in previous studies (see chapter 3 table 3.2). 

The consistent pattern found in the present work is that water droplets first 

vibrate, then, as voltage is raised, edge discharges become visible with the video camera 

and finally, as the voltage is further increased, droplets move to the lower end of the PE 

surface. Following this, flashover is usually observed to follow, with permanent 
damage to the sample. 

8.5 Partial Discharge Activity 

To examine PD activity in more detail, 10-11, tap-water droplets were located in 

the middle of the flat portion of the insulation sample and then partial discharges 

observed in two ways: (1) electrically and (2) visually - using the video camera. 

8.5.1 Electrically detected partial discharges 

Horizontal Surface. Figure (8.8) shows the electrically-detected PD activity 

generated by the system in the absence of a water droplet. The inception voltage for 

8.5 



such activity was found to be 8.25kV (E( = 2.75kV/cm) and discharges were observed 

on both half cycles close to the peak of the applied voltage waveform as previously 
described in chapter 6. Over a period of several hours, the presence of discharges of 

this magnitude did not appear to damage the dry PE sample nor lead to breakdown 

when sustained for longer periods. 

When a 10-µl, tap-water droplet was placed midway between the electrodes on 

the flat section of a horizontal PE sample, it was observed that surface partial discharge 

activity at the edges of the droplet was initiated when the applied voltage was raised to 

11.7kV(i. e. E0= 3.9kV/cm). Figure (8.9) shows a typical record under these conditions. 

The magnitude of this PD activity is of the order of 10 to 20 times greater than that 

observed without a droplet present. The amplitude of the PDs in the negative half cycle 

were observed to be higher than those in the positive half cycle, although the droplet 

was placed centrally on the sample surface. Optical observation showed that the sessile 
droplet was static and did not vibrate. 

When the applied voltage was increased to 14.25 kV (i. e. E0= 4.75kV/cm), the 

water droplet was observed to vibrate but without spreading. With the voltage raised to 

16.8 kV (i. e. E0= 5.6kV/cm), the droplet was observed to vibrate vigorously and then 

spread over the surface of the insulator. The measured PD activity at 16.8 kV is shown 
in figure (8.10). The peak magnitude was typically 25 times above the level observed 

without a water droplet. As before, PD activity was more pronounced during the 

negative half cycle. Under these conditions, the motion of the water droplet along the 

surface of the supporting insulator eventually lead to total breakdown along its surface. 

The above observation that water droplets on a horizontal surface spread at an 

E0 of the order of 6kV/cm is consistent with previous studies - see chapter 3 table (3.2) - 

and with the preliminary experiments described in chapter 6. 

Inclined Surface. For the sample inclined at an angle of 20° to the horizontal, 

the partial discharges measured are shown in Figures (8.11) to (8.14). 
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Figure (8.11) shows the PD activity generated by the system when no water 

droplet was present on the surface of the sample. The inception voltage was 8.3 kV (i. e. 

E0=2.76 kV/cm) and discharges were observed on both half cycles close to the peak of 

the applied voltage waveform. As would be expected, this is nearly identical with the 

activity found for horizontal samples and, as in that case, the discharges do not appear 

to damage the sample nor lead to breakdown if allowed to continue for a period of time. 

When a water droplet was placed midway between the two electrodes it was 

observed that partial discharge activity at the edges of the droplet was initiated when the 

applied voltage was raised to 9.6kV(i. e. E0= 3.2kV/cm). This is significantly lower 

than the value of E0=3.9kV/cm found with the horizontal surface. Figure (8.12) shows 

the typical PD record obtained under these conditions. Again, the magnitude of PDs in 

the negative half cycle appears to be larger than in the positive half cycle. The 

magnitude of this negative PD is some 15 times greater than that observed without the 

presence of the droplet. As with the horizontal case, optical observation showed that the 

sessile droplet was static and did not vibrate. 

In Fig (8.13), When the applied voltage was increased to 11.95 kV (i. e. Eo= 

3.78kV/cm), the water droplet was observed to vibrate but without spreading. Analysis 

of video records showed that the vibration frequency was 50 Hz. With the voltage 

raised to 14.67 kV (i. e. E0= 4.89kV/cm), the droplet was observed to vibrate vigorously 

and then spread down the surface of the insulator. Over a period of a few minutes, the 

water was observed to accumulate at the lower electrode. 

The measured PD activity at 17.2 kV (i. e. E,, = 5.4kV/cm) is shown in figure 

(8.14). The peak magnitude was typically 10 times above the level observed without a 

water droplet. As before, PD activity is more pronounced during the negative half cycle. 

Under these conditions, the motion of the water droplet along the surface of the 

supporting insulator eventually leads to total breakdown along its surface. 
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From these observations it can be seen that drop vibration and spreading takes 

place at lower applied fields on the inclined surface. It is considered that this may be 

because the shape of the electric field around the droplet changes when the surface is 

inclined. This question will be examined further in the next chapter. 

8.5.2 Visual observation of partial discharges 

Horizontal surface. Fig (8.15) shows discharges recorded at the edge of 

a 10-µl, tap water droplet deposited at the centre of a horizontal PE surface. Frames 1 

to 3 were obtained at an applied voltage of 14.25 kV (E 0= 4.75kV/cm) and show partial 

discharge activity at the edges of the water droplet. For frames 3 to 8, the applied 

voltage was increased to 16.8 kV (E 0=5.6kV/cm). Here the water droplet vibrated and 

expanded, and the visible partial discharge activity increased. Frames 9 to 12 were 

recorded with the applied voltage was increased to 17.2 kV (E o=5.7kV/cm). Here, the 

partial discharge activity at the edges of the water droplet was very clearly observed and 

of higher visible intensity than that observed in frames 1 to 8. The surface of the PE 

was damaged following the occurrence of these stronger discharges increased, as shown 

before in fig (8.6). In the complete video sequence, droplets were observed to vibrate 

and eventually spread over the whole sample. A wave-like vibration mode developed 

along the spread-out droplet before complete electrical breakdown took place. Using the 

methods described previously in section (6.3.2), the frequency of these vibrations was 

found to be 50 Hz. 

It is interesting to note that the location of these discharges is not along the PE 

surface but is in the air at the side of the droplet and, in this respect at least, appears to 

be similar to the observations reported recently (2001) by Krivda and D. Birtwhistle 

(see chapter 3, reference [14]). 

Inclined surface. Partial discharge activity was also examined using the video 

camera with samples inclined at 20° to the horizontal plane. Similar to the conditions 
described in sections 8.4 and 8.5 above. Typical results are shown in fig (8.5). As 

might be expected, water droplets spread faster, probably through gravity, and move 
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quickly to the lower electrode. This activity is immediately followed by complete 

flashover and the breakdown across the sample with significant damage to surface. In 

all cases of an inclined sample, the onset of partial discharge activity, vibration and 

spreading was observed using the video camera and was found to be at a lower applied 

stress than with horizontal samples. As noted above in section 8.5.1, this effect may be 

due to the change in shape of the inclined droplet and with the associated change in the 

shape of the electric field surrounding a droplet. 

A preliminary account of this work was published in the 37th international 

Universities Power Engineering Conference 9th - 11t' September 2002, School of 

Engineering and Advanced Technology, Staffordshire University in a paper entitled: 

"Sessile Water Droplets on Insulating Surfaces Subject to High AC Stress: Effect of 

Contact Angle". 

8.6 Discussion 
The above experimental study initially identified that a 10-µ1 droplet of tap 

water on a PE surface inclined at an angle of 20° was a particularly suitable combination 

with which to examine behaviour under AC stress. This combination produces different 

electric field conditions at each side of the droplet but avoids droplet slippage when no 

field is applied - in fact droplets remained stationary for at least one hour with no stress 

applied. 

