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AND OIL/IMPREGNATED PRESSBOARD FOR HVDC CONVERTER
TRANSFORMERS

by Yuan Zhou

Modern power industry requires higher performance dielectric liquids. Mineral oil is
one of those most important and widely used insulating materials. Recently, research on
the dielectric properties of mineral oil insulation reveal that oil resistivity can greatly
influence the field distribution within an oil-pressboard insulation system in a DC field
environment, especially during polarity reversals. Basic test methods such as dielectric
spectroscopy and polarization and depolarization measurement have already been used to
test mineral oil and pressboard conductivity. However, the knowledge about the
mechanism of electrical conduction ininsulating oil and pressboard is still limited.
Therefore, the goal of this thesis is to gain a better understanding of the mechanism of
electrical conduction in mineral oil and oil impregnated pressboard.

Polarization and depolarization current method (PDC) has gained huge popularity
for insulation diagnosis. This time-dependent measurement may provide sufficient
information about the dielectric properties of mineral oil and its electrical performance.
Here, the dielectric characteristics of three types of mineral oils with different ageing
times have been studied using the PDC method. A new polarization theory involving two
kinds of charge carriers have been proposed to explain the dielectric behaviour observed
in our measurements.

Dielectric spectroscopy is a powerful tool to study dipole relaxation, electrical
conduction and structure of molecules. Electrode polarization, as a parasitic effect due to
the blocking of charge carriers in the vicinity of an electrode, can make the frequency

response at low frequency difficult to understand. Since charge carriers in mineral oil are



not only generated from dissociation but also from injection at electrodes, the current
induced by the motion of the injected charge carriers should also be taken into
consideration. The polarization caused by the injection current has been studied in this
thesis. When the electric field is not intense, the injection current is proportional to the
field and only contributes to the imaginary part of the complex permittivity. A new
computer based calculation method and a modified space charge polarization theory have
been proposed with this injection current being involved. The frequency responses of
three different kinds of mineral oils have been measured and the experimental results
have been compared with the simulation using the modified model. It seems the density
of the injected charge carriers increases with the aging period. This new model enables
one to gain a better understanding of electrical conduction in mineral oil.

The design and choice of an electrode system is important in DC conductivity
measurement of insulating liquid. In this thesis, the electric field distribution of an
electrode system which consists of two parallel circular metallic electrodes and a guard
electrode has been studied using Comsol Multiphysics software. A new parameter which
is not yet involved in current standards, the edge radius, has been investigated by means
of field calculation. It has been found out that there are regions in the vicinity of the edges
of the guard and measuring electrode at which the field is dramatically distorted. If the
edges of these two electrodes are sharp, the maximum electric field in the test cell will be
much higher than the average field between the measuring electrode and the high voltage
electrode. An empirical equation has been proposed to calculate this maximum field. The
classic correction expression of effective radius has been re-evaluated with the edge
radius being taken into account. Experimental work has been performed to confirm this
conclusion. Three kinds of mineral oils with different aging times have been tested under
the DC field using a guarded electrode system and the electric strengths of these oils have
been estimated. A recommendation has been made to current standards in insulating
liquid measurement.

The dielectric properties of the oil impregnated pressboard sample have been evaluated
with the PDC measurement under different temperatures and electric fields. The classic
R-C equivalent model has used to explain the dielectric behaviour of the oil/pressboard
sample in our PDC measurement. As the electrode effect should be taken into
consideration in a DC field, a modified R-C equivalent model has been proposed and

used to fit the experimental results and good fitting has been obtained.
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Definitions and Abbreviations

A,s7\, : Effective area of measuring electrode obtained from ASTM D257 (m°)
A, ruiation - Effective area of measuring electrode obtained from simulation (m?)

