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Abstract

Offshore wind turbines are exposed to a very harsh environment and can sus-
tain significant damage during operation. In this thesis work, the possibilities
of partial discharges in an insulation system of an offshore wind turbine were
investigated. The insulation system that was studied was a hybrid system.
The system was made up of an epoxy filler and a shell made out of glass
fiber enforced epoxy composite. In addition to these two epoxy components
there was an oil component. It was this oil that was the main focus of this
thesis. It was theorized that if the oil was allowed to diffuse into the glass
fiber enforced epoxy composite surface it would change the aging situation.
The validity of this theory was investigated with a series of experiments and
simulations.

The experiments were done in two parts. The first part was an investigation
of the partial discharge situation for the system. The second was an aging
test. The experiments were conducted on a test sample, designed to have a
similar electrical situation as the turbine. In the partial discharge test water
droplets were placed on the surface of the sample and different levels of high
voltage were applied. Both deionized and salt water droplets were used. The
aging tests were conducted at the voltage levels used in the turbine and at
voltage levels were it was known that partial discharges occurred. In the
aging test the test samples were periodically exposed to a continuous stream
of salt water drops. For 16 h salt water was dripped onto the surface and
allowed to flow down the width of it. After the 16 h the sample was left to
dry for 8 h. This process was repeated over a period of several days.

When the samples were saturated with oil the voltage level required to create
discharges was reduced. In the cases were no oil was present there were no
significant discharges recorded around the voltage levels expected in the tur-
bine. For an oil saturated sample discharges were observed at voltage levels
around those expected in the turbine. Further investigations are required in
order to understand the reasons for these effects.



Preface

This master’s thesis work was carried out at the Department of Physics at
NTNU and marks the end of a master study in applied physics. The project
was done in cooperation with SINTEF Energy AS, SmartMotor AS and
NTNU. Two departments from NTNU were represented. I belong to the
Department of Physics and since the assignment is closely related to energy
aid was given by the Department of Electric Power Engineering.

I would like to thank my advisors for all their help during this project. From
SINTEF Energy AS, Dr. Ing. Sverre Hvidsten, from the Department of Elec-
tric Power Engineering Associate Professor Frank Mauseth, from SmartMo-
tor AS P̊al Keim Olsen and from the Department of Physics Professor Steinar
Raaen. Each of them have given me invaluable aid during this semester.

In addition I would like to thank the people at the Natural Science workshop
for their help in constructing my lab equipment, Gunnar Berg for his help in
interpreting my results, Hans Helmer Sæternes for designing the mold used
to create my test sample and SmartMotor AS for supplying me with the
materials for my experiments and the opportunity to do this project.

Finally I would like to thank my family for all their support and help during
the work on this thesis.

Bernt Milne Grieg

i



ii



Contents

1 Introduction 1
1.1 Previous work . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3
2.1 Water properties . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Water droplets in electric fields . . . . . . . . . . . . . . . . . 4

2.2.1 Geometry of water droplets . . . . . . . . . . . . . . . 4
2.2.2 Conducting water droplets in electric fields . . . . . . . 6
2.2.3 Dielectric water droplets in electric fields . . . . . . . . 8

2.3 Sessile droplets in electric fields . . . . . . . . . . . . . . . . . 10
2.3.1 Description of a sessile water drop . . . . . . . . . . . . 10
2.3.2 Description of the system . . . . . . . . . . . . . . . . 11
2.3.3 Governing equations for the gas/liquid interface . . . . 13

2.3.3.1 The force due to the interfacial tension . . . . 14
2.3.3.2 The forces due to the gravity and pressure

difference . . . . . . . . . . . . . . . . . . . . 15
2.3.3.3 Force due to electric stress . . . . . . . . . . . 16

2.3.4 Dimensionless formulation of the equation of the shape
of the gas/liquid interface . . . . . . . . . . . . . . . . 20

2.3.5 Calculation of the form factor for electric field . . . . . 21
2.3.6 Electrohydrodynamic phenomena . . . . . . . . . . . . 23

2.4 Partial discharges . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.4.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.4.2 Surface and corona discharges . . . . . . . . . . . . . . 26
2.4.3 Detection of partial discharges . . . . . . . . . . . . . . 27
2.4.4 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.5 Erosion . . . . . . . . . . . . . . . . . . . . . . . . . . 28

iii



2.4.6 Partial Discharges from water drops on insulating sur-
faces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Experimental work 29

3.1 Droplet shape and size on glass fiber enforced epoxy composite 29

3.2 Partial discharge measurement . . . . . . . . . . . . . . . . . . 30

3.2.1 Test sample . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.2 Measurement setup . . . . . . . . . . . . . . . . . . . . 31

3.2.3 Calibration . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.4 Measurement preparations . . . . . . . . . . . . . . . . 34

3.2.5 Measurement procedure . . . . . . . . . . . . . . . . . 35

3.2.6 Droplet positioning . . . . . . . . . . . . . . . . . . . . 36

3.2.7 Artificial salt water test . . . . . . . . . . . . . . . . . 38

3.2.8 Oil saturated samples . . . . . . . . . . . . . . . . . . . 39

3.2.9 Liquid-Contaminant Inclined-Plane Tracking and Ero-
sion test . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.9.1 Surface roughness testing . . . . . . . . . . . 42

3.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Results 47

4.1 Deionized water samples . . . . . . . . . . . . . . . . . . . . . 47

4.1.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . 47

4.1.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2 Salt water samples . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Oil saturated sample . . . . . . . . . . . . . . . . . . . . . . . 68

4.3.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . 68

4.3.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4 Liquid-Contaminant Inclined-Plane Tracking and Erosion test 78

4.4.1 Surface roughness . . . . . . . . . . . . . . . . . . . . . 78

5 Discussion 81

5.1 Deionized water droplets . . . . . . . . . . . . . . . . . . . . . 81

5.2 Salt water drops . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.3 Oil saturated samples . . . . . . . . . . . . . . . . . . . . . . . 83

5.3.1 Decreased surface roughness due to oil diffusion . . . . 84

iv



5.3.2 Reduced electrostatic attraction due to increased sur-
face conductivity . . . . . . . . . . . . . . . . . . . . . 86

5.4 Droplet expansion and breakup . . . . . . . . . . . . . . . . . 88
5.5 Liquid-Contaminant Inclined-Plane Tracking and Erosion test 89

6 Conclusion 91

A 96

v



vi



Chapter 1

Introduction

Today there is a driving force to develop new types of wind turbines and
floating towers for deep water deployment offshore. In order to keep a low
weight of the turbines, they consist to a large extent of polymeric materials.
This also includes the electrical insulation and protecting parts of the design.
For some machines, the insulation system is of a hybrid type, with both oil
and solid insulation where the oil is being heated by the stator windings.
SmartMotor AS has designed a prototype for such a turbine. Since this pro-
totype is still in development details about the design are kept to a minimum
and all component names are left out. This thesis work focus only on the
properties of the insulation system.

The main purpose of this project was to examine the possible occurrence
of surface discharges on the epoxy insulation material during service. For
offshore insulation system water is a major concern. Water droplets can
increase the chances of surface discharges and lead to more rapid aging of
the insulation. The cooling oil could easily diffuse into the surface [1]. The
diffusion process and the changes it caused in the permittivity of the insu-
lation was well known. It was not known how this would effect the chances
of surface discharges. In order to investigate this a series of experiments and
simulations were conducted. In the experiments, water droplets were placed
on the insulation surface and exposed to an electric field. The size and con-
ductivity of the droplets were varied. In order to determine what effect the
oil had on the situation, the insulation system was saturated with oil and
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exposed to the same experiments as a sample without oil. The experimental
setup created was based on a design by S. Keim [2]. The test sample used
was adjusted in order to accurately replicate the electric field in the wind
turbine

In addition to the surface discharge investigations an erosion test was con-
ducted. In the erosion test the sample was exposed to high voltage and salt
water for long periods. This was done in order to investigate the possibilities
of damages to the system over time. The erosion test was conducted for
samples both with and without oil.

1.1 Previous work

Investigation of aging on electric insulators is a very well developed scientific
field. The damage caused by water droplet on insulation surfaces has been
investigated by many researchers. S. Keim wrote her a PhD thesis on this
subject [2]. The experimental setup used in this thesis work was based on
her design. M. G. Danikas investigated how the conductivity of the droplets
affected the behavior of the droplets in electric fields. A. Moukengué Imano
conducted detailed simulations on how sessile water droplets enhanced an
electric field on the surface of an insulator.
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Chapter 2

Theory

2.1 Water properties

There are many different types of water, rain water, sea water, etc. The
differences between them are mainly a matter of impurities, or the presence
of different substances in the water. Rain water and other types of fresh
water, usually have a very low concentration of salts and other substances,
and therefore are very poor conductors. Sea water, on the other hand, has
a much higher concentration of salts. The average salt concentration for sea
water is about 35h. Therefore it is a decent conductor. By comparison

Water type Electric conductivity(µS/cm)
Rain water 5-30
Ground water 30- 2000
Sea water 45000-55000

Table 2.1: Salinity table [2]

silver and copper have a conductivity in the order of 107S/m.

Rain drops are a very variable parameter. Many different types of rain exists,
but common for them all are that they need to have a certain weight in order
to leave the clouds. This weight is determined directly by the size of the
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drop. The distance a rain drop can fall before evaporating is also determined
by its size. For a rain drop with a diameter of 20 µm evaporation will happen
after about 3 cm. Hence drops need to be much bigger in order to reach the
Earth’s surface. A drop with a diameter of 200 µm will evaporate after about
150 m and is a good measure for the smallest diameter a rain drop can have.
The most common rain drop diameters range from 1 mm to 4 mm. Table 2.2
shows the distribution of rain drop sizes and types.

Rain drop type Average diameter d (mm) Volume V(µL)
Small drops 0.1 0.5 · 10−3

Typical drops 1 0.5
3 14.2
4 33.5

Big raindrops 6 113.1

Table 2.2: Rain drop sizes [2]

Based on this data it was decided that drops with a volume of 10, 50 and
100 µl should be studied in this work.