Following the application of ac stress, 50-Hz vibration of the water droplet was 

first observed and then followed, with increased applied stress, by spreading and 

movement over the insulation surface with the droplet eventually moving down the 

inclined surface to accumulate at the lower electrode. After this, surface flashover and 

breakdown were observed which permanently damaged the insulation surface. 

Before spreading of the droplet, partial discharge activity was detected both 

electrically and optically at the edges of water droplets. The optical results show the 

discharges are not confined to the PE surface but are located in the air near the locus of 

contact between the droplet and the surface. This effect is evident with the inclined 
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surface and is presumably associated with the different upper and lower contact angles 
between drop and surface and the associated changes in the local electric field. It is 

considered that this observation should be more closely examined because the location 

of the discharge and its influence on surface hydrophobicity is likely to affect the 

process of droplet spreading and movement. This idea is examined in the following 

chapter. 
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Fig (8.1 a and b) (a) Embedded-electrode geometry 
(b) AI Old water droplet on the embedded- electrode sample 
inclined at an angle 60°. Note difference between upper 
and lower contact angles. 
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Figure (8.1 c). The computed equipotential distribution for the embedded- 

geometry. It can be seen that the surface the electric field has a significant 

tangential component. 
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Fig (8.4 ) Vibration, spreading and movement of a droplet along the 
insulation sample. The angle of inclination is 20°. 
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Fig (8.5). Flashover of the test sample following movement 
of the droplet to the lower electrode. 

Frames are 2ms apart covering 1.4 cycles. 
The angle of inclination is 20°. 
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Fig (8.6) Typical damage to a sample after flashover. 
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Fig (8.7 ) Movement of the salt water droplet along the insulation sample. 
The angle of inclination is 20°. 
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accumulated at the lower electrode. Surface inclined at 20°. 
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Fig (8.15) Partial discharges at the edge of a droplet 

spreading over a horizontal insulator surface. 
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Chapter 9 

Physical Interpretation of Discharges 

at the Edge of Water Droplets 

9.1 General 

In the present chapter we will examine a single water droplet placed on 

the insulation sample, using the second embedded - electrode model described 

previously. In particular we investigate the electric field at the edge of such droplets, 

both the surface field along the insulation and the field in the air surrounding the 

droplet. Quantitative information on these fields allows an examination of the discharge 

processes concerned with partial discharge formation around the edges of a droplet. In 

order to emphasise the effect of the electric field at the droplet edge, the particular case 

where the insulation surface is inclined at an angle of 60° to the horizontal is examined. 

In this study, further use of the finite-element QuickField® package described in 

chapter 7 is used to compute the field distribution around the droplet and use this 

information to examine quantitatively the conditions that can lead to electrical 

breakdown. 

In addition, the effect of varying the permittivities and conductivities the water 

droplet and the insulating sample was examined in terms of the electric field strength, 

leakage current density and mechanical force on a droplet. 

Unless stated otherwise, the calculations described below assume the 

conductivities of water, air and polymer sample to be 100 µS/cm (typical of rain water), 

le-15 S/cm and le-13 S/cm, respectively, and the relative permittivities of water and 

polymer to be 81 and 2.35, respectively. 
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9.2 The Geometry Model 

The embedded-electrode geometry used for this part of the work is illustrated in 

Fig (9.1). 

Fig (9.2) shows the shape adopted by a droplet placed on an initially horizontal 

surface which is then inclined at an angle of 600. The following procedure was 

developed to obtain data on the profile of the droplet suitable for use with the field 

modelling software. Fig (9.2) was read into image manipulation program (Microsoft 

Photo Editor). It was then reduced to a 2-bit format as shown in Fig (9.3). This image 

was then processed to find the edge contours. The resulting image is shown in Fig (9.4). 

From this line image, it was possible to express the profile of the droplet in terms of a 

set of coordinates these are shown in Table (9.1). Using a spreadsheet, these coordinates 

were then transformed into data points which could be input to quick field. These 

coordinates are also included in Table (9.1). 

Using the geometrical data given in Table (9.1), the profile of the droplet on the 

inclined, embedded-electrode system was input to the FEM software. Before generating 

the FEM mesh, the dimensions of the mesh were manually set at very small values 

compared with the droplet dimensions close to the droplet and at larger values well 

away from the areas of potential interest. The mesh pattern then generated is shown in 

Fig (9.5). This pattern was found to form a suitable compromise between accuracy and 

computation time. 

9.3 Electrostatic Analysis 
Electrostatic analysis was primarily used to calculate the equipotential and 

electric field strength distributions around the droplet. In addition, it was also 

considered useful to use the results to examine the mechanical forces on the droplet. 

9-2 



Electric field. Fig (9.6) shows a false colour image of the equipotential 
distribution calculated. A closer view of the equipotentials around the droplet is 

presented in Fig (9.7). These figures give a qualitative presentation of the FEM output, 
but this was of course also available in detailed numerical format to allow quantitative 

examination. 

On Fig (9.7) two points are marked A and B. These are on the surface of the PE 

and at either side of the droplet. Numerical values of the electric field strength along 

the insulator surface between the locations A and B obtained from the FEM 

computation are shown in the graph of Fig (9.8). With a water relative permittivity of 
81 this computation reveals maxima at the triple junctions, as would be expected, with 

the higher peak associated with the higher contact angle (lower edge of the droplet). 

This higher peak is about 20 times the average field. It should be noted that the peak of 

the electric field extends only a short distance from the edge of the droplet, about 
0.1 mm at 50% maximum - the droplet extending about 3.5mm over the PE surface. A 

relatively shallow minimum in the surface field is shown over the droplet/PE interface. 

Figs (9.9) and (9.10) show the results obtained for similar calculations where the 

relative permittivity of the droplet was lowered to 40 and 2.35 (i. e. the same as the PE). 

These results, summarized in Table (9.3), show how the peak values of the high-field 

regions decrease and the minimum correspondingly increases with this large decrease in 

droplet permittivity. Further calculations shown in Fig (9.11) show how the maximum 
field changes as the droplet relative permittivity is varied from 10 to 80. However, for 

the present purposes it may be concluded from these results that relatively minor 

variations in droplet permittivity - such as would be associated with changes in 

dissolved content between deionised, tap and salt solution - would not result in 

significant changes in the field distribution. 

Table (9.5) and Fig (9.12) show results obtained when the relative permittivity 

of the insulation was varied from 1.5 to 6 for a fixed droplet value of 81. From table 

(9.5) we can notice that the peak value of the electric field decreases by about 7% and 
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the minimum increases by about 3% when the relative permittivity of the insulating 

sample increases from 1.5 to 4. It was concluded from these results that small 

variations around the assumed value of 2.35 for the relative permittivity of PE would 

not cause a significant change in the electric field distribution around a droplet. 

Mechanical Force. The post-processing facility incorporated in the 

QuickField® software was used to compare the mechanical forces acting on each side 

of the droplet resulting of the applied field. QuickField® computes the average force 

per unit area over a selected contour. Two contours were selected starting at the apex of 

the droplet and extending down to the PE surface at each side of the droplet. With 

reference to the slope of the insulation, these are designated the "lower" and "upper" 

sides of the droplet and the respective forces as Fl and Fu. The calculations showed that 

Fl and Fu fell by about 3% when the droplet relative permittivity was varied from 81 to 

40 - i. e. the forces were not sensitive to relatively minor variations in permittivity. 
However, because the shape of the inclined droplet is no longer symmetrical it would be 

expected that Fl and Fu would differ, unlike the case with a horizontal droplet. Table 

(9.2) shows that the computed ratio of Fl/Fu is 1.30±0.1 for droplet relative 

permittivities of 81,40 and 2.35. That is, Fl exceeds Fu and there is a net force, due to 

the applied field, acting down the slope but the ratio is not sensitive to these changes in 

droplet relative permittivity. The effect of varying the insulation sample permittivity 

was also examined. The computed results are shown in table (9.4). The ratio of Fl to 

Fu decreases from 1.31 to 1.28 as sample relative permittivity increases from 1.5 to 4. 