C, : Geometrical Capacitance (F)

C : Concentration of ionic pairs (m™)
D : Diffusion coefficient (m?/s)

D, : Diffusion coefficient of positive charge carriers (m?/s)
D : Diffusion coefficient of negative charge carriers (m?/s)

D, : Diffusion coefficient of injected charge carriers (m?/s)

d : Half of distance between the electrodes (m)

E,.: Activation energy for temperature dependence of conductivity (eV)

E,., : Activation energy for temperature dependence of Viscosity (eV)

E..r : Average field between measuring electrode and high voltage electrode (V/m)
Emax - Maximum electric field in a guarded electrode system (V/m)

E, : Magnitude of AC field (V/m)

F : Electric force (N)

F ' Friction force (N)

f : Frequency (Hz)

G : Total conductance (S)

g : Distance between measuring electrode and guard electrode (mm)

h : Distance between measuring electrode and high voltage electrode (mm)

| :Current (A)

2m+a
|, : First kind modified Bessel function of order one. 1,(x)= Zz Oﬁ(gj
“miI'(m+a+

lgep : Added depolarization current (A)

14



liep - Depolarization current (A)

I« - Difference of magnitude of polarization and depolarization current (A)
ip : Polarization current (A)

j : Current density (A/m?)

J : Current density of dissociated charge carriers (A/m?)
J 4 : Current density of depolarization (A/m?)

Ji : Current density of injected charge carriers (A/Im?)

J. : Current density of positive charge carriers (A/m?)
J_: Current density of negative charge carriers (A/m?)
J: : Total current density of injection (A/m?)

K, : Dissociation coefficient (sh

K;’ : Dissociation coefficient at zero field (s™)

K : Recombination coefficient (s™)

L. () =1.(3

T
K,: Modified Hankel function of second kind K, (X) =— -
2 sin(ar)

k : Boltzmann constant (8.617 x10°eVK™)

| : Distance between electrodes (m)

ly: g =0° / 4me,e KT Bjerrum distance (m)
|, : Distance between ionic pairs (m)

l,: 1, =(q/ 4ze,e,E)"? Onsager distance (m)
N : Density of charge carriers (m™)

n, : Density of positive charge carriers (m?)
n_: Density of negative charge carriers (m™)
Q' Induced charge density at electrode (C/m?)

q : Elementary charge (1.602x107*° C)
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g, : Injected charge density (C/m®)

qi0 : Charge density related to nature of electrode and liquid (C/m®)

R : Effective radius (m)

R, : Effective radius calculated from simulation (m)

Ry : Geometrical radius (m)

r : Edge radius (mm)

I, - Radius of charge carrier (m)
S : Surface area of electrode (m?)
T : Absolute temperature (K)

t: Time (s)

t, : Electrification time (s)

V : Electric voltage (V)

V, : Magnitude of AC electric voltage (V)

V: Velocity of charge carriers (m/s)

v, : Velocity of liquid (m/s)

Xg - Minimum distance that a charge carrier can get to electrode (m)
o : Ratio of conductivity of injection over the total conductivity

& : Permittivity (F/m)

&, - Permittivity of vacuum (F/m)

& : Relative complex permittivity

£": Real part of relative complex permittivity

&": Imaginary part of relative complex permittivity
n . Viscosity (mPa-s)

x : Ratio of field enhancement

A : Eigenvalue

1 - Mobility of charge carriers (m*s ' V)
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L2, - Mobility of positive charge carriers (m*s™ V™)

1. Mobility of negative charge carriers (m*s ' V)

1, : Mobility of dissociated charge carriers (m*s ™ V%)

L& : Mobility of injected charge carriers (m*s™ V™)

& :lonic adsorption rate at the electrode

p - Total injected charge density (C/m?)

p, - Total injected charge density from one electrode (C/m®)
P, - Total charge in charge layer (C)

Poppo - Total injected charge density from the other electrode (C/m?°)

Pt - Total injected charge density from two electrodes (C/m®)
o . Conductivity (S/m)

o; : Conductivity of injection (S/m)

o, - Dissociated conductivity (S/m)

¢ : Electric potential (V)

® : Angular frequency (rad/s)
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Chapter 1 Introduction

1.1 HVDC power transmission and HVDC converter transformers

High voltage direct current (HVDC) technology has attracted more attention in long
distance power transmission and the number of HVDC projects commenced or under
consideration has steadily increased in recent years. Compared with the traditional HVAC
transmission system, the HVDC transmission system can be advantageous on long
distance electricity transmission, interconnecting separate power systems and long
submarine cable crossings [1-4].