2.2 Water droplets in electric fields

2.2.1 Geometry of water droplets

A water droplet is usually spherical when no electric field is present [3]. In this
case the interfacial tension,γ, of the droplet will keep it spherical unless the
gravitational forces becomes to big, i.e. when ∆ρg << γ/R2

0. For a spherical
water droplet with radius R0 the pressure difference across the surfaces is
give by the Young-Laplace equation:

∆p = γ
(

1

R1

+
1

R2

)
= 2

γ

R0

(2.1)

This means that smaller droplets are more likely to remain stable and spher-
ical then larger droplets. When an electric field is applied to the droplet an
extra term appears in the pressure calculation. This is the electrostatic pres-
sure generated by the electric field on the droplet. This additional pressure
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leads to deformation of the droplet. The droplet becomes stretched in the
direction of the electric field. In other words the droplet becomes a spheroid.
In order to understand how the electric field affects the droplet it is important
to know the geometry of ellipses and spheroids. In addition to the definitions

Figure 2.1: The basic geometry of an ellipse, where a and b are the semi axes
and f marks the focal point

given inn figure 2.1 an ellipse is described by its eccentricity. Eccentricity is
defined as the ratio of the distance between the two focal points of the ellipse
and the length of the ellipse.

e =
2f

2a
=
f

a
(2.2)

Eccentricity can also be given found by using the length of the semi axis:

e2 = 1− b2

a2
(2.3)

From this we can define a relationship between the semi axis:

α = 1− e2 =
b2

a2
(2.4)

An ellipse has two curvature radii, R1 and R2 that are defined as follows:

R1 = a2b2
(
x2

a4
+
y4

b4

)3/2

, (2.5)
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Position R1 R2

(
1
R1

+ 1
R2

)
(a,0) a−1b2 a−1b2 2ab−1

(0,b) a2b−1 b ba−2 + b−1

Table 2.3: The values of the two curvature radii at (a,0) and (0,b)

R2 = b2
(
x2

a2
+
y4

b4

)1/2

. (2.6)

The main border condition in this system is that the droplets volume must
remain constant. This means that the following applies:

4

3
πR3

0 =
4

3
πabc (2.7)

Here R0 is the radius of the spherical droplet and a, b and c are the semi axis
of the spheroidal droplet. In a spheroid c will usually be equal to either a or
b, depending on the type of spheroid in question, hence we get:

ab2 = R3
0 (2.8)

by inserting (2.8) into (2.4) we get:

a = R0α
− 1

3 (2.9)

and
b = R0α

1
6 (2.10)

2.2.2 Conducting water droplets in electric fields

In 1964 Taylor [4] developed a theory for describing conducting water droplets
in electric fields. In his theory he states that the pressure difference across
the surfaces are the same on all parts of the droplet surfaces. Therefore it
is only necessary to study the pressure difference at two points. In order
to simplify the calculations it is best to calculate the pressure at the poles
and equator of the spheroid. Water droplets become elongated in the field
so we are dealing with a prolate spheroid that has c = b. For water droplets
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in an electric field eq (2.1) gets an extra contribution from the electrostatic
pressure, p = ε0

2
E2. At the pole, (a,0), this becomes,

∆ppol = γ
(

1

R1

+
1

R2

)
+
ε0
2
E2
pol = γ · 2ab−2 +

ε0
2
E2
pol (2.11)

and at the equator we get,

∆peq = γ
(

1

R1

+
1

R2

)
+
ε0
2
E2
eq = γ · (ba−2 + b−1) (2.12)

At the equator the electric field normal to the surfaces is zero. At (a,0) the
electric field is,

E = E0

(
b2

a2

(
1

2
e−3ln

(
1 + e

1− e

)
− e−2

))−1

=

(
b2

a2
I2

)−1

(2.13)

where

I2 =
1

2
e−3ln

(
1 + e

1− e

)
− e−2. (2.14)

Since ∆ppol = ∆peq we find that,

2γab−2 +
1

2
εE2 = γ(ba−2 + b−1)

⇒ ε

γ
E2

0 =
√

2
1

a

(
b

a

)2
2− b

a
−
(
b

a

)3
 · I2 (2.15)

by inserting eq (2.9),with α =
(
b
a

2
)
, into eq (2.15) we get an expression of

the deformation of the droplet as a function of the electric background field
E0, i.e. the field when there is no droplet present.

E0

√
2r0ε

γ
= 2 ·

(
b

a

) 4
3

2− b

a
−
(
b

a

)3
 1

2

I2 (2.16)

The expression under the square root on the left hand side is the electric
Weber number. It represents the relationship between the electrostatic and
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the capillary pressure. The right hand side is a pure geometric description
of the droplets semi axis. When the droplet ratio a/b becomes greater then
1,9 the electrostatic pressure exceeds the capillary pressure and the droplet
will break up. [3] The critical value of the electric field is then:

Ec = 0, 648

√
γ

2εr0
(2.17)

By plotting a/b as a function of E0

√
2r0ε
γ

, the theoretical expansion of a free

water drop in an electric field, E0, can be determined.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E0(2r0ε/γ)1/2

1

2

3

4

5

a/
b

Figure 2.2: The critical value for expansion is visible here as the point where
the plot changes direction

2.2.3 Dielectric water droplets in electric fields

Most water droplets have to low permittivity to be considered conducting,
an extension of the theory applied to dielectric droplets is necessary. In a
conducting water droplet, the electric field inside the droplet is zero. In a di-
electric droplet on the other hand, there is an electric field inside the droplet
that must be taken into consideration when making calculations. This inter-
nal field will contribute to the pressure situation across the interface. The
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internal field can be found by solving Laplace’s equation with prolate spher-
ical coordinates [3]

Ei = E0

[
1−

(
1− εd

ε

)
(1− e2)I2

]−1

(2.18)

here εd is the permittivity of the drop and ε is the permittivity of the bulk
phase, e.g air. The same concept applies here as for the conductive droplet,
the pressure difference across the pole is the same as across the equator.

E0

√
2r0ε0ε

γ
= 2

(
a

b

) 2
3

2− b

a
−
(
b

a

)3
 1

2
∣∣∣∣∣ 1

1− εd
ε

− b2

a2
I2

∣∣∣∣∣ (2.19)

The permittivity of water is about, εd=80 and the sounding, air, has permit-
tivity ε=1. Inserting this data into eq 2.19 and plotting the stretching a/b

as a function of E0

√
2r0ε
γ

gives the graph seen in figure 2.3.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E0(2r0ε/γ)1/2

1

2

3

4

5

a/
b

Figure 2.3: The critical value for expansion is visible here as the point where
the plot changes direction

The difference between figure 2.2 and 2.3 is very small, due to the relative
small difference in permittivity between water and air.
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2.3 Sessile droplets in electric fields

2.3.1 Description of a sessile water drop

A water drop placed on a hydrophobic insulating surface will have a shape
similar to that showed in figure 2.4

Figure 2.4: Water droplet on a solid surface [2].

The system consists of three mediums, gass(G), liquid(L) and solid(S). The
contact angle, θ, is defined as the angle the surface of the droplet makes with
the surface of the solid at the point where all three mediums meet. This
point is called the triple point. The three mediums interact with each other
over three interfaces liquid/solid(LS), gas/solid(GS) and gas/liquid(GL). The
line of triple points around the droplet is called the contact line. [5]. When
a water droplet is placed on a solid surface the force equilibrium is provided
by the Young’s equations [6]. The parameters used for this situation are the
surface tension between gas and solid γGS, the surface tension between liquid
and solid γLS, the surface tension between gas and liquid γGL and the contact
angle θ.

The equilibrium situation is described by the following equation:

γGS − γLS = γGL · cosθ (2.20)

Usually the surface tension between the liquid and the air, γGL, is known and
θ is measurable by studying a picture or video of the droplet. That leaves two
unknowns in the system, but it is the difference between the two,γGS − γLS
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that is interesting here. There are two main forces that controls this situ-
ation, adhesion and cohesion. These forces always exist when there is an
interaction between a liquid and a solid [2].

Adhesion work is given by the following equation:

Wad = γGS + γGL − γLS (2.21)

Cohesion work is given by:

Wc = 2γGL (2.22)

When a liquid and a solid comes into contact, the surface tension and the
interfacial tension compete with each other in order to become as small as
possible. This leads to a spreading of the liquid. Spreading is defined as the
difference between the adhesion work and the cohesion work.

S = Wad −Wc = γGS + γGL − γLS − 2γGL = γGS − (γGL + γLS) (2.23)

When S > 0 there will be spreading and for S ≤ 0 we will not have spread-
ing. So spreading occurs when we have a greater adhesion between the solid
and liquid then the cohesion of the liquid. When we have complete wetting
of the surface the spreading is so large that the droplet becomes a liquid film
on the surface of the solid.

A. Moukengué Imano and A.Beroual present a description of the deformation
of a water droplet on a solid surface under the effects of an electric field [5].
In this paper they present an excellent derivation of the forces involved and
how they affect the droplet. This derivation will be reproduced here.

2.3.2 Description of the system

The presence of an electric field can lead to changes in the droplet shape.
The changes in shape can be characterized by the motion of:

� the gas liquid interface IGL in the direction normal to the interface.

� the contact line LGLS parallel to the solid surface and normal to the
contact line.
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The deformation of the droplet happens generally in the same direction as the
electric field. The deformation is caused by changes in the interface energies
U and the negative work W on the gas/liquid interface and contact line. The
variation of Gibbs free energy, G, of both the interface IGL and the contact
line LGLS is given by:

dG = dU − dW, (2.24)

with

dU = γGSdAGS + γLSdALS + γGLdAGL, (2.25)

dW =
∑

fIdVI , (2.26)

here γ is the interfacial tension and A is the area of a given interface. The
sum

∑
fI is the sum of all external forces per unit area, this corresponds

to the external actions on the system. Consider a small motion of IGL and
LGLS that may not obey any kinetic law. The line element of LGLS sweeps
a surface element dAL during the virtual motion of the contact line LGLS.
Similarly IGL has its virtual motion characterized by the volume variation
dVI . With this in mind eq (2.25) becomes:

dU = (γGS − γLS − γGLcos(θC)) dAL + γGL(~∇ · ~n)dVI (2.27)

~∇ · ~n is the mean curvature of IGL, θC is the contact angle and ~n is a unit
vector normal to IGL. Inserting eqs (2.26) and (2.27) into eq 2.24 yields

dG = (γGS − γLS − γGLcos(θC)) dAL +
(
γGL(~∇ · ~n)−

∑
fI
)
dVI (2.28)

When the change in Gibbs free energy of IGL and LGLS is zero, the equilib-
rium state of the system is given by the following conditions:

(
γGL(~∇ · ~n)−

∑
fI
)

= 0, (2.29)

γGS − γLS − γGLcos(θC) = 0. (2.30)
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2.3.3 Governing equations for the gas/liquid interface

The following external forces per unit area interact with the gas/liquid in-
terface in the equilibrium state:

� The force Fγ due to interfacial tension

� The force Fp due to pressure differences

� The force FE due to the electric stress

� The force Fg due to the gravity

The effects of the viscosity of the water are neglected here. Since all the
interaction of the external forces occur normal to IGL, eq (2.29) can be written
as:

~n ·
(∑

fI − γGL(~∇ · ~n)
)

= 0. (2.31)

This means that

~n ·
∑

fI = ~FP + ~FE + ~FG, (2.32)

and
~Fγ = −~n · γGL(~∇ · ~n). (2.33)

The mean curvature of a gas/liquid interface can, according to Laplace-Young
equation for a sessile drop, be written as:

~∇ · ~n =
1

R1

+
1

R2

(2.34)

where R1 and R2 are the principal radii of curvature at any point of IGL. For
an axisymmetric interface IGL. According to Bashforth-Adams’s approximation,R1

and R2 can be expressed through the equations:

1

R1

=
dθ

ds
(2.35)

1

R2

=
sin(θ)

r
(2.36)
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where s is the arc length of droplet profile in an r-z plane of an axisymmetric
droplet shape. The variation of s can be written as:

ds =
√
dr2 + dz2 (2.37)

Inserting eqs (2.35) and (2.36) into (2.34), the mean curvature of IGL can
be expressed with the help of a series of ordinary differential equations as a
function of the arc length s:

~∇ · ~n =
dθ

ds
+
sin(θ)

r
, (2.38)

dr

ds
= cos(θ), (2.39)

dz

ds
= sin(θ). (2.40)

Figure 2.5: r-z plane of an axisymmetric droplet shape [5]

2.3.3.1 The force due to the interfacial tension

The interfacial tension applies a force per unit area on the gas/liquid inter-
face. Inserting eq (2.38) into eq (2.33) gives the following expression for this
force:
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~Fγ = −~n · γGL
(
dθ

ds
+
sin(θ)

r

)
. (2.41)

In a three-dimensional coordinate system (x, y, z), as seen in figure 2.5, the
system of differential equations (2.38)-(2.40) becomes:

~Fγ = −~n · γGL
(
dθ

ds
+

sin(θ)√
x2 + y2

)
, (2.42)

dx

ds
= cos(θ)cos(α), (2.43)

dy

ds
= cos(θ)sin(α), (2.44)

and
dz

ds
= sin(θ). (2.45)

θ and α are the coordinates in the spherical coordinate system given in figure
2.5. They are bound by the following values: 0 ≤ θ ≤ π and −π/2 ≤ α ≤ π/2

2.3.3.2 The forces due to the gravity and pressure difference

The effect of gravity on the shape of the droplet occurs parallel to z-axis and
normal to the surface element of IGL.