This is a similar ratio to that shown in Table (9.2) and it may be concluded that the 

Fl/Fu ratio is also insensitive to such changes in sample relative permittivity. 

An overall conclusion drawn from the above electrostatic analysis, was that 

computations using the geometry and physical data described above would provide 

meaningful and reliable data on the electric field surrounding a droplet which could 

reasonably be compared with the fields encountered during the other similar studies 
described in chapter 3, even though minor variations in physical parameters might be 

present. 
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9.4 Current Flow Analysis 
In the present study, current flow analysis was not as extensively used as 

electrostic analysis. However, by using Quickfield in current flow analysis mode it was 

possible to examine the effect of variations in the resistivity of the water droplet and the 

insulating sample on the electric field around the droplet and on the leakage current 

through the water droplet passing between the embedded electrodes. Unless stated 

otherwise, the calculations described below assume the conductivities of water, air and 

polymer to be 100 µS/cm (typical of rain water), 1e-11 S/cm and 1e-13 S/cm, 

respectively. Expressed in the form preferred by the FEM software, these correspond to 

the resistivities I e6 S1m, Ie 11 in and 1e 13 S2m, respectively. The geometry examined 

is that of the inclined droplet as illustrated in Figs (9.1) to (9.7). We again refer to the 

locations A and B marked on Fig (9.7). 

Figs (9.15), (9.16) and (9.17) show computed values of the electric field along 

the sample surface from A to B for droplet resistivities of 1 e6,1 e 11 and 1e 13 12m, 

respectively. As with the electrostatic analysis, the field shows two maxima at the triple 

junctions and minimum near the center of the droplet, with the greater maximum at the 

lower edge of the droplet. Table (9.7) shows how this maximum decreases and the 

minimum increases as the water resistivity increases. Fig (9.18) shows computed values 

of this maximum electric field up to very high values of droplet resistivity. The leakage 

current passing through the droplet showed maximum density at the triple junction 

edges, and minimum density at the central region of the droplet. The maximum and 

minimum values computed at water droplet resistivities of 1 e+6; l e+l l and l e+13 am 

are shown in Table (9.8). As would be expected, high current density occurs when the 

resistivity of the water droplet is low. Also we can found the current density decreases 

when the resistivity of the water droplet increases. Maximum and minimum values of 

computed electric field strength and current density are shown in Tables (9.9) and 
(9.10), respectively, for insulation resistivities of 1 e6,1 e 11 and 1e 13 S2m with constant 
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water droplet resistivity of 1 e+6 S2m. These tables show that the field increases with 

sample resistivity but the current density decreases. 

The effects on the electric field around the droplet due to variations in droplet 

and sample resistivities revealed by current flow analysis could be further explored, and 
it is suggested that this might be a useful area of further study. However, for present 

purposes, it was considered that enough information about the electric field distribution 

had been revealed by the electrostatic analysis to allow a quantitative examination of the 

physical conditions for electrical discharge formation in the location of the droplet, and 

this is described in the next section. 

9.5 Gas Breakdown at the edge of the inclined droplet 
With the droplet inclined at 60°, as shown in Figs (9.2) to (9.7), it was found that 

at an applied voltage of 9.5kV (E 0=3.2kV/cm) the water droplet started to vibrate and 

the onset of partial discharges could be detected electrically. Discharges were observed 

to be located in the air, particularly at the lower edge of the droplet, and these were not 

confined to the polymer surface. From visual observations, one end of the discharges 

appeared to terminate on the droplet surface a distance (d) above the triple point. It was 

estimated that d lay typically between 1.5 and 2mm. This observation appeared to be 

similar to that reported recently by Krivda and Birtwhistle (reference 14, chapter 3). To 

investigate this, the electric field around the droplet on an insulating surface inclined at 
60° was computed and the results used to examine how electrical breakdown of the air 

surrounding the droplet might occur through a Townsend or streamer process (see 

section 2.4). 

Fig (9.13) shows the configuration examined. First, the surface electric field 

(Es) was calculated as a function of distance along a path away from the droplet along 

the polymer surface starting at the triple junction. This field was then compared with 

the electric field (Ei) as a function of distance along a path away from the droplet along 

a field line starting at a point on the droplet surface a distance of d=1.8mm above the 

triple junction. To form this second path, the line was tracked away from the droplet 
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surface, always keeping at right angles to the equipotentials, and terminated on the 

polymer surface. These two paths are shown on Fig (9.13). To compare the fields, the 

ratio of Ei to Es was calculated as a function of distance away from the droplet. The 

result is shown in Fig (9.14), which shows that equal distances away from the droplet 

surface the field strength in the air (Ei) can exceed that along the surface (ES). This 

result indicates that the Townsend or streamer criterion for electrical breakdown of the 

air may be satisfied along a path in the air above the triple junction in preference to a 

path on the polymer surface. 

In order to investigate this possibility further, it was considered useful to 

evaluate equation (2.22) along the selected field line to determine whether the 

conditions for streamer breakdown in air were satisfied at the level of applied voltage at 

which discharges had been observed. To do this, the integral f& ds given in equation 

(2.22) was replaced by an approximation in the form of a summation Ya ds . Where 

As is a small increment of distance along the path s. 

The value of the effective ionisation coefficient for atmospheric air is known as 

a function of applied electric field. In this case, the applied field at which discharges 

were observed was 3.2 kV RMS - i. e. an applied voltage of 9.5kV RMS, as noted above. 

To calculate the ionisation coefficient, it is appropriate to use the instantaneous peak 

value of the applied voltage, that is 9.5/2 = 6.5 kV. This is because gas breakdown is a 

process that is associated with the peaks of the applied stress and is takes place on ags, 

time scale during which the applied voltage is effectively constant at the peak value. 

To evaluate ads, a spreadsheet was constructed of the form shown in Table 

(9.6). In this, column 1 is distance, s, along the field line starting at d=1.8mm above 

the triple junction. Column 2 is the incremental step, As, along the line. Column 3 

shows the computed value of the applied field at each point s and column 4 the 

corresponding value of the ionisation coefficient at s. Columns 5 and 6 evaluate 

2: W As as a function of distance along the field line. From the discussion presented in 
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chapter 2, it may be concluded that gas breakdown along the field line can take place 

provided ads exceeds 18. 

When the spreadsheet calculation was performed for an applied voltage of 

6.5kV, at which discharges had been observed, it was found that the final column 

showed a value of Fa As well in excess of 18. When the calculation was repeated 

with a reduced applied voltage of 6kV, the results shown in Table (9.6) were obtained. 

This shows that >a As exceeds 18 at s=3.67mm, close to the termination of the field 

line at the polymer surface. That is, it is possible for electron avalanches propagating 

along the field line to grow large enough to trigger streamer formation and therefore an 

electrical discharge. 