The two basic converters used in a HVDC transmission system are the line
commutated current source converter (CSC) and self-commutated voltage source
converter (VSC), which are shown in Figs. 1.1 - 1.2 [5]. A conventional HVDC converter
station with CSC is shown in Fig. 1.1 and a HVDC converter station with VSC is shown
in Fig. 1.2. The conversion process in a CSC relies on the line voltage on the AC side to
effect the commutation from one switch device to another one. The thyristor is widely
used as the switch device in a CSC. On the DC side of the CSC, the direction of DC
current does not change and the magnitude of this DC current can be treated to be
constant as it flows through a large inductance [5-6]. For this reason, CSC can be
considered as a current source converter. Because the thyristor can only be turned on by
control action, one limitation of a CSC converter is that a synchronous machine should
always be involved in a HVDC converter to provide the commutating voltage. To solve
this issue, the semiconductor device, the insulated gate bipolar transistor (IGBT), which
can control both turn-on and turn off actions, has been used in the design of a VSC. In a
VSC, the polarity of the DC voltage is always fixed and the DC voltage is smoothed by a
large capacitance and it can be considered constant. Thus, the VSC with IGBTSs is usually
referred to as a voltage source converter [5-6].

The HVDC converter transformer is one of the most costly and important components
in a HVDC transmission system. Carlson has summarized the primary functions a HVDC
converter transformer serves as [7]:

e “Supply of AC voltages in two separate circuits with a relative phase shift of 30

electrical degrees for reduction of low order harmonics, especially the 5™ and 7"

harmonics.”[7]
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e “Act as a galvanic barrier between the AC and DC systems to prevent the DC
potential to enter the AC system”[7]

e “Reactive impedance in the AC supply to reduce short circuit currents and to
control the rate of rise in valve current during commutation”[7]

e “Voltage transformation between the AC supply and the HVDC system” [7]

o “A fairly large tap range with small steps to give necessary adjustments in supply

voltage”[7]

HVDC-CSC

CDutdoor

Indoor

Thyrstor Valves

Fig. 1.1 Scheme of CSC transmission system [ref 5]

A HVDC converter transformer suffers from the normal AC electric field and the
extra DC electric field generated by the DC potentials. The DC electric field is mainly
determined by the resistivities of the insulating materials in a steady state condition,
which is different from the capacitance-governed AC electric field [8-9].

It is commonly accepted that space charge can be easily formed under a DC field and
the field distribution can be distorted by the presence of the space charge. The electric
conduction can also be affected by the space charge effect, and the mechanism of the DC
conduction in oil or oil impregnated pressboard is still not clearly understood. Therefore,
research on the DC conductivity of oil and oil/pressboard insulation can benefit the
quality diagnostics of the HVDC converter transformer and the HVDC power

transmission.
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HVD C-VSC «

AC

Outdoor

Indoor

BT Yahes

Fig. 1.2 Scheme of VVSC transmission system [ref 5]

1.2Mineral oil and oil impregnated pressboard insulation in transformer

The mineral oil and the oil impregnated pressboard, as the insulation materials, have
been used in the HVDC converter transformer for their low cost and good dielectric

properties.

1.2.1 Mineral oil in transformer

Mineral QOil, a highly insulating material and non-conductive coolant, is widely used in
power industry. In the majority of cases, mineral oil is a product of petroleum and is a
complex mixture of paraffin, naphthene, and aromatic and naphthenoarmoatic compounds.
Small amounts of derivatives of hydrocarbons that include atoms of other elements, such
as nitrogen, sulphur and oxygen, also can be found in mineral oil [10]. When mineral oil
is exposed to surrounding environment, gaseous molecules, such as oxygen, nitrogen and
water vapour, may also be dissolved into the mineral oil and the dielectric property of the
oil will change. Evidently, since the quality of the mineral oil affects the performance of a
transformer, how to estimate the status of the mineral oil has become a worthy issue in
recent decades [10-12].
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1.2.2 Pressboard in transformer