~Fg = ~n · g∆ρz, (2.46)

where g is the acceleration due to gravity, ∆ρ is the density difference across
IGL and z is the vertical coordinate of the application point.

The force per unit area due to the pressure difference ∆p over the interface
IGL is:

~Fp = ~n ·∆p (2.47)
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2.3.3.3 Force due to electric stress

The electric stress will create a force ~FE that will contribute to the deforma-
tion of the sessile droplet. The difference of the electrostatic pressure across
is the cause of this force. For a surface element of the gas/liquid interface
with a very small thickness, the Maxwell tensor is reduced to the following
electrostatic pressure.

~FE = ~TG + ~TL + ~TGL (2.48)

~TG and ~TL are the electrostatic pressure on both parallel interface sides and
~TGL is the difference of the electrostatic pressure normal to the thickness of

the considered area element. By neglecting the thickness of the interface eq
(2.48) becomes:

~FE = ~TG + ~TL = Tn~n+ Tt~t (2.49)

~n and ~t are the normal and tangential unit vectors to the element respectively.
Tn and Tt are the normal and tangential component of ~FE respectively. By
regarding the droplet as conducting, the Maxwell tensors can be written as:

~TG = εG( ~nG · ~EG) ~EG − εG
~nG
2
~EG

2
, (2.50)

~TL = εL( ~nL · ~EL) ~EL − εL
~nL
2
~EL

2
, (2.51)

with

~EG = EGn · ~nG + EGt · ~tG, (2.52)

~EL = −ELn · ~nL + ELt · ~tL, (2.53)

~nG = − ~nL = ~n, (2.54)
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~tL = ~tG = ~t, (2.55)

where En and Et are the normal and tangential components of the corre-
sponding electric field strength respectively, see figure (2.6). The electric
permittivity of the medium is given by ε.

Figure 2.6: Normal and tangential components of the electric field strength
at the gas/liquid interface in the surrounding gas [5]

Inserting eqs (2.54) and (2.55) into eqs (2.50)-(2.53) gives:

~TG = εG(~n · ~EG) ~EG − εG
~n

2
~EG

2
, (2.56)

~TL = εL(~n · ~EL) ~EL − εL
~n

2
~EL

2
, (2.57)

~EG = EGn · ~n+ EGt · ~t (2.58)

and

~EL = −ELn · ~n+ ELt · ~t. (2.59)
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By substituting (2.58) and (2.59) into (2.56) and (2.57) and adding them

together an expression for ~FE is obtained. Using eq (2.49) expressions for

the normal and tangential component of ~FE can by found.

Tn =
εG
2

(E2
Gn − E2

Gt)−
εL
2

(E2
Ln − E2

Lt), (2.60)

Tt = εGEGnEGt − εLELnELt. (2.61)

The following boundary conditions related to the electric field strength and
displacement for a charged droplet apply in this situation:

∥∥∥~n× ~E
∥∥∥ = EGt − ELt ⇒ EGt = ELt (2.62)

∥∥∥~n · ε ~E∥∥∥ = εGEGn − εLELn = σ (2.63)

By inserting these conditions into eqs (2.60) and (2.61) they become

Tn =
1

2

((
εGE

2
Gn −

1

εL
(εGEGn − σ)2

)
(εG − εL)E2

Gt

)
(2.64)

and
Tt = σEGt (2.65)

where σ is the surface charge density on the droplet. The surface charge
density is influenced by the electric conductivity, κ, in the following manner:

dσ

dt
+
κL
εL
σ =

(
κL
εL
− κG
εG

)
εGEGn (2.66)

If the transient state characterized by the accumulation or the evacuation of
surface charge is neglected compared to the established mode the solution to
eq (2.66) is

σ(t) =
(

1− εLκG
εGκL

)
εGEGn (2.67)
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then eqs (2.64) and (2.65) become

Tn =
1

2

((
1− εLκ

2
G

εGε2L

)
εGE

2
Gn − (εG − εL)E2

Gt

)
(2.68)

and

Tt =
(

1− εLκG
εGκL

)
εGEGnEGt (2.69)

In a three dimensional coordinate system (x, y, z) with an undistorted electric
field parallel to the solid surface the tangential and normal components of
~EG can be written as:

EGn = EGsin(θ)cos(α) (2.70)

EGt = EGcos(θ)cos(α) (2.71)

Substituting eqs (2.70) and (2.71) into eqs (2.68) and (2.69) and rearranging
gives:

Tn = (cos(α)2(k1 + (k2 − k1))(cos(θ))2), (2.72)

and

Tt = k3(cos(α))2cos(θ)sin(θ) (2.73)

with

k1 =
εLEG

2

2

(
1− εLκ

2
A

εAκ2L

)
, (2.74)

k2 =
εGE

2
G

2

(
εL
εG
− 1

)
, (2.75)

and

k3 = εgE
2
G

(
1− εLκG

εGκL

)
. (2.76)
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2.3.4 Dimensionless formulation of the equation of the
shape of the gas/liquid interface

The principal equation of the sessile droplet system is given by the following
expression:

−~n · γGL(~∇ · ~n) + ~n · δp+ ~n · Tn + ~n · gδρz = 0. (2.77)

By substituting eqs (2.41), (2.46), (2.47) and (2.72) into eq (2.77) and rear-
ranging the following equation is obtained:

dθ

ds
= − sin(θ)√

x2 + y2
+

δp

γGL
+

(cos(α)2

γGL
(k1 + (k2 − k1)(cos(θ))2) +

gδρz

γGL
(2.78)

In order to generalize the equation the system of differential equations made
up of eqs (2.43)-(2.45) and (2.78) can be written in the following non-dimensional
form:

dθ

dS
= 2− sin(θ)√

X2 + Y 2
+BOZ +WeOE

2
n(cos(α))2(K1 +K2(cos(θ))

2). (2.79)

dX

dS
= cos(θ)cos(α), (2.80)

dY

dS
= cos(θ)sin(α) (2.81)

and
dZ

dS
= sin(θ) (2.82)

with S = bs, X = bx, Y = by and Z = bz, where

� b = 1
RApex

is the curvature at the origin of coordinates;

� BO = gδP
b2γGL

=
gδρR2

Apex

γGL
is the non-dimensional Bond number;
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� WeO =
εGE

2
G∞

2bγGL
=

εGE
2
G∞RApex

2γGL
=

εGU
2
G

2bd2γGL
=

εGU
2
GRApex

2d2γGL
is the non-dimensional

electric Weber number for homogeneous electric field;

� En is a non-dimensional form factor for a homogeneous electric field;

� UG is the potential difference between both electrodes;

� d is the gap between the electrodes;

� RApex is the radius at the origin of coordinates(Apex);

� K1 = 1 − εLκ
2
G

εGκ
2
L

and K2 =
εL(κ

2
G+κ2L)

εGκ
2
L
− 2 are non dimensional electric

constants.

2.3.5 Calculation of the form factor for electric field

A deformed sessile droplet on a dielectric solid surface disturbs the homo-
geneous electric field provided by both electrodes under certain conditions.
This disturbance of the background is attributed to the field enhancement at
the tips of the droplet and it is a positive feedback phenomena that causes
further distortion of the droplet.

Figure 2.7: Front and top views of a single droplet between two electrodes [5]

The normal component of the field strength E1 at one of the elementary
points on the droplet tip P1 can be expressed as
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E1 =
U1

η1d1
(2.83)

with

U1 = U
d1

d− a1 − a2
(2.84)

η1, U1 and d1 are respectively a corresponding inhomogeneity factor for the
droplet tip P1, a virtual potential difference and the shortest distance between
the droplet tip P1 and the opposite electrode. Using the assumption of a plane
condenser made up of a conducting screen with thicknesses a1 and a2 on eq
(2.83), we get the following expression for E1:

E1 =
U

d

1

η1(1− a1+a2
d

)
(2.85)

The screen is inserted between both electrodes. U is the potential difference
and d is the distance between the electrodes. a1 and a2 represents the semi-
axes of the droplets in the direction of pole P1 and P2 respectively, see figure
2.7. The general form factor in this case is

En1 =
1

η1(1− a1+a2
d

)
(2.86)

this form factor has a double influence from the dimensions of the droplet,
through the semi-axes and through eta1. For multiple droplets this becomes

Eni =
1

ηi

(
1−

∑m

i=1
ai

d

) (2.87)

where η is an inhomogeneity factor for each tip of the droplet calculate ac-
cording to a (p,q) geometry. Let R and r be the radii of the major and minor
spheres of a sphere-sphere configuration, respectively. Then the following ge-
ometry applies in (p, q) space:

p =
d+ r

r
(2.88)
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q =
R

r
(2.89)

with R =∞ for a sphere-plane configuration. In order to calculate η, we as-
similate the radius of curvature at the tip of the droplet to a virtual sphere.
A small water droplet can be assumed to have the form of the cap of an
ellipsoid of revolution. Elongation of a droplet will decrease the distance be-
tween two droplets and thereby enhance the field. Therefore En will have to
be determined by an iterative computation in order to get the correct results.

In a sphere-plane configuration the inhomogeneity factor can be approxi-
mated to,

η = c1e
c2/(p+c3) (2.90)

when there is sphere-sphere configuration, equal radii for the spheres on both
sides of the droplet, the inhomogeneity becomes:

η =
4

p+
√
p2 + 8

(2.91)

with c1 = 30.51 · 10−2, c2 = 17.78 and c3 = 40.96 · 10−1.

2.3.6 Electrohydrodynamic phenomena

Electrohydrodynamics describes the changing movements(dynamic) of a wa-
ter droplet (hydro) under the influence of an electric field(electro) [7]. The
movement of a droplet starts at a critical electric stress level. This level de-
pends on surface and liquid properties. S, Keim et al described the different
motions a sessile droplet will experience in an electric field in their article
”Experimental investigations on electrohydrodynamic phenomena at single
droplets on insulating surfaces”. These descriptions were very useful in this
thesis work.
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When a droplet is exposed to an alternating electric field the droplet will
experience transient surface structures. These structures change within mil-
liseconds and repeat with each half period of a sinusoidal voltage, see figure
2.8a. This change in surface structure can be seen as a trembling, or oscil-
lation, of the surface. This trembling depends on the voltage level, liquid
parameters, distances to neighboring droplets and the material properties of
the surface.

The electric field enhancement is strongest at the triple points. [7] Because
of this the triple points will move in the direction of the field, towards the
electrodes. When the width of the droplet increases, the height must nat-
urally be decreased. This leads to a flatter droplet with a sharper contact
angle, see figure 2.8b.

When to droplets are placed close together the triple points may move to-
wards each other when an electric field is applied. Because of this a very thin
water path may be created between the two droplets. If the distance between
the droplets is very small, a collapsing of the two drops into one larger drop
might be observed, see figures 2.8c and 2.8d.

A large drop can in some cases be separated into two distinct drops. In some
cases a small satellite droplet will be left behind in the middle of the two
newly separated droplets. Small satellite droplets can also be ejected from a
larger droplet when no separation takes place. This is shown in figures 2.8e
and 2.8f
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(a) Oscillations of the liquid surface (b) Triple point movement

(c) Water path formation (d) Collapsing of two droplets

(e) Droplet separation (f) Ejection of a small droplet

Figure 2.8: Overview of basic movement patterns for electrically stressed
droplets [7]

2.4 Partial discharges

2.4.1 Definition

Partial discharges (PD) are localized electrical discharges within an insula-
tion system, restricted to only a part of the dielectric material, and thus
only partially bridging the electrodes. [8] They are one of the main sources
of faults and aging in an insulation system. [9]. There are many different
types of discharges that are included in the term partial discharges. Internal
discharges occurs in voids or cavities within the solid insulation. Surface
discharges appear at the boundary of different materials in the insulation.
Corona discharges are related to discharges in gaseous dielectrics and are
caused by strong inhomogeneous electric fields. All of these discharges can
lead to damage on the material through the energy impact of high energy
electrons or accelerated ions. When the electrons and ions interact with the
insulation material there will be chemical changes.
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Droplets on surfaces increase the chances of surface discharges [10]. Surface
discharges are therefore given the most attention in this work. When exper-
iments were conducted great effort was taken to remove the other types of
discharges from the system. The internal discharges were reduced by mak-
ing the samples as void free as possible. Corona was avoided by careful
positioning of the components used in the experiment and good grounding.