9.6 Discussion 

Although an applied voltage of 6kV peak is nearly 8% below the peak voltage at 

which discharges were observed experimentally, it is reasonable to suggest that 

discharges may be occurring that are below the detection threshold of the present 

experimental system. In any case, it can be concluded that the above calculations 

demonstrate that it is possible to satisfy the conditions required for electrical breakdown 

of the air along a field line from the edge of a droplet and which starts a distance above 

the triple junction and off the polymer surface. Such a possibility may account for the 

present observation of discharges in the air at the edge of a droplet and the similar 

experimental observations reported by Krivda and Birtwhistle. Of possible significance 

is that in the model described here it is considered that these discharges terminate on the 

polymer surface at some distance away from the triple junction. If, as discussed in 

chapter 3, such discharges are responsible for changes in the hydrophobicity of the 

polymer and therefore the spreading of the droplet, then the existence of a gap between 

the edge of the droplet and the point of discharge termination may have considerable 

influence on the mechanism of droplet spreading. 
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Fig (9. l ). The geometry adopted. 
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Fig (9.2) Droplet located on sample inclined at 60 
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Fig (9.3) Close-up version of figure (9.2) processed in 2-bit form. 
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Fig (9.4) Edge Contour version of figure (9.3) 
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Fig (9.5) FEM Geometrical Model 

PE sample with embedded electrodes. 
The droplet shape is for a surface inclined at 600 to the horizontal 

A greatly reduced mesh size is set around the water droplet. 
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Figure 9.6 Illustrating the equipotential distribution around the droplet and the 
embedded electrodes. 
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A B 

Fig (9.7) Detailed form of the equipotentials around a droplet 
on a PE plane inclined at 600 

Notes 
1. The locations marked A and B identify points on the 

surface of the insulator referred to in the text.. 
2. The emphasized line depicts a field line extending from 

the droplet surface - also referred to in the text. 
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Fig (9.8) 'fhe electric field (E) between the locations A and B of Fig (9.7) 
with a water permittivity of 81. 
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Fig (9.9) The electric field (F) between the locations A and B of Fig (9.7) the "water" 
permittivity of 40. 
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Fig (9.10) The electric field (E) between the locations A and B of Fig (9.7) the "water" 
permittivity of 2.35. 
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Fig (9.11) the relation between the electric field Strength and the droplet permittivity 
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Fig (9.12) the relation between the electric field Strength and the insulation sample 
permittivity. 
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Fig (9.13) Sessile water droplet on a horizontal PE surface 
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Fig (9.14) The ratio of Ei to ES as a function of distance from droplet surface 
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Fig (9.12) The electric field (E) between the locations A and B of Fig (9.7) the water 
resistivity was Ix10" Urn. 
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Fig (9.16) The electric field (E) between the locations A and B of Fig (9.7) the water 
resistivity was 1x10" um. 
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Distance along 

surface arbitrary 

unit 

Drop height 

same units 

Converted to mm Converted to 

QuickField data 

points 

-5 0 -1.4E+0 000.0E-3 17.27 17 
0 0 000.0E-3 000.0E-3 18.7 17 

0.5 0.9 142.9E-3 257.1 E-3 18.84 17.26 
1 1.4 285.7E-3 400.0E-3 18.99 17.4 

1.5 1.8 428.6E-3 514.3E-3 19.13 17.51 
2 2 571.4E-3 571.4E-3 19.27 17.57 

2.5 2.15 714.3e-3 614.3E-3 19.41 17.61 
3 2.25 857.1 E-3 642.9E-3 19.56 17.64 

3.5 2.3 1.0E+0 657.3E-3 19.7 17.66 
4 2.3 1.1E+0 657.3E-3 19.84 17.66 

4.5 2.3 1.2E+0 657.3E-3 19.99 17.66 
5 2.25 1.4E+0 642.9E-3 20.13 17.64 

5.5 2.2 1.5E+0 628.6E-3 20.27 17.63 
6 2.05 1.7E+0 585.7E-3 20.41 17.59 

6.5 1.9 1.8E+0 542.9E-3 20.56 17.54 
7 1.7 2.0E+0 485.7E-3 20.7 17.49 

7.5 1.6 2.1E+0 457.1 E-3 20.84 17.46 
8 1.4 2.2E+0 400.0E-3 20.99 17.4 

8.5 1.2 2.4E+0 342.9E-3 21.13 17.34 
9 1 2.5E+0 285.7E-3 21.27 17.29 

9.5 0.8 2.7E+0 228.6E-3 21.41 17.23 
10 0.7 2.8E+0 200.0E-3 21.56 17.2 

10.5 0.5 3.0E+0 142.9E-3 21.7 17.14 
11 0.3 3.1E+0 85.7E-3 21.84 17.09 

11.5 0.2 3.2E+0 57.1 E-3 21.99 17.06 
12 0.1 3.4E+0 28.5E-3 22.13 17.03 

12.5 0 3.5E+0 000.0E-3 22.27 17 
17 0 4.8E+0 000.0E-3 23.56 17 

Table (9.1) Droplet profile taken from figure (9.4) 
and adjusted as geometrical data for use with QuickField. 
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Water Droplet 

Pe ttivit' 

Fm in (HVED) 

With angle 0° (N) 

Fm in (GED) 

With angle 180° (Iý1) 

81 0.0082 0.0063 

40 0.0080 0.0061 

2.35 0.0071 0.0055 

Table (9.2) The Relation between the mechanical force and the droplet permittivity 

Water Droplet 
Permittivity 

Max Electric field 
Strength ES (V/cm) 

Min Electric field 
Strength ES (V/cm) 

81 63000 787 

40 53210 1360 

2.35 9120 5140 

Table (9.3) The Relation between the Electric Field Strength and the droplet 

permittivity. 
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Insulation sample 
Permittivity 

Fm in (HVED) 
With angle 0° (N) 

Fm in (GED) 
With angle 1800 

1.5 0.0066 6.6e-4 

2.35 0.0071 0.0055 

4 0.0074 0.005 8 

Table (9.4) The Relation between the mechanical force and the insulation sample 

permittivity 

Insulation sample 
Permittivity 

Max Electric field 
Strength ES (V/cm) 

Min Electric field 
Strength ES (V/cm) 

1.5 9560 5040 

2.35 9240 5150 

4 8740 5180 

Table (9.5) The Relation between the Electric Field Strength and the insulation sample 

permittivity. 
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Distance along 
field line 

s (mm) 

As 

(mm) 

Applied 

Field 

(kV mni 1) 

Ionization 

Coefficient 

a (mnfl) 
ads EaAs 

0.000 0.216 5.739 7.418 1.600 1.600 
0.216 0.216 5.686 7.094 1.530 3.130 
0.431 0.216 5.627 6.770 1.460 4.590 
0.647 0.216 5.564 6.398 1.380 5.970 
0.863 0.216 5.499 6.028 1.300 7.270 
1.078 0.216 5.435 5.657 1.220 8.490 
1.294 0.216 5.371 5.332 1.150 9.640 
1.510 0.216 5.306 5.007 1.080 10.720 
1.725 0.216 5.242 4.683 1.010 11.730 
1.941 0.216 5.178 4.404 0.950 12.680 
2.157 0.216 5.114 4.126 0.890 13.570 
2.372 0.216 5.051 3.848 0.830 14.400 
2.588 0.216 4.988 3.570 0.770 15.170 
2.804 0.216 4.925 3.338 0.720 15.890 
3.020 0.216 4.862 3.106 0.670 16.560 
3.235 0.216 4.800 2.875 0.620 17.180 
3.451 0.216 4.739 2.689 0.580 17.760 
3.667 0.216 4.679 2.504 0.540 18.300 
3.882 0.216 4.619 2.318 0.500 18.800 
4.098 0.216 4.559 2.133 0.460 19.260 

Table (9.6) The growth of gas ionisation in air as a function of distance 
along a field line extending from the surface of a droplet. The final column 
shows that Fads exceeds 18 and therefore that avalanche growth satisfies the 
streamer criterion for breakdown. 
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Water Droplet 
resistivity 

S2m 

Max Electric field 
Strength Es (V/cm) 

Min Electric field 
Strength Es (V/cm) 

1x106 225000 7280 

1x10 " 213000 8130 

1x10" 43100 10700 

Table (9.7) The Relation between the Electric Field Strength and the droplet Resistivity. 