Pressboard is a class of cellulose based material constructed of several layers of paper
which have been compressed using a combination of heat and pressure to form a stiff and
dense media. Pressboard consists of cellulose and hemicellulose. The tensile strength and
electric strength of pressboard decrease with aging and finally the pressboard can no
longer withstand the high electric field[13]. The mechanism of aging of pressboard is
complex and relies on the operating conditions [13]. An important parameter to indicate
the paper degradation is the degree of polymerization [14]. IEC 60450 states that the
average value of degree of polymerization for new pressboard is expected to be 1000~
2000 [15]. If this value reaches 150~ 200, the pressboard is considered to be defective
and needed to be replaced [15-16].1t is generally accepted that temperature, moisture and
oxygen are major factors that can affect the aging of pressboard in transformers [17-24].
Degradation is a chemical reaction, which obeys the Arrhenius theory of reaction Kinetics,
meaning that the reaction rate is related to the reciprocal of the absolute temperature. It
was reported that above 140 °C, the oxidation reaction and hydrolytic reaction could be
enhanced and the degradation rate could be accelerated [17-21]. Fabre and Pichon found
that reducing the oxygen level from saturation level in oil can effectively prevent the
degradation of the pressboard. [20]. When a transformer is aged, the water content in
pressboard increases resulting in a low electrical strength [22-24]. The degradation rate of
pressboard at normal service temperature with moisture of 4% has been shown about 20
times higher than that with only 0.5% moisture, so water content is a significant factor

that can affect the pressboard aging [24].

1.3 Definition of DC conductivity in oil impregnated pressboard

DC conductivity measurement is one of the simple methods to evaluate the dielectric
quality of the oil/pressboard insulation. Different international standards have been
developed to provide guidance in DC conductivity measurement. IEC 61620, IEC 60247
and ASTM D 11609 are the standards for the measurement of insulating liquid, whilst IEC
60093 and ASTM D257 are the standards for the measurement of solid sample [25-29].
Here, a brief description about the definition of the conductivity in these standards will be

given.
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1.3.1 IEC 61620

The conductivity defined in IEC 61620 is related to an initial current density during a
very short period of time, which is also known as the initial conductivity. The electric
field used in the measurement is below 100 VV/mm and the electrification time is below 5
s [25].

1.3.2 IEC 60247
IEC 60247 relates conductivity to a steady state current density. The maximum electric
field defined in this standard for measurement is below 250 V/mm. The time of

electrification is 1 min [26].

1.3.3ASTM D 1169
ASTM D 1169 relates the conductivity to a current density at a given instant of time.
The electric field recommended by this standard is 1.2 kV/mm, which is slightly higher

than those used in other standards. The electrification time is 1 min [27].

1.3.4 IEC 60093

IEC 60093 states that the conductivity should be calculated from steady state current
density. The maximum voltage recommended by this standard is 15 kV. In this standard,
current will be measured at 1, 2, 5, 10, 50, 100 min until steady state is reached. If steady
state is not reached within 100 min, the conductivity should be reported as a function of

electrification time [28].

1.3.5ASTM D 257
ASTM D 257 defines that the conductivity should be related to *“a current without
respect to time” [26]. The maximum electric field suggested by this standard is 15

kV/mm. The electrification time is 1 min [29].

If the standards for the liquid conductivity measurement (IEC61620, IEC60247 and
ASTM D 1169) are scrutinized, the procedures for liquid conductivity measurement are
all performed under very short times of electrification and at very low electric strength.
The electrification time defined in the standards for insulating liquid is not long enough

for the current to truly reach a steady state [30]. Non- linear behaviour of electric
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conduction in mineral oil can be observed when the field is high, which is also not

involved in these standards [30].

1.4Electrical conduction in mineral oil

1.4.1 Dissociation and recombination

The creation of charge carriers in liquids is usually governed by physical and chemical
processes. When the electric field is low, the dissociation of impurities or of the liquid
itself determines the conductivity.

Electrolytes are substances that can ionize when added to suitable ionizing solvents.
Thus, even before the impurities are introduced in the electrolyte, there are ions existing
in the electrolyte. The dissociation process can be described as

(A'B )< A" +B~ (1.1)
where (A"B™) stands for the density of ionic pairs, A" and B~ are the concentration of

free ions [31].