2.4.2 Surface and corona discharges

Surface discharges occur in the boundary of two different dielectric mediums
when there is a sufficiently strong electric field tangential to the boundary.

Figure 2.9: Left: Due to high electric stress along the surface, there could be
surface discharges near the electrode. [11] Right: A typical pattern created
by a surface discharge on an insulating material. (Lichtenberg figure) [11]

At sufficiently high electric stress there will be discharges in the area around
the high voltage electrode, see figure 2.9.The discharges will evolve from
corona discharges to treeing. Surface discharges occur most often at the
ends of insulations [11].

Corona discharges are discharges at sharp edges. Around these edges the elec-
tric field becomes very large and the air can become ionized. The discharges
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normally occur when the voltage reaches its positive or negative peek.

2.4.3 Detection of partial discharges

The detection of PDs is based on the energy exchanges that occur in the
discharge. [8]. The energy exchanges manifest themselves in a number of
ways:

1. Electrical impulse currents

2. Dielectric loss

3. E.M. radiation in the form of light

4. Sound, a hissing and sparking noise can be heard when discharges occur

5. Increased gas pressure

6. Chemical reactions

In this thesis work PDs were detected by studying the electrical impulses.
This method is the most successful and most frequently used method of
detecting discharges.

2.4.4 Tracking

Tracking is the most important degradation factor for electric insulation. It
occurs when the surface of the insulation is covered by a contaminant and
moisture, i.e. sea water. This mixture of water and contaminants will work
as an electrolyte and conduct current. When the fluid is conducting current,
there will be a heat development that will lead to evaporation. This will
again lead to the creation of dry zones. At the edge of such dry zones the
electric field will be very strong and we will have partial discharges. These
discharges can lead to destruction of the insulation, by turning parts of it to
carbon. If this process is allowed to continue without treatment it can lead to
the creation of conductive tracks from one electrode to another. Such a track
would lead to an electrical arcing along the surface of the insulation [12].
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2.4.5 Erosion

Erosion is closely linked to tracking, but it demands more energy. In this case,
some of the material disappears due to the energy developed in the partial
discharges. Here, as in the tracking case, the disappearance of isolating ma-
terial is due to it being converted to carbon. When this happens repeatedly
in the same location we get eroded areas in the shape of cracks [12].

2.4.6 Partial Discharges from water drops on insulat-
ing surfaces

When a water droplet is placed in an electric field, the field in the area around
the drop will be intensified. The largest enchantment will be at the triple
point. [10]. Due to this field intensification the drop will be elongated in the
direction of the field and there will be more field intensifications. These inten-
sifications lead to partial discharges that can lead to damages to the insula-
tion. [13]. The starting point of the partial discharges, the inception voltage,
is dependent on a number of factors. Water droplet conductivity, polymer
surface roughness, whether the surface is hydrophobic or hydrophilic, droplet
volume and the positioning of the droplet with respect to the electrodes all
contribute to the inception voltage level [14].
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Chapter 3

Experimental work

3.1 Droplet shape and size on glass fiber en-

forced epoxy composite

The shape and size of the water droplets were the most important factors
in this study. Water will naturally evaporate from a surface at room tem-
perature, the glass fiber enforced epoxy composite has also shown a large
capacity for water absorption [1]. In other words the water droplet will nat-
urally change its shape over time. For the studies to be accurate it was
important to know how long the droplet would keep its original shape. The
change in droplet volume was studied by placing one 100 µL droplet on the
surface of the sample, and leaving it there for one hour. A picture was taken
with a digital microscope every two minutes. The width and height of the
droplets in the pictures were then measured and used to calculate a simple
approximation of the volume. The change in droplet volume as a function of
time, was then calculated and used to determine the time constraint for the
electric studies. In order to determine whether the evaporation into air or
absorption into the sample was the larger factor, a droplet was placed on a
PET surface. The same type of test was conducted on this droplet. Similar
studies were conducted for 10 and 50 µL droplets.
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3.2 Partial discharge measurement

3.2.1 Test sample

The test sample used in the partial discharge experiments, was based on the
design used by S. Keim [2]. The dimensions of the sample were modified in
order to create a similar electric field at the surface of the sample, as that
observed in the actual turbine. Figure 3.1 shows a 3D drawing of the sample
with the final measurements.

Figure 3.1: 3D drawing of the test sample with the correct measurements.
The left electrode was connected to high voltage and the right to ground.

The sample consisted of two electrode tubes cast in place with a filler epoxy
and a 3.5 mm thick glass fiber enforced epoxy composite surface piece. In
the experiments one of the electrodes was grounded and the other connected
to the high voltage source. The sample was created by casting the epoxy in
a mold that had been designed in advance. The mold was designed by Hans
Helmer Sæternes from SINTEF and constructed in NTNUs natural science
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workshop. The construction of the mold was delayed several weeks. In order
to avoid losing to much time a simple mold of plastic and wood was created.
This mold had the same dimensions with regards to electrode diameter and
distance between the two electrodes. The molding process was the same with
both the steel and plastic mold. The epoxy was first dried under stirring in
a vacuum chamber and then pored into the mold were the electrodes had
already been placed. The glass fiber enforced epoxy composite surface piece
was placed on top of the electrodes. The sample was then placed in a heat
locker for 18 hours. During these 18 hours the filler epoxy expanded. The
plastic mold could not keep the filler epoxy in place during this expansion.
Because of this sample created with this mold did not have a flat surface and
the sides of the sample became uneven. The stainless steel mold was designed
to prevent this from happening. It had bolts and screws that were used to
keep pressure on the epoxy during the solidification. The stainless steel mold
worked very well and this sample was used for all the PD experiments in
this thesis. The sample created with the plastic mold was used to determine
droplet evaporation and what voltage levels PDs were likely to occur. It was
also used for the tracking and erosion test.

3.2.2 Measurement setup

The classic setup for measuring partial discharges are given in figure 3.2

Figure 3.2: Setup for PD measurement

The coupling capacitor (Ck) is placed in series with the measurement impedance
(Zm). These two are again connected in parallel with the measurement ob-
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ject and the high voltage source. The coupling capacitor is included in order
to provide a low impedance circuit for the high frequency signals, the mea-
surement impedance is insert to ensure that the currents from the discharges
will provide a measurable voltage [9]. In order to register the discharges it is
necessary to use a high frequency measuring apparatus. The transient volt-
age pulses that are detected over the measuring impedance are very small
and have a high frequency. The coupling capacitor should have a capaci-
tance equal or greater than the capacitance of the measuring object. This is
required in order to get a good sensitivity to the measurements.

The noise limits used during the measurement of the partial discharges in
this work was set to 1.5 pC. The electronic measurements where preformed
with a MPD 600 system from Omicron Mtronix technologies. The equipment
consists of a measuring shunt that is plugged in to the detection part of the
circuit. The measuring shunt is connected to a measuring unit that records
and registers the size of the high frequency voltage signals created by the
partial discharges. The measurement unit converts these analog results to
digital data that is sent with fiber optics to a computer for processing, see
figure 3.3.

Figure 3.3: Sketch of the measurement setup used for detection and mea-
surement of partial discharges.
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All the high voltage equipment and the test sample where placed in a metal
cage that was grounded according to the safety protocols given by SINTEF.
In addition to the PD measuring equipment a digital microscope was placed
inside the cage. The microscope filmed the behavior of the droplets during
testing.

Figure 3.4: This is a picture of the experimental setup used to conduct the
PD measurements

Figure 3.2 shows how close the microscope lens was to the sample during
testing. The two black wires seen in the figure are LED lights that were used
to improve the focus of the microscope recordings. In order to decrease the
chance of discharges in the system, all metal components were grounded and
the microscope was placed on the grounded side of the sample. The voltage
electrode was connected to the capacitor and high voltage source with a
slightly flexible brass rod. That gave the setup some freedom of movement.
This was useful when positioning the microscope for optimal focus.
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3.2.3 Calibration

Before an accurate measurement of the size of the partial discharges could be
recorded the measurement circuit had to be calibrated. The calibration was
done by applying a known charge over the test object. The applied charge
leads to a current being created in the measurement circuit. This current
provided a voltage fluctuation over the measurement impedance. The re-
lation between the known charge and the voltage fluctuation provided the
calibration factor.

When voltage was applied to the measurement circuit, the partial discharges
were registered as small transient voltage impulses over the measurement
impedance. From the calibration factor the apparent charge can be calcu-
lated.

QApparent =
Qk

Uk
· UPD = k · UPD (3.1)

where QApparent is the apparent charge, Qk is the charge applied during the
calibration, Uk is the voltage fluctuation due to the calibration charge and
UPD is the voltage fluctuation due to the partial discharge.

3.2.4 Measurement preparations

Before each measurement the microscope was positioned and the focus was
adjusted in order to obtain the best possible recordings of the droplet behav-
ior. If the microscope lens was placed to close to the high voltage electrode it
would cause interference in the partial discharge measuring. Since the surface
absorbed water each consecutive test was conducted on a separate location.

The preparation of each test started by choosing a new location, or one
that had not been used in a while, and focusing the microscope on this
location. Then the voltage was set to the relevant levels in order to determine
whether or not there were any discharges in the system when there was no
droplet present. If there were any discharges, adjustments were made to
the setup. These adjustments usually involved moving the microscope lens.
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When a discharge free setup had been found a small metal sphere of known
dimensions, was placed on the surface. A picture was taken of the sphere and
the diameter measured. This was done in order to have a known reference of
the size and shape of the water drops for this particular situation. Since the
microscope was in a different location each time it was impossible to have
one reference length for all the experiments. When all the preparations were
done, a water droplet with a volume of 10, 50 or 100 µl was placed with a
syringe at the desired location. A stopwatch was used to mark the time when
the droplet was placed on the surface, when the microscope recording was
started, when the PD recording was started and any other major changes to
the setup.

3.2.5 Measurement procedure

Measuring of the partial discharge behavior of the droplet was done in incre-
mented steps. The voltage was first set to 6 kV and left there for about one
minute. The voltage was then raised to 8 kV and left there for one minute.
This was repeated until the voltage reached 16 kV. The total measuring time
was about six minutes. Based on the data obtained in the evaporation test
it was determined that within this time frame all three droplet sizes retained
there original form to an acceptable degree. The time of each increase in
the voltage level was noted with the stopwatch. The Mtronix measurement
system provided data of the time and size of every discharge recorded in the
setup. The voltage level was also noted and the relation between a discharge
and the phase of the AC voltage. After each test the PD data was exported
to a MATLAB file and the video recording of the droplet behavior was stud-
ied closely.

From the video recording the dimensions of the droplets and the distances
between them were obtained. By comparing the PD data and the video of
the droplet all the aspects of the droplet behavior were covered. The video
recording was always started a few seconds before the PD recording, due to
placement issues. The stopwatch was used to mark when the voltage was
raised in the video recording and the time difference between the two record-
ings.
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The initial voltage level was chosen to be 6 kV, since this was around the
same value as the voltage would be in the turbine. The final value of 16 kV
was chosen after initial tests confirmed this as a voltage level with guarantied
partial discharges for deionized droplets with a volume of 50 and 100 µl. Wa-
ter droplets with a volume of 10 µl did not produce any discharges and were
therefore left out of future measurements.