Water Droplet resistivity 1, Maximum 

A/r2 

1, Minimum 

A/r2 

1x10 6 2.25e-6 7.28e-10 

1x10" 2.13e-6 5.13e-9 

1x10" 4.31e-7 1.07e-7 

Table (9.8) The Relation between the current density and the droplet Resistivity 
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Insulation sample resistivity 
(Dm) 

Max Electric 
field Strength 

Es (V/cm) 

Min Electric field 
Strength ES 

(V/cm) 
1x106 44300 10600 

1x10" 223000 6220 

1X1013 225000 7280 

Table (9.9) The Relation between the Electric Field Strength and the insulation sample 
Resistivity. 

Insulation sample resistivity 
(LIM) 

I. Maximum 

A/m2 

Ic Minimum 

A/m2 

1x106 4.43 1.06 

1x10" 2.23e-4 6.22e-8 

1x10" 2.25e-6 7.28e-10 

Table (9.10) The Relation between the current density and the insulation sample 

Resistivity 
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Chapter 10 

Conclusions and Suggestions for Future Work 

10.1 General 

In the context of high electrical stress applied to insulation exposed to hostile 

environmental conditions, the behaviour of water droplets on the insulation surface has 

been investigated in terms of droplet vibration, movement and spreading over the 

surface and also in terms of partial discharge activity at the edges of the water droplets. 

This behaviour has been investigated (a) optically, using a high speed-video camera, (b) 

electrically, using partial discharge detection and (c) theoretically using field modeling 

software. 

As a result of this study, several conclusions have been drawn, and these have 

been identified and discussed at appropriate points in the text. In this chapter, the most 

salient conclusions are summarized and suggestions for the future work that might arise 

from the present study are identified and discussed. 

10.2 Summary of Main Conclusions 

In agreement with previous studies, it has been observed that as the level of 

applied 50-Hz, AC stress was increased at water droplets on a polymeric surface, the 

onset of partial discharge activity at the edge of the droplets was observed followed 

almost immediately by droplet vibration in a fixed position. The frequency of droplet 

vibration was measured to be 50Hz and, this being the applied frequency, it may be 

concluded that for the conditions studied, the mechanism of vibration is consistent with 

electrostatic attraction rather than a dielectrophoretic mechanism characterized by 

droplet vibration of double the applied frequency. Lateral spreading of the droplet in 

directions parallel to the applied field follows the onset of vibration, and the tendency 

for this to happen increases with increase in applied field above the vibration onset 

level. The onset of partial discharge activity was observed alongside vibration and it is 
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possible that vibration promotes partial discharges by altering the contact angle at the 

triple point and so increasing the curvature of the droplet and, consequently, the electric 
field in the air around the droplet. 

Field calculations show the surface electric field reaches a narrow, local 

maximum at the triple junction. This is likely to promote surface electrical discharges 

there. However, calculations presented in this thesis consider a path in the air starting at 

a point on the droplet surface a significant distance above the triple junction and the 

polymer surface. Previous workers have reported the presence of partial discharges 

apparently along such a path and such discharges were also observes in the present 

study. This path is considered to extend along a field line through the air and to 

terminate on the polymer surface at some distance from the droplet. The present new 

calculations show that the magnitude of the electric field along such a field line can 

exceed that over an equivalent path on the polymer surface. Further calculations show 

that it is possible to satisfy the streamer criterion for gas breakdown along such a path. 

It is considered that if discharges do terminate some distance from the triple junction, 

then an evaluation of any effects they may have on surface hydrophobicity, and 

consequently on droplet spreading, may have to take this distance into account. 

10.3 Suggestions for Future Work 

In the present work a PE surface only has been examined, and even this surface 

could be more closely characterised. This limitation could be addressed by developing 

a test sample arrangement in which thin samples of various materials material, similar in 

geometry to a microscope slide, could be supported on an insulator backing. The 

surface condition of such slides could be highly defined and controlled. By studying a 

variety of insulation materials in this way, and by applying the experimental and 

theoretical techniques and procedures developed in this thesis, the significance of partial 

discharge location and their significance to such factors as insulator surface structure 

and hydrophobicity could be further studied. 

By improving the control of the applied ac stress, it should be possible to more 

precisely determine the onset of partial discharge activity at a lower level of discharge 
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than that detected in the present study. By improving partial discharge detection, it 

should be possible to trigger the high-speed camera so obtain simultaneous records of 
discharge magnitude and visual location. Such improvements would allow the 

investigation of streamer breakdown away from the polymer surface to be more 

exhaustively conducted. This, in turn, would allow the connection between surface 
hydrophobicity changes caused by partial surface discharges and droplet movement to 

be more completely understood. 

In this thesis, only liquid pollution was examined in the form of a single water 
droplet. This could be extended to multiple droplets that may interact and so behave 

closer to the practical case. Further, a study of solid pollution or a combination of solid 

and liquid pollution would again be of practical interest. 

Following work on test samples of materials, it would be useful to study 

commercial outdoor insulators under high electrical stress, such as at 132kV or 500kV, 

with different types of environmental pollution. The behaviour of the pollution and the 

partial discharge activity could be investigated using the same procedures and 

techniques described in this thesis. 

It would also be of interest to extend this work by applying AC stresses over a 

range of frequencies so that the characteristic resonance frequency of vibration of 

droplets could be determined. This information would be useful when considering 

droplet behaviour under the range of impulse and fault conditions encountered on 

practical power systems when applied stresses can contain a significant spectrum of 

frequencies. 
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ABSTRACT 
In this paper we study the behaviour of a single water droplet on an insulator surface under the influence of high, applied 
electric stress. Using a finite element method we have computed the associated Geld distribution. We have examined two 
cases: (1) Electrostatic analysis to calculate potential and field distributions and the associated force applied to the droplet; 
and (2) current now analysis to calculate leak=age current density. The influence of water permittivity, observed droplet 
shape and position relative to the test electrodes is discussed. In each case, we calculate the resultant mechanical forces 
eYcrted on the droplet. These forces are found to depend on droplet shape such that its potential motion towards the 
elect es will be influenced by this factor. This work forms part of a longer-term experimental study of droplet behaviour 
using high-speed digital camera techniques. 

1. INTRODUCTION 

pollution phenomena constitute a serious problem, which 
must be taken into account in the design and the operation 
of 11V insulating devices. Under severe environmental 
conditions, a pollution layer (dry or wet) is deposited on 
the insulator surface the leakage current begins to flow, 
leading to a total flashover [1]. The outdoor high voltage 
power plants, such as insulators, bushings, surge arresters 
and current transformers, etc. arc exposed to various 
environmental conditions during their service life. In 
industrial, coastal and desert areas, for example, the 

surface of insulator can become heavily polluted. 
Contamination flashover may occur during period of wet 
weather and may cause power outages, which pose a 
particular threat to the reliability of the power supply [21 

and the performance of aI IV insulator under polluted 
condition is quite different from that under pollution-free 
conditions [3]. 

Considering - the importance of pollution problems, 
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 modeling to 
understand the different aspects of the contamination 
flashover mechanism [2]. 

On the other hand with the rise in transmission line 

voltage, importance of the research on insulator pollution 
has increased considerably, and pollution performance of 
insulators will be the co-ordination of insulation in UI IV 
transmission lines. Research on insulator pollution is 
directly primarily to understanding the physics of growth 
of discharge and to develop a mathematical model, which 
can predict accurately the critical current [4]. 

2. POLLUTION OF INSULATION 

When contamination is present, the response of external 
insulation to power frequency become an important 
consideration and may dictate external insulation design. 
It is known that flashover of insulation generally occurs 
when the surface is contaminated [5]. So 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 pails of the surface. 
- Contamination by natural air-borne particles such as 
dust, sand or soot. In this case the pollution can be in form 
of discrete particles scattered over large areas of the 
insulator surface. 