In non-polar liquids, the molecules are usually formed by covalent bonds and they can
hardly generate free ions. However, these molecules might react with other substances to
produce ionic pairs and the newly generated ionic pairs can be dissociated into free ions.
Thus, the dissociation in non-polar liquid can be described as

C+D<(A'B )< A +B- (1.2)
where C and D stand for the impurity molecule and non-polar molecule in the liquid [31].

As the free ions are usually generated from the dissociation of ionic pairs, the
dissociation and recombination of ionic pairs can be described using the following
equation:

dn, _dn _ K,c—K,n.n_ (1.3)
dt dt

where c is density of ionic pairs, n,and n_ is density of positive and negative ions in the

liquid. K, (s™) is the dissociation coefficient and K, (s™) is the recombination coefficient
[31].

Debye [32] obtained the recombination coefficient by calculating the collision
frequency as a result of Brownian motion and the Coulomb interaction with the rest

charge. The recombination coefficient can be denoted as
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K, =qf (e b)? (1.4)
&

r

where I; (m) is the distance between ions in an ionic pair and I; (m) is the Bjerrum

distance at which the Coulombian interaction electrostatic energy between two ions of

opposite polarity equals to their thermal energies, |, = q° / 47¢,£,KT , & is the permittivity.
u, (m’s*VY) and g (m??*V?) are the mobility of positive and negative ions. For

nonpolar liquid, such as mineral oil, Bjerrum distance is much higher than distance
between the ions, and then this recombination coefficient becomes [33]
K, =qfti (1.5)
&
In the presence of the electric field, the dissociation coefficient can also change.
Onsager [34] has studied this effect. When an electric field is present, the dissociation
coefficient can be written as [34]

1,(2b)

K, =K -

(1.6)

with b=1; /1, |, (m) is Onsager distance at which the force due to electric field equals to

the attractive force between two ions of opposite polarity, |, = (q/4ze,e,E)"? (m). ,is

the first kind modified Bessel function of order one.

1.4.2Charge transportation
Assuming that ions are the only charge carriers in the liquid and the movement of
these ions behaves like spheres moving in a continuum. The expression for the ionic

transportation can be denoted as
v=uE-p" (L.7)
n

where D (m?s™) is the diffusion coefficient. According to Einstein relation, the diffusion

coefficient can be written as

D:f%I (1.8)

When it comes to a fluid in motion, ions are advected with the liquid, which means the
transportation equation should be modified as
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v:yE—D%+vI (1.9)

whereV, (m/s) is the velocity of liquid. As seen from the above equation, the first term is

due to the drift of the ions, the second term accounts for molecular diffusion and the last
term is caused by the motion of the liquid [31].

1.4.3 Charge injection

In nonpolar liquids, charge transportation and injection are different from that in solid
and gas. A two-step process can be used to explain the injection in non-polar liquid: the
charge carriers are first created at the interface of the metal electrodes and the liquid, and
then these charge carriers will be extracted by the electrical force [35-36]. The second
step has been fully studied; whilst the mechanism of charge transfer at electrodes is still
not clearly understood [35]. The second step of the injection process in liquid was first
studied in 1978 by Felici [37]. In Felici’s theory, the field distortion in the vicinity of the
metal electrodes and the charge transportation mechanisms participating under a non-
homogeneous field have been taken into account and a general expression for charge
injection was derived [37-38]. Later, detailed studies on the electric conduction when
both injection and dissociation are present in dielectric liquid have been carried out by
many researchers [36-46]. Alj et al compared the experimental results and this injection
theory and they found the injection current might be proportional to the concentration of
ions at thermodynamic equilibrium [35]. Nemamcha et al confirmed that this theory was
valid under different temperatures [36]. Pontiga and Castellanos suggested that Onsager’s
field enhanced dissociation theory should also be involved in the charge injection of non-
polar liquid [45-46].