3.2.6 Droplet positioning

M.G. Danikas et al conclude that droplet conductivity, surface roughness,
droplet volume and the relative position of the droplets, all affect the behav-
ior in an electric field [14]. The droplets they used had a volume of 200 µl.
In order to determine the effects of the positioning of the droplets multiple
droplets were placed in several different patterns on the test surfaces. For the
most part the droplets were placed in a single line, normal to the electrodes,
but two of the setups used, had drops in three different rows. A similar ap-
proach was used in this thesis.

Initially one drop was placed in the center of the sample, see figure 3.5a. In
order to investigate the effects of multiple droplets, several droplets of the
same size were placed in a line between the two electrodes. M.G. Danikas
et al used laser light in order to get the highest degree of accuracy in the
placement of the droplets. In the absence of such lasers PET sheets, with
round holes in them, were used to position the droplets in these experiments.
Four basic patterns were made, see fig3.5. The holes in the PET sheets were
much larger than the droplets. This was necessary in order to avoid breaking
the droplets during placement, the average width of a 100 µl droplet when
placed on the surface was 8 mm. This meant that all the droplets in the sit-
uations in fig 3.5 were fairly far from each other, and there was little chance
of two droplets collapsing. Therefore four additional situations were studied.
One where two drops were placed as close to each other as possible in the
middle of the electrodes, one where a third droplet was placed between the
two droplets in fig 3.5c, one where two droplets were placed between the
two droplets in fig 3.5b and one where five 50 µl droplets were placed from
electrode to electrode. For the five droplet situation the volume was reduced
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(a) (b)

(c) (d)

Figure 3.5: Models of the PET sheets used to place the water droplets on
the surface.

to 50 µl in order to keep the droplets between the electrodes.

For each of these seven multi droplet situations two increment test was con-
ducted. Since the droplet placement was done by hand there were small
differences in the distances between the droplets and the shape of individual
droplets. Therefore all the tests were conducted twice. The final test with
deionized water was a random placement of small drops over a large surface
area. This was supposed to simulate an actual situation of rain drops on the
surface.

In earlier work it was discovered that the presence of water changed the di-
electric constant of the samples [1]. This meant that conducting an increment
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Situation Symbol
No droplet D0
1 droplet placed in the middle of the two electrodes D1
2 droplets one over each electrode D2 1
2 droplets one over the edge of each electrode D2 2
2 droplets in the middle of the electrodes D2 3
3 droplets one over each electrode and one in the middle D3 1
3 droplets one over the edge of each electrode and one in the middle D3 2
4 droplets D4
5 droplets D5

Table 3.1: This table lists the different setups used in the droplet experiments
and the symbol used to describe them later in the thesis.

test at the same spot on the sample repeatedly, might lead to different results
when water was absorbed into the sample. In order to determine whether
or not, this had an effect on the PDs an additional test was conducted. In
this test a drop was left on the surface for 30 min after an increment test was
conducted. A new drop was then placed on the exact same location and the
test was conducted again. The process was then repeated a final time.

3.2.7 Artificial salt water test

When testing the droplet behavior for salt water droplets, only 100 µl droplets
where used. First one drop was placed in the middle of the electrodes and
tested in the same manner as the deionized water droplets. Afterwards the
surface was cleaned with water and the test repeated. In addition three
droplets were placed close together in a line, the D3 2 setup, and tested for
partial discharges.

When the salt water droplets dried up, the salt is left behind. Five tests were
conducted in order to determine if this had an effect on the PD behavior.
First three droplets were left on the surface to dry. When the droplets had
dried, three new droplets were placed in the same place as the originals. The
leftover salt created a mold for the droplets to form in. Therefore the second
set of droplets, had nearly the same shape as the first once had the end of
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the first measurement. The drying test on the three droplets were conducted
twice, and all the PD behavior of all three setups were recorded.

In order to simulate sea spray on the surface, and to provide data for the
following tracking test, a large number of small artificial sea water drops
was spread out over the surfaces and left to dry. Three measurements were
conducted. One on a clean surface, and two after the drops had been left to
dry.

3.2.8 Oil saturated samples

The main goal of this thesis work was to determine if the presence of oil
would have an effect on the discharges in the system. The oil used was the
same oil that was used in the SmartMotor turbine. In previous work the
diffusion procedure of the oil into the sample had been studied. The effect of
the oil on the electric permittivity of the sample had also been measured [1].
The droplets in all the tests were placed on the glass fiber enforced epoxy
composite surface. In order to fill the surface piece with oil, the sample was
left face down in an oil bath and placed in a heat locker for two weeks. The
plan was to have the heat locker hold a temperature of 30 ◦C, but this was
not possible in the heat locker that was available at the time of testing. The
temperature inside would not drop lower then 40 ◦C. The problem here, was
that at a higher temperature the saturation level is higher [1]. When the sam-
ple was taken out into a room with a significantly lower temperature, than
in the heat locker, the diffusion onto the surface would be much greater than
desired. In order to negate this error, the sample was placed in a freezer for
10 min immediately after it was taken out of the heat locker. When the sam-
ple had cooled, it was wiped clean and put back into the PD measuring setup.

Similarly to the salt water tests, PDs were measured for both one and three
drops. First deionized water was investigated before the PD measuring was
concluded with salt water droplets on an oil saturated sample. After all the
measurements, the sample was put back into the oil bath so that it could be
saturated once more.
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3.2.9 Liquid-Contaminant Inclined-Plane Tracking and
Erosion test

Based on the ASTM international Standard Test Methods for Liquid-Contaminant
Inclined-Plane Tracking and Erosion of Insulating Materials [15], a test was
conducted to determine whether any long term damages occurred due to dis-
charges. The test was conducted on an 45◦ inclined test sample. Two tests
were conducted, one dry sample and one saturated with oil. The same test
sample used in the previous oil tests was used for the oil saturated part, and
the sample made with the plastic mold was used for the dry test. In the test
salt water was dripped on to the top of the sample and allowed to flow down
to the bottom. The sample made with the plastic mold was longer than the
one made with the steel mold. The extra length made it possible to conduct
four parallels at once. The dripping speed was one droplet every 10 s and the
droplets where about 50 µl.

The voltage level used in the experiment was determined based on the data
obtained from the multiple droplet experiments conducted with both deion-
ized water and artificial salt water. In the salt water test it was observed that
small discharges occurred at about 6 kV, when there was dry salt present.
This was very interesting, since this is the same voltage level as in the actual
turbine.

To simulate the actual situation on the surface of the turbine, it was de-
cided that the wetting of the surface should be periodic. First droplets were
dripped onto the surface for 16 h. Afterwards the dripping was turned off
and the salt water was left to dry for 8 h with the voltage on. For the first
seven days the voltage was set to 6.2 kV. The artificial saltwater was dropped
onto the inclined surface using a standard hospital drip bag. The bag was
suspended above the test surface, which was placed above a clean bowl that
collected the salt water after it had flown down the surface. By doing this
any problems created by having saltwater on the floor of a high voltage area
was avoided. Each of the hose ends were fasted in a set position before the
start of the experiment. The sample was placed in spirit level so that each
drop flowed separately and straight down, see figure 3.6, for the dimensions
of the experiment.
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Before the start of the experiment the roughness of the surface was measured.
Three parallel lines where measured, one along each electrode and one in
the middle of the electrodes. The water flowed normal to these lines and
therefore it was easy to see both where erosion had happened and where the
damage was largest. After the seven days the roughness was measured again.
The experiment was then reset with a new voltage level. The new voltage
was chosen to be at a level where PDs had definitely been observed for salt
water, 10 kV. With the voltage at 10 kV, there was no doubt that discharges
occurred. They could be both heard and seen, when the voltage was turned
on. The change in surface roughness was measured twice more, at seven days
intervals.

Figure 3.6: This figure shows the setup for the erosion test with proper
dimensions. The horizontal lines represents lines where surface roughness
was tested.

The oil saturated sample was treated similarly. Due to limited time, the oil
saturated sample was only tested at 10 kV. By conducting the experiment at
a higher voltage the odds of damages increased. The first surface roughness
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measurement was done immediately after the oil saturated sample had been
removed from the oil bath. The sample was then connected to the same
setup used for the dry sample measurements, see figure 3.7.

Figure 3.7: The oil saturated sample is the small one on the right. The upper
electrodes are connected to high voltage and the lower to the ground. The
bags containing the salt water are fastened to a beam above, and the ends
of the hoses are taped in place at the top of the sample.

3.2.9.1 Surface roughness testing

The roughness of the surface of the samples was determined with a Mitutoyo
Surftest SV-2100. The measuring was conducted by moving a small stylus
over the surface of the sample and measuring the differences in surface height.
A graph describing the shape of the surface was the end product of the mea-
surements. All the data points from the graph could easily be exported to
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another program for analysis.

When measuring the surface roughness for the erosion test, it was important
to be able to conduct the measuring at the same location each time. This
was difficult since the measurement apparatus had to be positioned manu-
ally. In order to minimize this error the starting position for the stylus was
marked and each test was conducted twice. As seen in figure 3.6 the drip-
ping lines where spread out over the entire width of the sample. In record the
change in surface roughness around all four points, a measurement sample
of 12.5 cm was required. By using this length there was sufficient informa-
tion about the roughness on both sides of each dripping line. The Mitutoyo
device had a maximum measurement length of 10 cm. In order to obtain an
optimal measurement the apparatus required a start and finish segment of
about1 cm, that would not be included in the final result. The reason for
this start and finish segment was to ensure that the measured data was fil-
tered correctly [16]. Hence the total length that would have been necessary
to measure was 14.5 cm. In order to fix this the sampling was done in two
segments. One with a total length of 9.5 cm and a sample length of 7.5 cm
and one with a total length of 7 cm and a sample length of 5 cm.

Measurement of the surface roughness was conducted by first measuring the
9.5 cm segment. When a measuring sequence was finished the Mitutoyo de-
vice immediately returned the stylus to the starting position. After the first
part had been measured twice, the whole setup was moved 7.5 cm. The sec-
ond segment was then measured twice. By moving the setup 7.5 cm, the
second segment was able to begin at about the same place as the first seg-
ment ended, thereby ensuring that there was no hole in the measurement.

Since the oil saturated sample was much smaller than the dry sample there
were no problems with measuring the surface roughness. Due to the shorter
surface there was only space for two dripping parallels for the oil investiga-
tions.
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3.3 Simulations

In addition to the experiments a series of finite element method (FEM)
simulations where conducted. Every situation studied in the experiments
was simulated in COMSOL multiphysics. By using the dimensions obtained
from the microscope recordings, the simulations became as realistic as pos-
sible. The most important factors in these simulations were the size of the
droplets, the distances between them and the contact angle. The contact an-
gle was determined by taking a close up picture of the droplet edge with the
microscope. Getting the shape of the contact angle correct was the largest
challenge in the simulation. These simulations are primarily a study of the
droplets just before an expansion occurred. With the available equipment it
was very difficult to create accurate models of the shape of a droplet after
an expansion.

(a) Edge of 100 µl drop (b) COMSOL version of drop

Figure 3.8: This figure shows a closeup of the edge of a 100 µl droplet and
the COMSOL figure that was made to match it.

As seen in figure 3.8a the droplet had a triple point angle of about 90°. This
was matched in COMSOL by drawing an elongated ellipse and cutting it in
half, as seen inn figure 3.8b. The simulations where conducted in 2D for
simplicity. This was sufficient due to the symmetry of the setup. The simu-
lations provided the electric field strength in the area around the electrodes
and droplets. The most interesting area for study was at the droplet triple
point, i.e. the interface between air, solid and water. The size of the electric
field, in the direction parallel to the surface, was measured over the area
where the droplets were placed. This data was transferred to MATLAB for
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analysis and comparison with the experimental results.