3. COMPUTATION OF ELECTROMAGNETIC 
FIELDS 

Two cases are examined: 
Electrostatic analysis 
Is used to calculate the voltage, electric field, capacitance 
and electric force. Initial work in this programme has 
involved linear electrostatic analysis for 2-D and 
axis}mmctric models. The work is based on finite-clement 

solution to Poisson's equation with the following 
conditions: 
- Material properties: air, orthotropic materials with 
constant permittivity. 
- Loading sources: Voltage, and electric charge density. 
Current flow analysis: 
Is used to calculate the voltage, current density, electric 
field, and power loss (joule heat). Linear current flow 



analysis is performed for 2-D and axisymmetric models 
with the following conditions: 
- Material properties: air, orthotropic materials with 
constant resistively. 

- Loading sources: Voltage, and electric charge density. 
- Boundary conditions. 

4. MODEL 

The model, which was used to study the effect of the 
water droplet and a pollution layer under the water droplet 
on the polymer sample with diameter 1-cm 
(polyethylene), is shown in Fig (1). AC voltage was 
applied to the both electrodes (ring electrode with 
diameter 2-cm). The high voltage electrode is energized 
with a potential 20 1: V, and the other is grounded. The 
droplet was assumed to be circular. The droplet 

conductivity (0.1 µS/cm) the conductivity of the air and 
polymer sample- was taken 1e-15 Stem and 1.2e-13 S/cm 
respectively. The relative permittivity of the water droplet 
was taken as 80.4 and the polymer sample as 2.35. The 
effect of the wet pollution layer with varying permittivity 
and conductivity on the electric field strength, the current 
density and the mechanical force was examined. 

7ater Droplet 
Pollution luyer\ 

HV Ground 
Electrode Electrode 

2-cm Insulator 2-cm 
Diameter Sample Diameter 

1-cm 
diameter 

Figure (1) 

S. ELECTROSTATIC ANALYSIS 

In the electrostatic analysis we calculated the mechanical 
force and the electric field strength. First we considered 
the permittivity of the pollution layer to be the same as the 
insulation sample so there was effectively no pollution 
layer. The mechanical force and the electric field strength 
were calculated in two directions with respect to the water 
droplet position first in high voltage electrode direction 
(I; VED) and in the ground electrode direction (GED). The 

values of the mechanical force Fm with water droplet 

permittivity equal 80.4 and different pollution layer 

permittivity was shown in the table 1. 

wet Pollution Fm in Fm in (GED) 
layer (1-MD) With angle 

permittivity With angle 180° 
0° 

(A) 2.35 0.0556 N 0.0549 N 
(B) 40 0.0575 N 0.0565 N 
C 80.4 0.0584 N 0.0579 N 
Table (1) the mechanical force values 

From the above table we can notice that the mechanical 
force in the HUED is bigger than in the GED this mean 
the water droplet would tend to move in the high voltage 
electrode direction. Also the mechanical force increases 
when the permittivity of the water droplet is equal to the 
permittivity of the wet pollution layer. The electric field 
strength values changed and we found the maximum value 
at the two sides of the water droplet. This means that, due 
to existing of the water droplet and the wet pollution 
layer, the electric field is about twice the average applied 
level (20kV/cm). The electric field strength (Es) 
maximum and minimum values are shown in table 2 at 
water droplet permittivity 80.4 and pollution layer 
permittivity 2.35,40, and 80.4. 

Pollution 
layer 

permittivity 

Es 
Maximum 

V/Cm 

Es Minimum 
V/Cm 

A) 2.35 41600 20700 
(B) 40 45200 20806 
(C) 80.4 46900 20900 
Table (2) the electric field strength values 

From the above table we can notice that the electric field 
strength increases when the permittivity of the pollution 
layer increases. The electric field strength over the surface 
of the insulation sample is shown in figure (2 A, B, and 
Q. When the relative permittivity of the droplet decreased 
to 40 the mechanical force and the electric field strength 
values alter as shown in table 3 and 4 respectively. 

wet Pollution Fm in Fm in (GED) 
layer (IIVED) With angle 

permittivity With angle 1800 
00 

(A) 2.35 0.0552 N 0.0546 N 
(B) 40 0.0569 N 0.0561 N 
(C)80.4 0.0611 N 0.0604 N 

Table (3) the mechanical force values 

Pollution 
layer 

permittivity 

Es 
Maximum 

V/Cm 

Es Minimum 
V/Cm 

A 2.35 41700 20700 
(B) 40 45900 20900 
(C 80.4 48100 20700 
Table (4) the electric field strength values 



The values of the mechanical force increase when the 
permittivity increases and the mechanical force in the 
IIVED is bigger than in the Gl? l). This means that the 
water droplet tends to move towards the HVF. I). 
Notes: 

- All the maximum and minimum values of the 
mechanical. electric field strength and current density 
are calculated between the water droplet and the both 
two electrodes. 

- All the figures are taken over the insulator surface. 
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Fig (2 A) the electric field strength over the surface of 
insulation sample 
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6. CURRENT FLOW ANALYSIS 

In the current flow analysis we study the effect of the 

water droplet and the pollution laver over the insulation 

surface on the leakage current density (Ic). The electrical 
resistance of the sample is Ie+13Q and the water droplet 
is le+5S2. First we considered that the wet pollution laver 
has no effect when its resistivity is equal to the sample 
resistivity. The maximum and minimum values of the 

current density are shown in table 5. 

wet Pollution 
layer 

permittivity 

Ic 
Maximum 

A/m` 

Ic 
Minimum 

A/m` 

(A) 1e+13 2.45e-7 8.59e-8 
(B) l e+10 2.18e-4 1.53e-5 
(C) le+5 21.11 8.78 

I able (5) the current density values 
From the above we can see that the maximum value of the 
leakage current density passing through the water droplet 
and the polluted layer over the insulation surface. Also we 
can notice that the high current density occurs when the 
resistivity of the water droplet equal to the resistivity of 
the wet polluted layer. This current may be led to the 
flashover and then insulation failure. The current density 
over the surface of the insulation sample is shown in 
figure (3). 
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7. CONCLUSIONS 

The mechanical force and the electric field strength 
increase when the permittivity of the wet pollution 
layer increases. 
The mechanical force and the electric field strength 
increase when the pemlittivit} of the water droplet 
decreases. 
The maximum value of the electric field strength 
occurs when the permittivity of the water droplet 

equals to the pernmittivit}' of the wet pollution layer. 
The maximum values of the electric field strength 
are near the water droplet sides. 
The maximum value of the current density occurs 
when the resistivity of the water droplet equals to the 
resistivity of the wet pollution laver. 
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Surface pollution of outdoor high-voltage 
insulators is an important cause of flashover. 
We have undertaken an experimental study of 
electrical breakdown at the edges of a sessile 
water droplet on a planar, pol}ymeric, insulating 

surface when subject to AC stress, parallel to 
the insulator surface, up to 2MV/m. The static 
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. The partial discharge 

activity from the water droplet was investigated 

using a combination of high-speed video 
camera, operated at up to 3,000 frames per 
second, and an electrical partial discharge 
detection system. We have used this to 
examine the location of partial discharge at the 
edges of the water droplet. 

1. INTRODUCTION 

Outdoor high-voltage (HV) power plant, such 
as insulators, bushings, surge arresters and 
current transformers, etc. are exposed to 
various environmental conditions during their 
service life. Surface pollution is a serious 
problem for the design and operation of HV 
devices in many industrial, coastal and desert 

areas, for example, where the surface of 
insulator can become heavily polluted. Under 

severe environmental conditions, a pollution 
layer (dry or wet) may be deposited on an 
insulator surface and a leakage current may 
flow, leading to flashover [2] and 
compromising the reliability of the power 
supply [3]. The performance of an LIV 
insulator under polluted condition is known to 
differ greatly from that under pollution-free 
conditions [4]. 