In liquids, the diffusion of ions can affect the electrical conduction due to a high
mobility of charge carriers. By taking consideration of the diffusion and the electrical

drift, the current density can be denoted as:
J = unqE — qu—n (1.10)
dx
where x (m?sV™) is the mobility of ions, E (V*m™) is the electric field, n is the charge
density, D (m?s™) is the diffusion coefficient. In the vicinity of the electrode, ions are not

only driven by electric field, but also image force from the electrode. Therefore, if there is

no presence of space charge, the electrical potential can be written as:
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___ 9 _
P(x) = Tomex xE (1.11)

where x(m) is distance between ion and electrode. After a long time of drift, the current
flow enters a quasi- equilibrium state. By calculating the ratio of the current near the
electrode and the quasi- constant current in a long distance from the electrode, the charge

at considerable long distance can be described as [35]:

0

2bx K, (2b)

_|_9E
b= 167g,e,k*T? (1.13)

where g, (C/m°) is the charge density that is considerable far away from the electrode

q (1.12)

with

where the charge density could be treated as constant, g’ is a constant that is determined

by the nature of the electrode and liquid, K, is the modified Hankel function of the first

order [35].

1.5Factors of influence on the conduction in mineral oil

Transformer failures can result in power stoppage and asset losses with damage from
power outage or fire. Using of oil impregnated pressboard in transformer can increase the
reliability of transformer at a reasonable cost. Correct evaluation of the conditions of a
transformer would be of enormous importance to the power industry. To minimize the
costly maintenance and to plan the replacement rationally in future, it is necessary to have

knowledge on the factors that can affect the dielectric properties of the mineral oil.

1.5.1 Electric field

Theoretical studies and experiments carried out by various researchers have indicated
that the conductivity values of insulating liquid measured with increasing electric field
follows a particular trend [47-52]. As seen from the experimental results obtained by
Briere and Gaspard [47] shown in Fig 1.3, the field dependence of the current density of
nitrobenzene can be distinguished into three regions: a low field region where the current
density is proportional to the electric field; a medium field region where the current
density seems to be saturated; and a high field region in which the total density of charge
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carriers increases dramatically with the electric field and leads to breakdown finally [47].
The saturated region might not be observed sometimes due to the interference of
impurities in insulating liquid [48-50].
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Fig. 1.3 A typical curve of current-voltage of nitrobenzene [ref 47]

In the first region, the free ions extracted by electric field can be replaced by the newly
produced ones in the insulating liquid, thus, the conductivity remains at a constant value.
In the next region, the density of free ions decreases as the ions are drifted away from the
bulk at a faster rate than their generating rate. As the newly generated charge carriers are
majority free charge carriers in the mineral oil, the conductivity of the mineral oil
depends on the ionic dissociation rate. Hence, if the dissociation rate and recombination
rate do not change, the current density seems to enter a saturated region and the
conductivity decreases with the electric field. In the third region, the charge injection and
ionic dissociating rate increase enormously, and consequently, more charge carriers are

generated from dissociation and injection and the conductivity increases with the electric
field [51-53].

1.5.2 Temperature

The viscosity of insulating liquid decreases with the temperature, thus, the mobility of
the charge carriers becomes high when the temperature rises [54-55]. The dissociating
coefficient also increases with the temperature, so there would be more charge carriers

under a higher temperature [56]. Then, more charge can be transported at a higher
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temperature and the conductivity increases with the temperature. As seen from Fig 1.4,

the temperature dependence of Benzene can be depicted using the following equation [53]:
o(T)~ A -5 (1.14)
where T (°C) is the absolute temperature in Kelvin, A is a constant related to the nature

of ions in liquid, k is the Boltzmann constant and E,; (eV) is the activation energy. The
temperature dependence of the conductivity of most insulating liquids also satisfies Eq.
(1.1) [54-55].

LOG CONDUGTANGE, ohms™!
LOG SPEG. CONDUGTANGE, OHM=! oM~ !

=13

Fig. 1.4 The temperature dependence of the conductivity of Benzene[ref 53]

1.5.3 Moisture and water

It has been accepted that the deterioration of electrical properties of insulating liquid is
affected by the moisture. As seen from Fig 1.5, DC conductivity of hydrocarbon liquid
increases with water content. For new mineral oil, a water content of 20 ppm can be
responsible for a conductivity enhancement by one order of magnitude [57-62].