In order to check the quality of these simulations the value of the field at
the tip of one drop on the surface was compared to that expected from the
method devised by Moukengué Imano et al [5]. Due to the slight difference
between the two setups a direct comparison was not possible. Moukengué
Imano et al had a more homogeneous field around their droplet, since they
had placed the droplet in the middle of the electrodes. When the electrodes
were embedded in the surface the shape of the field changed slightly. In
order to solve this difference, the background field obtained in the COMSOL
simulation was used instead of the simple model, of voltage difference divided
by electrode distance, used by Moukengué Imano et al.
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Chapter 4

Results

4.1 Deionized water samples

4.1.1 Experiments

The experiments conducted with the deionized water droplets gave a clear
correlation between PD detection, droplet surface trembling and droplet ex-
pansion. In all the situations where PDs were detected, a trembling was
observed on the surface of the droplets. The trembling and the PDs were
always detected at about the same time. The voltage was adjusted in incre-
mented steps and it was therefore easy to determine what voltage level the
discharges started at. The data from the PD measuring device consisted of
the size of the discharge in pC, the time and phase of each PD event and the
voltage level over time during the measurement. In most cases the first PD
events where recorded when the voltage was increased or a short time after
a voltage increase. The voltage level that the first PD event was recorded at
is called the inception voltage. Table 4.1 shows the inception voltages for all
the deionized water droplets.
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Situation Inception voltage level (kV)
D0 No discharges
D1 100 µL 14
D1 100 µL moist surface 12
D1 50 µL 16
D1 10 µL No discharges
D2 1 1st No discharges
D2 1 2nd. No discharges
D2 2 1st 16
D2 2 2nd 16
D2 3 1st 12
D2 3 2nd 12
D3 1 wide 16
D3 2 1st 12
D3 2 2nd 12
D4 1st 10
D4 2nd 10
D5 1st 8
D5 2nd 12
Multiple Droplets 1st 14
Multiple Droplets 2nd 6

Table 4.1: The inception voltage in all the situations tested.

When discharges were detected there was also an expansion of the droplet
diameter. The direction of the expansions was the same as the direction of
the E-field. Depending on the situation the expansion occurred before or
after the first PDs were recorded. Some of the tests also had multiple ex-
pansions. In most cases the expansion happened before the discharges, since
the expansion caused an even greater field enhancement at the edge of the
droplet.

The size of the expansions were determined by measuring the change in
droplet width from one edge to another. The widths of the droplets were
measured by taking still pictures from the video recordings of the droplets.
The pictures were taken immediately after the voltage had been increased,
and at the start and finish of the experiment. Due to the limitations of the
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microscope used in this work, the resolution of the pictures taken from the
recordings was not the best. Therefore the measurement was not completely
accurate, but the larger changes in width caused by the expansions, were
easy to observe.

During the work on this thesis, several droplet setups were investigated.
There were many similar trends in the different setups, and therefore a closer
study of droplet behavior was limited to just two situations. The reason
for this limited sample size was that the droplet behavior was the main
focus point of this study, not quantification of parameters. The two chosen
situations were one drop alone in the middle of the two electrodes, D1, and
three drops in the narrow setup, D3 2. Each setup was investigated at least
twice, the parallel chosen for close up study was the one that had the best
microscope recording. One of the biggest challenges in the experimental work
was to position the microscope. If the microscope was positioned to close to
the sample, it would disturb the results of the discharge measurement. In
some cases the droplets would expand outside of the microscope’s field of
vision. Figure 4.1 shows the change in droplet width as a function of voltage
for one and three droplets of deionized water. Occasionally the droplets would
expand further between the time when the voltage was raised to 16 kV and
the end of the measuring sequence. This is shown in figure 4.1 as an extra
point at the 16 kV mark.

The PD measuring software supplied by Mtronix noted the size, phase and
time of every PD during an experiment. The voltage was recorded in fixed
intervals regardless of whether or not there was a PD event. That meant that
the number of data points recorded for the size of the PDs and the size of
the voltage was different. Therefore it was difficult to compare the two sets
of data directly. The correlation between voltage increase and change in PD
behavior was essential to this study. In order to obtain this relation, it was
necessary to manually locate the points where the voltage was increased.
The voltage was increased manually by turning a large knob. Adjusting
the voltage to the desired level usually took a few seconds. The time used
to designate the voltage change was the start of the adjustment process,
regardless of how long it took to obtain the desired level. Figure 4.2 shows
the correlation between the size of the PDs and the voltage level for D1 and
D3 2.
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Figure 4.1: Change in droplet width, in % of the start width, as a function
of voltage, for one and three droplets on a dry surface.
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(a) D1

(b) D3 2

Figure 4.2: Time dependence of the PDs for the entire test. The red line
represents the voltage levels used in the experiments. The voltage starts at
6 kV and increases by 2 kV in every step until it reaches 16 kV

Below are figures showing the PD behavior around the time an expansion
occurred for one 100 µL and the second D3 2 situation. The sample of the PD
data was 8 s long and shows the PD situation before and after the expansion.
In addition to the size of the PD, figures 4.3 and 4.4 show when in the phase
of the voltage the PDs occurred. The expansions occurred at 14 kV and
10 kV respectively. In the figures w represents the width of the droplets at
the time the image was taken.
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(a) Droplets at the start of the experiment.
w=8.37mm

(b) Droplets right after the expansion
w=12.34mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.3: The expansion of the droplet in the first D1 100 µL experiment.
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(a) Droplets at the start of the experiment.
wl=7.64mm, wm=7.29mm and
wr=7.94mm

(b) Droplets right after the expansion
wl=8.96mm, wm=7.52mm and
wr=12.1mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.4: The details of the expansion of the right droplet in the second
D3 2 experiment.

When a droplet was left to dry on the surface, some of the water diffused
into the sample. The water that diffused into the surface affected the results
of the PD test by lowering the inception voltage. The droplet also expanded
earlier, but was smaller than the expansion observed for a water droplet on
a dry surface.
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Figure 4.5: Time dependence of the PDs for a water droplet placed on a moist
surface. The red line represents the voltage levels used in the experiments.
The voltage starts at 6 kV and increases by 2 kV in every step until it reaches
16 kV.

When multiple small droplets were spread over the entire surface in a random
pattern, the PD situation became very unpredictable. This can be seen from
the large difference in inception voltage in the two situations. The reason
for this large difference, is due to the difference in size and congestion of the
droplets, see figure 4.6.

(a) 1st multiple droplet setup (b) 2nd multiple droplet setup

Figure 4.6: The two droplet setups used in the multiple droplet testing.

The second test had larger and more closely placed droplets and therefore a
lower inception voltage.
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Figure 4.7: Time dependence of the PDs for the second multiple droplet
test. The red line represents the voltage levels used in the experiments. The
voltage starts at 6 kV and increases by 2 kV in every step until it reaches
16 kV.

There were some very small discharges at the 6 and 8 kV and also some
droplet expansion of the more central droplets. When the voltage was raised
to 10 kV the larger droplets started to tremble and significant PDs were
observed. It was not until the voltage was raised to 12 kV that significant
PDs and trembling of droplet surface were observed for the majority of the
droplets.
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4.1.2 Simulations

For all the experiments done with deionized water simulations were pre-
formed. The distances between the drops in the multiple drop experiments
varied slightly due to the difficulty in placing them in exactly the same po-
sition each time. Therefore two simulations were conducted here with the
exact sizes and distances observed in the experiments. This meant that the
situations with more than one droplets, were not completely symmetrical.
The simulations were done with the voltage set to 16 kV. The voltage level
only influenced the size of the field, not the shape. Therefore it was sufficient
to conduct the simulations at only one voltage level.

The simulations where conducted in order to investigate the size and loca-
tion of the greatest field enhancement. As expected, based on the theory,
the water drops significantly increased the electric stress in their immediate
vicinity [17].

Situation Distance between Greatest E-Field
drops (mm), left to right enhancement

D1 100 µL 7
D1 50 µL 6.1
D2 1 1st 26 3.4
D2 1 2nd 24 3.5
D2 2 1st 12 5.8
D2 2 2nd 12 5.7
D2 3 1st 2 7.9
D2 3 2nd 0.9 10.8
D3 1 5.1 and 6 6.9
D3 2 1st 3 and 0.7 10.8
D3 2 2nd 2 and 1 11.2
D4 1st 0.76, 1 and 2.7 16
D4 2nd 1.48, 3.39 and 2.51 8.7
D5 1st 0.83, 1, 0.42 and 1 11.7
D5 2nd 2, 0.77, 3 and 1 9.6

Table 4.2: The distances between the droplets and the greatest electric field
enhancement observed.
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In order to investigate the quality of these COMSOL simulations the increase
in field strength caused by one droplet was compared to the value expected
from the approach used by Moukengué Imano et al. There was a difference
in the two setups. Moukengué Imano et al placed the electrodes on the side
of the insulation material. In this thesis work the electrodes were placed
underneath. This difference in setup led to a difference in electric field at the
edge of the droplet. In order to investigate this difference the field strength
at the droplet edge was calculated with both eq (2.85) and with a modified
version. In the modified version the U/d part was exchanged with the field
strength obtained from COMSOL when there was no droplet on the surface.
The field enhancement obtained straight from COMSOL was very similar
to that obtained using the modified version of the approach developed by
Moukengué Imano et al, see table 4.3.

E0 = U/d(V/m) E0 given by COMSOL
COMSOL (V/m) simulation (V/m)

7.12 · 106 4.66 · 106 4.32 · 106

Table 4.3: The electric field value at the tip of the droplet in the different
methods used.

For the two cases with one droplet the field was symmetric. In the cases
with two droplets the largest enhancement was at the left edge of the right
droplet. In the cases with more then two droplets the largest enhancement
was located in the smallest gap. The field situations for no droplet, one
droplet and three droplets are shown in figures 4.8, 4.9 and 4.10 respectively.
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Figure 4.8: Electric field in the x-direction, when there is no droplet on the
surface The red line seen in (a), shows where the data used in the graph in
(b) was taken from
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Figure 4.9: Electric field in the x-direction, when there is one droplet on the
surface. The red line seen in (a), shows where the data used in the graph
in (b) was taken from. The field situation on the surface when there is no
droplet has been added as a reference.

59



(a)

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
Position(m)

0.00x100

1.75x106

3.50x106

5.25x106

7.00x106

E-
Fi

el
d(

V/
m

)

E-Field D3_2 2nd
E-Field No drop

(b)

Figure 4.10: Electric field in the x-direction, when there are three droplets
on the surface. The red line seen in (a), shows where the data used in the
graph in (b) was taken from.
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4.2 Salt water samples

4.2.1 Experiments

The difference between the water deionized water droplets and the artificial
salt water droplets was the conductivity. Danikas et al had noted that an
increase in the droplet conductivity would lead to a decrease in the inception
voltage level [14]. The inception voltages observed in the experiments are
listed in the following table. For the salt water tests only one, three droplets
and multiple small droplets were studied.

Situation Inception voltage level (kV)
D0 No discharges
D1 100 µL 1st 14
D1 100 µL 2nd 16
D3 2 1st 8
D3 2 2nd 12
D3 2 3rd 8
D3 2 after drying 1st 8
D3 2 after drying 2nd 10
Multiple droplets 1st 10
Multiple droplets after drying 2nd 6
Multiple droplets after drying 3rd 6

Table 4.4: The inception voltage in all the situations tested. In the multiple
droplet drying test the PDs were small and variable at 6 kV.