Discharges on the surface of a contaminated 
polymeric insulator are considered to be one of 
the ageing mechanisms responsible for the 
failure of the insulator and can occur between 

water drops on the surface of insulators, 
creating a number of radicals and ionized 
species that chemically react with the insulator 
surface and thus alter the original properties of 
the insulator material [1]. Considering the 
importance of pollution problems, 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 modeling to understand the 
different aspects of the contamination flashover 

mechanism [3]. 

2. EXPERIMENTAL PROCEDURE 

The behaviour of a water droplet on the surface 
of a polymer sample was investigated using the 
apparatus shown schematically in Figure 1. It 

consisted of a polyethylene (PE) cylinder, 
diameter 20mm and length 30mm, with 
embedded electrodes. Up to 20kV, 50Hz was 
applied between the electrodeswith one of the 
electrodes effectively earthed. 

Water Droplet 
le HV E1eW 

Ground Electrode 
R=1 

AC 
Power 
Simply Insulation 

Video Cam PD detedo 
J- 

Computer DigitalOsciIIc 

Figure Schematic representation of 
experimental Set-up 



A plane face was machined on the upper side 
of the cylinder and a single water droplet of 
volume lOµ1 was placed centrally on this 
surface. The tap water used had a resistivity of 
approximately 1060m and a relative 
permittivity of approximately 80.4. The 
relative permittivity of the PE sample was 
assumed to be approximately 2.35. 

The behavior of the droplet was observed using 
a Photron Fastcam Super l0k high-speed 

camera operating at 3000 frames per second. 
Partial discharge (PD) activity was determined 
by observing the electrical pulses generated 
across a 100-52 resistor at the low-voltage 

electrode. 

3. CONTACT ANGLE 

Contact angle may be defined as the angle 
formed between the tangent to the water 
droplet at its point of contact and the planar 
surface on which it is placed. A measure of the 
hydrophobicity of the surface, is obtained by 
determining the contact angle when the 
contacting surface is horizontal [5]. In this 
study, the static contact angle was varied by 
tilting the insulator plane from the horizontal. 
This generated two separate contact angles, 
corresponding to the lowest and highest points 
of contact between the droplet and the plane 
surface, the lower point of contact giving the 
greater contact angle. The grater angle we 
designate angle A and the lesser angle (at the 
highest point) angle B. 
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Fi pure 2. Upper Contact Angle A. 
0-tap water, 0 -saltwater, 
Q-deionized water. 

In the present work contact angles were 
measured for water droplets produced using tap 
water and, for comparison, nominally de- 
ionised water and tap water containing 1% 
saturated sodium chloride solution. These were 
chosen to represent three different water 
conductivities. All three conductivities show 
similarities in behaviour 
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i re 3. Lower Contact Angle B 
0-tap water, 0-salt water, 
A -deionised water. 

With increasing angle of inclination, 0, the 
angles A and B pass through a maximum as 
seen in Figures 2 and 3. When 0 is zero the 
measured contact angles A and B show a small 
dependency on the conductivity but for a 
particular conductivity A and B are 
approximately the same. For larger values of 0 
the values of contact angle A are greater than 
the angle B, as might be expected. Tap water 
shows the largest measured contact angles 
although its conductivity lies between that of 
deionised water and water containing NaCl. 
However, it may be that the more complex 
nature of the dissolved content in the tap water 
droplets makes it difficult to compare the 
contact angle results directly with those for the 
other types of droplet. 

4. PARTIAL DISCHARGE ACTIVITY 

PD patterns were obtained for a lOµ1 droplet 
deposited in the middle of the flat portion of 
the sample. As described above, the PD activity 
was detected in two ways: electrically and 
visually by high-speed video camera. 



4.1 Electrically detected partial discharges. 

Figure 4 shows the PD activity generated by 
the system when no water droplet was present 
on the surface of the sample. The inception 

voltage was 825kV and discharges were 
observed on both half cycles close to the peak 
of the applied voltage waveform. The 

magnitude of these discharges does not appear 
to damage the sample and does not lead to 
breakdown if allowed to continue for a period 
of time. 
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Fi ue 4. Partial discharge activity with no water 
droplet pesest 

When a water droplet was placed midway 
between the two electrodes on the flat 
horizontal polymer it was observed that surface 
partial discharge activity at the edges of the 
droplet was initiated when the applied voltage 
was raised to 11.7k-V. Figure 5 shows the 
typical PD record obtained under these 
conditions. 
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i re 5. Partial discharge activity at the 
edges of a water droplet in the 
absence of droplet vibration. 

The PDs in the negative half cycle appear to be 
larger than those in the positive half cycle. The 
magnitude of this negative PD is some 15 times 
greater than that observed without the presence 
of the droplet. Optical observation showed that 
the droplet was sessile and did not vibrate. 

When the applied voltage was increased to 
14.25 kV, the water droplet was observed to 
vibrate but without spreading. With the 
voltage raised to 16.8 kV, the droplet was 
observed to vibrate vigorously and then spread 
over the surface of the insulator. The measured 
PD activity at 16.8 kV is shown in figure 6. 
The peak magnitude was typically 25 times 
above the level observed without a water 
droplet. As before, PD activity is more 
pronounced during the negative half cycle. 
Under these conditions, the motion of the water 
droplet along the surface of the supporting 
insulator eventually lead to total breakdown 

along its surface 
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Figure 6. Partial discharge activity as the 
droplet spread over the surface. 

4.2 Visual observation 

Figure 7 shows a discharge at the edge of a 
droplet deposited on a level PE surface. The 

applied voltage was 16.8 kV and the water 
droplet had started to vibrate and expand. In 
the complete video sequence, the droplet is 

observed to vibrate and eventually spread over 
the whole sample as a wave-like vibration 
mode developed before complete electrical 
breakdown took place. 
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5. ELECTRIC FIELD AROUND A 
DROPLET 

When a droplet . iterates the contact angle 
varies uonsiderabl\ . 

As part of' our stud\ of 
this. \Nc rc. wrded a tap-%\atcr droplet on a PT: 

surthcc inclined at 60" and computed the field 
around the resultant shape. Figure 8 shows 
the droplet prolilc and the computed 
cquipotentials. Inne this computation_ we 
have determined the variation in field along the 
: url icc of the; PI : between location sA and 13 

show ii on figure 10 liar an a%erage applied field 
ol'2MV/m hetwecn the embedded electrodes 
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Figure 8. I: quipotcntials around a droplet on 

a PI': plane inclined at 60". 
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Figure 9. The electric field (1': ) between the 
locations A mid B of figure 8. 

The results are presented in figure 9. which 
slºo"s that. tiºr the conditions studied. 
increasing the contact angle increases the field 

at the triple junction. It is reasonable to 

suggest that a similar increase can he expected 
elfen the droplet Aibrates under an applied AC 
field. This ct1cct is likely to contribute to the 
dexclopmcnt of partial discharges around a 
vibrating droplet and to promote eventual luII 
breakdown. 11 is intended to examine this point 
in more detail. 

6. CONCLUSIONS 

As an applied AC field is raised above a 
threshold level, a mater droplet initiativ 

vibrates in a fixed position. As the field is 

raised, the droplet vibrates incrcasiiºgly 

vigorously, spreads out and eventually extends 
over the surface. CIºis 1)i-c)Qc� is associated 
vNitlº partial discharge activity at the edge of the 
droplet. the %ibration of the droplet promotes 
partial discharges b} altering the contact angle 
and so increasing the field near the triple poüºt. 
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ABSTRACT 

Electrical breakdown at the edges of sessile water droplets on a horizontal, insulating surface subject to 
high AC electrical stress has been studied experimentally. The behaviour of the water droplets under 
these conditions has been examined using a high-speed video camera and by detecting electrically 
partial discharge activity. Different modes of droplet vibration have been observed, some of which lead 
to transient changes in droplet contact angle at the insulator surface with concomitant changes in the 
electric field in the vicinity of the triple junction. These field effects have been calculated and their 
significance on partial electrical discharges discussed. Lateral spreading of water droplets has also been 

observed. It is considered this spreading is associated with the vibration and with the partial discharge 

activity. 