The general behavior of the droplets was very similar in the deionized and
salt water experiments, but for the D1 tests the elongation of the droplet
happened more gradually. Therefore there was no clear point of elongation
to study for this case, so the entire experiment was studied as if it were
one expansion. In the D3 2 case there was a clear elongation of the right
drop. The elongation development is shown in figure 4.11. The procedure
for determining the width of the droplets and the changes in voltage levels
was the same for the salt water samples as for the deionized water samples.
The elongation and PDs detected in the two situations are shown in the
following graphs.
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Figure 4.11: Change in droplet width, in % of the start width, as a function
of voltage, for salt water drops on a dry surface.

There was no clear difference in PD behavior when three droplets were placed
in the same places as dried up droplets. For the multiple droplets the partial
discharges started earlier when there was salt on the surface. In the two cases
studied there were droplets placed both in the same places as previous tests
and in new locations. Therefore the salt on the surface was a more significant
factor in these cases then in the three droplet cases.

In the third multiple droplet study, there are some small discharges at 6 and
8 kV. In the first case the discharges does not start until the voltage is raised
to 8 kV.
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(a) D1

(b) D3 2

Figure 4.12: Time dependence of the PDs for one and tree salt water drops
on a dry surface. The red line represents the voltage levels used in the
experiments.
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(a) Droplet at the start of the experiment
w=8.5mm

(b) Droplet at the end of the experiment
w=8.5mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.13: The details of the expansion of the a salt water droplet on the
sample surface. The PD event shown in the figure are from when the first
significant PDs were detected.

64



(a) Droplets before the expansion.
wl=8.5mm, wm=8.5mm and
wr=8.5mm

(b) Droplets right after the expansion.
wl=8.5mm, wm=8.5mm and
wr=8.5mm

206 208 210 212 214
Time(s)

-200

-100

0

100

200

300

Pa
rti

al
 d

is
ch

ar
ge

s 
(p

C
)

(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.14: The details of the expansion of the right droplet in the second
D3 2 salt water experiment.
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(a) 1st multiple droplet setup

(b) 3rd multiple droplet setup

Figure 4.15: Time dependence of the PDs for multiple salt water drops on
a dry surface. The red line represents the voltage levels used in the experi-
ments.

66



4.2.2 Simulations

The simulation model used in this thesis work, did not consider the conduc-
tivity of the droplets when calculating the field. This meant that the field
calculations for the salt water drops only differed from the deionized drops
by relative the position of the drops. When salt drops were left to dry on
the surface, they created a mold for new drops to be placed in. This meant
that the droplet orientation for the dried droplets was significantly different
and this again led to a different field.

Situation Distance between Greatest E-Field
drops (mm), left to right enhancement

D1 7
D3 2 1st 0.17 and 2.6 17.5
D3 2 2nd 1.2 and 0.9 11.6
D3 2 before drying 0.6 and 1 12.6
D3 2 after drying 0.6 13.6

Table 4.5: The distances between the droplets and the greatest electric field
enhancement recorded for the salt water experiments.
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4.3 Oil saturated sample

4.3.1 Experiments

For the tests with oil saturated sample only one and three droplet setups
were tested. Both setups were tested with deionized and salt water. The
presence of oil had a clear effect on both the PD situation and the droplet
behavior. The PDs started earlier and were larger. The droplets expanded
more and there were even cases of droplets separating into two or more parts.

Situation Inception voltage level (kV)
D0 No discharges
D1100 µL 1st 12
D1 100 µL 2nd 12
D3 2 1st 8
D3 2 2nd 6
D1100 µL salt 1st 10
D1 100 µL salt 2nd 10
D3 2 salt 1st 6
D3 2 salt 2nd 8

Table 4.6: The inception voltage in all the situations tested for the oil satu-
rated samples.

The second test of the D3 2 setup resulted in a merging of the left and middle
droplet immediately after the voltage was set to 6 kV. This is shown in figure
4.16b. The plots showing the change in relative droplet width for the left
and middle drops, used the initial value of each of the separate drops as the
starting point. The merged plot used the sum of width of the two drops as
a starting point.
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(b) D3 2

Figure 4.16: The time dependence of the PDs for one and three deionized
water droplets on an oil saturated sample. The red line represents the voltage
levels used in the experiments.

69



(a) D1

(b) D3 2

Figure 4.17: Change in droplet width, in % of the start width, as a function
of voltage, for salt water drops on a dry surface.

From figure 4.17 it is clear that the PDs recorded in the tests with an oil
saturated sample, is much larger than those recorded in the tests with a dry
sample. The number of partial discharges recorded was also much higher
than for the dry samples. Because of this the length of the PD samples
selected for closer study were much smaller.
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(a) Droplet before the expansion.
w=9.73mm

(b) Droplet after the expansion.
w=12.5mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.18: The details of the expansion for a deionized water droplet on
an oil saturated surface.
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(a) Droplets before the expansion.
wl=8.8mm, wm=9.44mm and
wr=9.79mm

(b) Droplets right after the expansion.
wl=18.74mm and
wr=10.36mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.19: The details of the expansion and merging for three deionized
water droplets on an oil filed sample.
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When salt water drops were placed on an oil saturated surface the size of
the expansions increased. The first single droplet placed in the middle of the
two electrodes expanded to more then twice its original size before splitting
twice. The first splitting occurred when the voltage was raised to 14 kV, and
the second about 43 s after the voltage had been raised to 16 kV. This is
shown in figure A.2. In order to show that the droplet covered a larger area
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(b) D3 2

Figure 4.20: This figure shows the time dependence of the PDs for the entire
test. The red line represents the voltage levels used in the experiments.

after the splitting, extra width plots where included in 4.20a. The two extra
plots included the widths of the new drops and the distances between them.
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The setup with three droplets did not experience the same splitting of droplets
that was observed in the setup with one droplet, but it did have an instant
expansion when the voltage was set to 6 kV, and the highest number of dis-
charges of all the setups.

(a) D1

(b) D3 2

Figure 4.21: This figure shows the time dependence of the PDs for the entire
test. The red line represents the voltage levels used in the experiments.

The experiment with one salt droplet on the oil saturated surface had two
significant expansions before the first PDs were detected. Therefore the
expansion that was studied was the expansion that occurred when the voltage
was raised from 8-10 kV. Due to the incredible amount of PDs detected in
these experiments, 9 000 000 for D1 and 19 000 000 for 3D 2, the time
intervals used to study the expansions were even smaller.
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(a) Droplet before expansion.
w=10.6mm

(b) Droplet after expansion.
w=12.5mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.22: The details of the expansion of one salt water droplet on an oil
saturated surface.
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(a) Droplets before the expansion.
wl=8.31mm, wm=7.39mm and
wr=8.3mm

(b) Droplets right after the expansion.
wl=10.34mm, wm=8.7mm and
wr=8.75mm
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(c) Partial discharges as a function of
time around the time of the expansion.
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(d) The relation between
each PD and the phase of the AC voltage.

Figure 4.23: The details of the expansion of all three droplets in the second
D3 2 experiment for salt water drops on an oil saturated sample.
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4.3.2 Simulations

The electrical difference between the oil saturated sample and the dry sample
was a change in permittivity. When the sample was completely saturated
with oil, the permittivity increased from 3.6 to 4.9. This change in permit-
tivity had only a small effect on the field on the surface of the sample. The
changes in field enhancement caused by the droplets was also very small,
about 7% for one 100 µL droplet.

Situation Distance between Greatest E-Field
drops (mm), left to right enhancement

D1 6.5
D3 2 deionized water 1.4 and 1.7 10.5
D3 2 salt water 1 and 1.7 10.4

Table 4.7: The distances between the droplets and the greatest field enhance-
ments detected.

The shape of the field was similar to that observed for dry samples.
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4.4 Liquid-Contaminant Inclined-Plane Track-

ing and Erosion test

4.4.1 Surface roughness

The effect of the erosion test was determined by measuring the difference in
the surface topography before and after the test. For the test sample with no
oil present there was no significant difference in the surface topography when
the current was set to about 6 kV. When the voltage was raised to 10 kV,
the topography was noticeably different. The largest and clearest difference
was observed in the measurement conducted over the high voltage electrode
and the smallest difference was observed in the middle of the electrodes.

Based on the data from the droplet tests the oil saturated sample should
experience a lot of PDs when the voltage was set to 10 kV. Due to time
constraints it was only possible to run the erosion test on the oil saturated
sample for one week. In this experiment salt water flowed down the surface
in just two places. During this test there were some problems with the
water flow around the 20 000 µm mark. The flow would occasionally stop in
the middle of a test without any outside action. This meant that the oil
saturated sample only had one good water flow. However, there appears to
have been a a definite erosion of the surface around this dripping line.
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Figure 4.24: The difference in surface roughness before and after the salt
water had been applied for two weeks. The blue dotted line represents the
surface at the beginning and the red line represents the surface after a week
of testing at 10 kV. The gray squares represents the positions were the water
flowed.
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Figure 4.25: The difference in surface roughness before and after the salt
water had been applied for one week. The blue dotted line represents the
surface at the beginning and the red line represents the surface after a week
of testing at 10 kV. The gray squares represents the positions were the water
flowed.
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Chapter 5

Discussion

5.1 Deionized water droplets

Table 4.1 shows that the inception voltage decreases when there are more
droplets involved. The distances between the droplets and where the droplets
were placed, also effects the inception voltage. When the droplets are placed
above the two electrodes, e.g. in situation D2 1, there are no discharges.
Placing three drops close together decreases the inception voltage compared
to one droplet alone in the middle. Increasing the number of droplets further
decreases the inception voltage. Decreasing the droplet volume leads to an
increase in the inception voltage, but the effect of multiple droplets is larger
than the effect of droplet size. These results are backed up by the simula-
tions, table 4.2. Danikas et al came to the same conclusions in their work as
well [14]. This gives credibility to the results obtained in this thesis work.
The difference in inception voltage between the two measurements for each
of the multiple droplet setups, was due to the differences in positioning of
the droplets. A good example of this was the case with five droplets. The
shortest distance between two droplets in the first case was only 0.42 mm.
The second case had a minimum of 0.77 mm between its droplets. The differ-
ences in the field enhancements and inception voltage reflects this. The first
case has both higher field enhancement and lower inception voltage. The
electric fields obtained in the simulations were similar in shape and size to
simulations conducted by e.g. Moukengué Imano et al and can therefore be
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assumed to be quite accurate.

Significant discharges were first detected around the time of the first large
expansion. When there were more droplets, larger field enhancement, the
size of the discharges increased. In most of the cases studied, the expansion
occurred almost at the same time as the increase in the voltage level. Signifi-
cant partial discharges were also discovered when the voltages was increased,
usually right after an expansion. Both partial discharges and droplet ex-
pansion, depended on the size of the electric field. Both activities started
when the field was raised beyond a given level. The voltage increased by
2 kV at every step in the measurements. This meant that the field became
significantly larger as well. When the droplet expanded, the field enhance-
ment became larger due to the increase in width and sharpness of the contact
angle. [5] [18] Hence the droplet system was a positive feedback system. It
was this major increase in electric stress that caused the partial discharges
recorded in the experiments.

The video recordings made with the microscope, showed the expansion of
the droplets very clearly. The expansions were just like those described by
S. Keim et al [7]. When the expansion occurred, the droplet was visibly
dragged wider. The process started with a slow gliding of the edge and
ended with a sudden burst. When partial discharges, larger than about
50 pC, were recorded with the Mtronix equipment, the surface of the droplet
visibly trembled. This trembling corresponds to the oscillation behavior that
S. Keim et al observed [7]. There was no high speed camera used in this
work, so the exact oscillation period of the surface trembling could not be
determined.

When the surface underneath the droplet had absorbed some water the in-
ception voltage became smaller. The reason for this could be the increase
in moisture around the droplet. S. Feier-Iova and V. Hinrichsen discovered
that the inception voltage level dropped with increasing air moisture [10].
A thorough investigation of a water saturated sample is necessary to obtain
conclusive information about this phenomena.
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5.2 Salt water drops

Increasing the conductivity of the droplets resulted in a lower inception volt-
age, when more than one droplet was present. One salt water drop behaved
very differently than one deionized water droplet, when placed on the surface.
There was no large and sudden expansion of the droplet width. When three
droplets were placed close together the situation was more like that observed
for deionized water. When the shortest distance between the droplets was
about the same the field enhancement and inception voltage were similar.
The salt water drops had the same shape and contact angle as the deionized
water droplets, so the surface tension did not change significantly.

When salt water droplets were placed in the molds left behind by the evap-
oration of other salt water drops no expansion was detected. The salt water
solutions that were used in these measurements were not saturated with salt.
When the new droplets were placed in the salt rings left behind by the old
drops, the salt on the surface was most likely absorbed into the salt water
droplets. These new droplets had the same shape as the droplets at the end
of the last experiment. The droplets from the first test were expanded as
much as possible by the electric field. The new droplets were therefore al-
ready expanded when the measurement started.

In the multiple droplet tests the drops were not placed in the exact same
position each time. In these cases the inception voltage was lowered after
the drying. The salt on the surface may have led to an increase in the surface
conductivity, which in turn increased the chances of partial discharges.

5.3 Oil saturated samples

When the sample was saturated with oil, the inception voltage levels dropped.
The expansions also occurred at lower voltages. The size of the expansion
was also much larger, especially in the cases with only one droplet. When
the voltage was raised to 16 kV, the droplet width was more than twice
what it had been at the start. For the salt water drop this doubling of the
width occurred at 12 kV. When the voltage was increased further the droplet
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broke apart. In all, but one of the three droplet cases with an oil saturated
samples studied here, there was merging of one or more droplets. The dis-
tances between the droplets were similar to those in the dry tests, where no
merging was observed. The contact angle did not change significantly when
the sample was saturated with oil. This means that the difference in surface
tension between the oil saturated situations and the dry situations was small.

The presence of oil inside the sample had a very small effect on the permit-
tivity of the sample, an increase from 3.6 to 4.9. This meant that the size of
the electric field on the surface of the sample changed very little. The field
enhancements were therefore about the same for droplets a oil saturated sur-
face as for those on dry a dry surface. This surprising behavior was discussed
with Gunnar Berg at SINTEF and two different hypotheses were produced.

5.3.1 Decreased surface roughness due to oil diffusion

The surface of the samples used in the experiments were not completely even.
After oil had diffused into the surface, it is possible that it caused an evening
out of the surface. The oil may have gathered in the small depressions on
the surface or covered up elevated parts. This may have provided the droplet
with fewer places to attach itself to the surface. This evening of the surface
may have, along with the oil itself, lowered the friction coefficient of the
surface. A lower friction coefficient would have made it easier for the droplet
to move on the surface, and by extension, lowering the force required to
expand a droplet. Comparing the surface roughness with and without oil
lends some weight to this theory.

The Mitutoyo device showed both the peeks and cracks of the surface it
measured. The surface of the oil saturated sample, figure 5.1a, has a lot
fewer large peeks then the dry sample, figure 5.1b. This trend is observable
in all the measurements taken of the two surfaces. A closer study is needed in
order to obtain a definitive answer. The best approach would be to measure
the roughness at the exact same place both before and after oil saturation.
In order to investigate how oil diffusing onto the surface affected the surface
roughness, a series of measurements should be conducted over time after the
sample has been removed from the oil bath.
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(a) Oil saturated sample
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(b) Dry sample

Figure 5.1: Surface roughness before high voltage was applied to the sam-
ples. Only half the length of the dry sample is used, in order to make the
comparison of the two easier.

The change in friction between the droplet and the surface caused by the oil
can be determined experimentally. One possible setup is to place a charged
droplet on the surface between two electrodes and applying a DC voltage
difference over the electrodes. The droplet can be charged by touching it
directly with a low voltage electrode. When the droplet is charged it will
move in a homogeneous electric field in the direction of the field, see figure
5.2.

By measuring how far the droplet moves on a dry and oil saturated sample
the differences in the friction between the water droplet and the surface can
be determined. A simpler setup would have been to place droplets on a
vertical surface and observe how it moves down the surface.
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Figure 5.2: Charged droplet in a DC field

5.3.2 Reduced electrostatic attraction due to increased
surface conductivity

No material is a perfect insulator. There will always be some charge car-
riers that are free to move about the material. In a dielectric material the
movement of charge is done by ions and electron hopping. Water is a polar
molecule and in an electric field these molecules will align themselves in the
direction of the field. Any charge neutral body placed in an electric field will
behave as a dipole [19]. The main difference between materials is the speed
of the dipole arrangement. Metals have an almost instantaneous reaction
to electric fields, while in dielectric bodies the process takes time. In gen-
eral the polarization of a material is much faster than the redistribution of
charges caused by conduction in the material. Even dielectric materials have
a limited conduction of charge. The time constant for the redistribution of
charge, τ = ε0εr/σ, is an important parameter in separating conductors from
insulators. It is a measurement of how quickly the material recovers from
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the effects of the electric field. This time constant is equivalent to the time
constant of a capacitor, τ = RC, where C is the capacitance and R is the
resistance. This time constant determines the speed with which charges of
in a dielectric placed in an electric field leaks away.

In the experiments preformed in this work the electric field provided by the
electrodes caused an accumulation of charge at the surface. The dipoles in
the water droplet were aligned by these charges, leading to an electric field
over the surface. This field created an electric force between the droplet and
the surface, keeping the droplet in place. According to Lundgaard and Berg
et al oil has a much shorter relaxation time constant then a solid insulator,
due to larger conductivity. They estimated a relaxation time constant for a
solid insulation to be between 5.3 · 103 and 3.5 · 105 s [19]. Pure oil had a
relaxation time constant between 27 and 177 s. This means that oil will lose
its charge much faster than a soil insulator.

It is possible that when the oil diffused into the surface the relaxation time
constant of the surface was lowered significantly. This would have lead to a
decrease of the electric force between the droplet and the surface. This would
again have lead to a smaller force keeping the droplet in place and thereby
making it easier to move. This would explain why the droplets placed on an
oil saturated sample expanded at lower voltage then those on a dry sample.

In order to determine whether there was a difference in surface conductivity
between an oil saturated sample and a dry sample, new experiments would
have to be conducted. In these experiments the samples would have to be
exposed to high voltage for a given time. When the applied voltage was
turned off, the voltage left behind in the sample would need to be measured
over a large time span. The relaxation constant of the two situations could
then be measured and compared. If the oil saturated sample had a signifi-
cantly shorter relaxation time constant than the dry sample, then this might
explain the differences observed in this thesis work.
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5.4 Droplet expansion and breakup

If a spherical droplet is placed in an electric field the relation between the
semi axis will theoretical change according to eqs (2.16) and (2.19) for a
conductive and dielectric drop respectively. For the field strengths used in
this work the changes are given in table 5.1.

Situation a/b
Conductive drop 1.28
Dielectric drop 1.24

Table 5.1: Theoretical calculation of the change in the relationship between
the two semi axis of a free water droplet in an electric field at 16 kV

The data in 5.1 was obtained by using the electric field calculated in the
COMSOL simulations and the graphs shown in figures 2.2 and 2.3. The field
strength was collected at 16 kV and represents the highest possible back-
ground field available during the experiments. The difference between the
two are minimal and supports the assumption of regarding the drop as a
conductive medium.

T.Schütte and S. Hornfeldt discovered a quantitative similarity between the
behavior of a free droplet and a sessile droplet in an electric field [20]. The
sessile droplets observed in this thesis work had a much greater elongation
than the elongation expected for a free droplet. The sessile droplets had
an increase in width of about 54%, accroding to the theory a free dielectric
water droplet should have expanded about 15%. A possbile explanation of
this large difference is the surface underneath the sessile droplet. The surface
provided the droplet with support and removed the need for axial symmetry.
In other words there were fewer restraints on the droplet shape and therefore
it was easier for the droplet to expand.

The ratios between the semi axis obtained from the free droplet theory was
lower then the break up limit value of 1.9. Hence free droplets exposed to
the fields used in this thesis work were expected to remain hole. In order
for the free droplet break up criteria, eq (2.17), to be reached the voltage
would have to be raised to 19 kV. Based on the findings of T.Schütte and S.
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Hornfeldt it can be assumed that the same would apply to the sessile water
drops. The sessile drops used in this experiment did not dissolve in any of
the experiments conducted. That meant the breakup field strength was not
reached. Since the highest voltage used during the experiments was 16 kV
the experiments agree well with the theory.

5.5 Liquid-Contaminant Inclined-Plane Track-

ing and Erosion test

There was no significant difference in the surface roughness after one week
of testing at 6 kV. After to weeks with the voltage set two 10 kV the surface
appeared to be a little rougher, but not to a degree that could be called
erosion of the surface, see figure 4.24. In order to obtain a definite answer
to this erosion test, the test should have been conducted for a longer time
period. In the test with the oil saturated sample, a much clearer erosion was
discovered, see figure 5.3.

Even though the oil saturated sample was exposed to high voltage for a
much shorter time, it had a much clearer erosion of the surface. This was in
agreement with the data observed in the partial discharge test, where clearer
and stronger partial discharges were observed for oil saturated samples.
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(a) Oil saturated sample
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(b) Dry sample

Figure 5.3: Surface roughness around one of the dripping lines over the high
voltage electrode. The red lines show the surface roughness after the voltage
had been applied. The blue lines show the surface roughness before the
voltage was applied.
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Chapter 6

Conclusion

The presence of oil inside the sample had a huge effect on the droplet behav-
ior. Expansion of droplet width occurred at lower voltage and was larger.
Because of this partial discharges started at lower voltages, were stronger and
more frequent. When the drops where made of salt water instead of deion-
ized water the effects were even larger. This agrees well with the findings of
Danikas et al, that greater droplet conductivity meant lower inception volt-
age [14]. The effects of oil inside the sample were larger than both the effect
of placing droplets closer together and changing the volume of the droplets.
The effect of increased droplet conductivity was the smallest of all the pa-
rameters varied.

The effects of oil on the discharges in the system were also visible in the ero-
sion and tracking tests. When the sample was saturated with oil the erosion
was more distinct and developed faster. When the insulation material was
saturated with oil partial discharges were observed at voltage levels similar
to those expected in the turbine. A system with a large probability of surface
discharges will age faster. Based on this it appears that the oil component of
the insulation system should be removed, in order to decrease the probability
of discharges.
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Future work

The reason for the large effect oil had on the inception voltage of the par-
tial discharges for this insulating system were not discovered here. In order
to obtain a good understanding of this situation more experimentation is
necessary. Of the two hypothesis presented in this work, the most likely
explanation is the change in friction between the droplet and surface. The
information and experience obtained in this thesis work has provided a solid
foundation for further experimentation. A good mold for construction of
samples has been designed and many material properties investigated.

From an industrial point of view a longer and more detailed aging study
should be conducted. In order to obtain better results these studies should be
conducted on a larger scale, preferably on an actual turbine insulation system.
This study has assumed that the oil is free to diffuse into the insulation
system. Studies should be conducted in order to determine to what degree
diffusion of oil into the insulation material is likely to occur.
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Appendix A

This appendix shows how one salt water droplet changed under the influence
of an electric field on an oil saturated sample.
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(a) The droplet at the beginning (b) The droplet at 6 kV

(c) The droplet at 8 kV (d) The droplet at 10 kV

Figure A.1: 100 µL salt water droplet in an electric field on an oil saturated
surface.
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(a) The droplet at 12 kV (b) The droplet at 14 kV

(c) The droplet at 16 kV (d) The droplet at the end

Figure A.2: 100 µL salt water droplet in an electric field on an oil saturated
surface.
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