1. INTRODUCTION 

Surface pollation in the form of discrete water 
droplets is known to degrade the performance 
of high-voltage insulation. A water droplet 

plays a number of roles in the electrical 
breakdown at an air / insulator interference: it 
forms a stress enhancer because of its high 

permittivity; it deforms or may elongate under 
the influence of the electric field, through 
Coulomb and field-gradient forces, which can 
increase its stress-enhancing features; it can 
partly short out the insulating surface. 
Elongated droplets can coalesce to form a 
ribbon of water between the electrodes. The 

geometrical orientation and the hydrophilic or 
hydrophobic nature of an insulator surface can 
also affect the shape of a water droplet as can 
the presence of adhesive, cohesive and 
gravitation forces; crevices and ridges; 
pollution deposits; etc. See, for example [ 1,2, 
3,4,5,6,71. 

Surface hydrophobicity is one of the factors 
known to influence insulator performance. 
Contact angle, defined as the angle formed 
between the tangent to the water droplet 
surface and the horizontal surface in the region 
of the contact [7], is used to give a measure of 
the hydrophobic property of a surface. During 
service conditions hydrophobicity may be lost, 
and insulator surface may become hydrophilic. 

It is known that hydrophilic surfaces have a 
poor performance under wet condition [8]. 

The present paper 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 a maximum of 
20kV/cm (RMS) at 50 lIz. The study involves 

observing the vibration and other motion of 
discrete water droplets using a high-speed 

video camera operating at 3000 frames per 
second whilst electrically detecting any partial 
discharge activity in the vicinity of the 
droplets. The significance of the droplet 

vibration on electrical stress enhancement is 
investigated along with the effects on partial 
discharge activity. Lateral spreading of the 
water droplets is considered to be evidence of 
changes in the hydrophobic properties of the 
insulator surface brought about by the partial 
discharge activity. 

2. EXPERIMENTAL 
PROCEDURE 

Figure 1 illustrates the general experimental 
arrangement used to investigate the behaviour 
of discrete water droplets on a polyethylene 
surface under AC stress. 
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Figure 1. Schematic representation Of the 
experimental arrangement. 

The high voltage electrode was raised to a 
maximum of 20 kV AC, 50 Hz. The second 
electrode was effectively grounded through a 
low-value resistor used to allow the detection 
of partial discharges. The electrode 
arrangement allowed a high electrical field to 
be generated along the surface of the PE 
sample. This field was computed using a finite 
element program. The camera was interfaced 
to a computer which captured the camera 
output and subsequently stored the data on 
CDROM. With the present arrangement, good 
images were obtained up to a maximum of 
3000 frames per second. The volume of the 
water droplet was typically lOµ1 and was 
placed on the PE surface using a syringe. For 
these initial studies, tap water was used with a 
conductivity of up approximately 100ps/em. 

Typically, the applied voltage was raised 
slowly until PD activity was detected. The 
level of PD activity was then monitored and 
recorded using the digital oscilloscope. The 
video camera was then used to detect the onset 
of vibration of the water drop and the vibration 
pattern was recorded. The applied stress was 
then raised until partial discharge activity 
around the droplet became visible. This 
activity was also recorded using the high-speed 
camera. 

3. RESULTS AND DISCUSSION 

El trical detection of partial dish arges. 
Figures 2, to 5 show the partial discharge (PD) 
activity detected electrically by placing a 100- 
Q resistor in series with the test gap and 
observing the voltage pulses generated across it 
with a digital Oscilloscope. 
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Figure 2 shows that, when no water droplet was 
present on the sample surface, the onset of PD 
activity was detected at about 9.5 kV. This PD 
activity occurs during both half cycles close to 
the peak value of the applied voltage. At this 
level of applied voltage, the PD activity was 
not strong enough to generate any visual 
damage to the sample or to lead to full 
breakdown, at least in the short term. In Figure 
3, it is shown that when a water droplet is 
located at the centre of the test sample between 
the two electrodes, PD activity could be 
detected when the applied voltage was 
typically around 6.0 kV. However, at this level 

of stress no vibration or motion of the droplet 



was ohser LA. Partial discharges o% cr the 
negative half edle appear stronger than during 
the positive hall- cycle. fliese 111) signals were 
used as a triggering signal lin the high-speed 
digital camera. Figure 4 . ho%%s the level of 1'I) 

a. tip its hen the oltaac as increased to 7 
W. At this level of applied field- the water 
droplet %I as observed to vibrate and 
subsequently spread over the surface of the 
insulation . ample. Again. the I'1) act iv it} 

recorded during the negative half cycle is 
higher. Figure 5 . hosts the I'D activity wh. tt 
the applied voltage is increased to 8.5 kV. In 
this ease. vibration of the %Natcr droplet lead to 
a spreading over the suuplc until contact Has 
made %%ith one. or both electrodes. resulting in 
brcakdomn of the test sample ww ith phN sieal 
damage to its surläcc. 

Obscrvation of droplet ºnotion. I)Ilrillg tile 
above electrical measurements of partial 
discharge activ its 

- the mechanical actin itv 

undergone h- the water droplets on the 
insulation surface %ýas recorded using a high- 

spucd digital video camera operating at up to 
300(1 Imame, per second. Figure 6 shows a 
sessile %%atcr droplet on the insulation surf ice 

tinder all applied v ollagc eI 7kv at So Ili. 

laure 

6. I)ropIct on itt. ulaticrtt . ut-fau:. 
A%crage applied arc;,., 7kV/cm (RMS). 

I, rom the video camera records, vibration ol" tlue 
droplet as e idcnt. as wwcrc partial discharges 

at the edges of the droplet ncarest to the 
electrodes. 

I": Icctri,; field at the Edge of a NNater droplet. 
the cla; tºic ficld around a droplet on a flat 
insulating surtax as computed in order to 
cwnine hoer electrical hrcakdomu of' the air 
surrounding the droplet might occur around the 
,, %ater droplet edge- as iudiealed in sonic of the 
digital camera rowrds. figure 7 shows the 
configuration of droplet czamined in this was. 
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ii ire 7 Scailc water droplet on a horixonlaI 
Ill., surfilce 

To examine this. the field along the polymer 
surtita; (1':, ) starting at the triple junction as 
compared %ýitlº the field along a field line (Ia) 
starting on the droplet surliºcc . 

but at a short 
distance away from the triple junction. Figure 
8 shoNNs the ratio of 1", to I:, as a lfunction of 
distance From the droplet. 

Comparison of Electric Field Strengths close 

12 -to- 
a Water Tplet_on_a Polymer surface 
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ir! ure 8. The ratio ofF: I to F, as a function of 
distance from droplet surlaºce. 

I Iºis shows that. for the droplet examined and 
at locations away from the droplet surface. Vi 

can exceed I':;. 'I hi, suggests it may be 

possible to prclercntiall} satislj the condition, 
liar electrical brcakdomn in the Surrounding air 
at some distance away from the triple junction. 

as indicated by digital camera records. I w11ºcr 
examination of this possibility is to he 

undertaken. 

4. CONCLUSIONS. 

For the conditions examined. With increasing 

applied AC stress. partial discharges precede 
the onset of droplet vibration. Lateral 

spreading of tthc droplet in the direction of the 

applied field toIlo%%s the onset of' vibration. 
There is evidence of' partial discharge activitN 

not associated «ith the triple junction and that. 

at the same locations. the electric field in the 

gas surrounding the droplet can exceed (lie 
field on the supporting surface. 
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