The relationship between water content and mineral oil conductivity is still not
clearly understood. Itahashi and his colleagues investigated the effect of strength of
hydrogen bonding energy on the electric conduction [60]. According to their experimental
result, it seems that the conductivity under nano-second pulsed field increases
exponentially with the water content.
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Fig. 1.5 The conductivity of hydrocarbon liquid can be affected by the water content[ref 59]

Kleinheins has claimed that when water concentration is well below the saturation
concentration, the current increases linearly with the water content and the mobility of
charge carriers shows a linear dependence on the water content [61]. Stannett has studied
the resistivity of the insulating oil with the presence of the water droplet and an inverted
“V” shape resistivity-temperature characteristic was observed in his experiment [62].
Stannett thought that more water droplets were dissolving into the oil when the
temperature increased and the total conductivity would decrease as there would be fewer
water droplets to carry the charges [62].

Craig confirmed the study of Kleinheins and Stannett, and found once an emulsion of
water and oil was formed, the conductivity decreased rapidly. He claimed that the
emulsion had a completely different electric conduction based on the movement of the

water droplet and the formation of extra chains among the water droplets [63].

1.6 Factors of influence on the conduction of oil/pressboard insulation

To withstand the high electric field, paper and pressboard are used widely in
transformers. The dielectric properties of oil/pressboard insulation can affect the
breakdown strength greatly, especially during polarity reversal [64-66]. It is commonly
acknowledged that the electrical conduction in oil/pressboard insulation can be affected
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by temperature, moisture and oxygen [17-24]. The DC conductivity measurement of
oil/pressboard insulation is usually performed using polarization and depolarization
current (PDC) measurement techniques. Here, the factors that can affect the PDC
measurement will be discussed.

1.6.1 Temperature

The experimental results obtained from PDC measurement are strongly influenced by
the temperature [67]. The equilibrium of moisture between oil and pressboard is
temperature dependent [68]. Increase in the temperature will break the balance of water
content between oil and pressboard. Also, the dissociation coefficient and the mobility of
the charge carriers are also temperature-dependent. Hence it is essential to study the effect
of the temperature.

As seen from Fig 1.6, the polarization current increase with the temperature [69]. The
temperature dependence of conductivity of oil/ pressboard insulation can also be
described using Arrhenius equation (Eq. 1.1), which has been verified by many
researchers [68-74]. For outdoor performed experiment, the temperature of oil and
pressboard might not be constant. Therefore, Fofana et al have studied the effect of
thermal transient in the PDC measurement for the oil/pressboard insulation [73-76]. They
suggested using the temperature values at the beginning of the measurement to analyse
the polarization current and the temperature after the measurement for the depolarization
current [75-76].

Pol Current (A)
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Fig. 1.6 Temperature dependence of polarization current in oil [ref 69]
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1.6.2 Moisture

Pressboard is vulnerable to moisture. It has been observed that the expected life
period of dry pressboard can be reduced if its moisture content is high [77-79]. PDC
measurement is sensitive to moisture and the experimental results can be affected by the
water content. Itahashi et al have investigated the effect of moisture on the conductivity
of the oil/pressboard insulation and found out that the conductivity becomes larger when
the water content increases [58]. It has been reported that moisture in pressboard might
form bridge inside the pressboard and charge carriers could move faster through these
bridges [58]. Jadav et al have studied the impact of moisture to the dielectric response of
oil and paper insulation [77].
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Fig. 1.7 Magnitude of the polarization current decreases at the initial stage of aging and then increases when
the aging period is over 336 h. [ref 77]

As seen from their experimental results which are shown in Fig. 1.7, the polarization
current is decreasing with aging at the initial stages of aging. After a certain period of
time, the polarization current starts to increase. They thought the drop of polarization
current for the initial stage of aging is due to the migration of the moisture from the paper
to the oil [77]. Fig. 1.8 shows the moisture change of the pressboard during the aging [77].
Al and B2 pressboard sample have different water content the aging [77]. As seen from
Fig. 1.8, the moisture of the pressboard fluctuated, which suggested that the water
solubility of the pressboard and oil changed with the ageing time and the water
equilibrium of oil/pressboard could be disturbed during the ageing period [77]. Saha et al
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have found out that solubility of oil increases with aging and the aged mineral oil hold
more water in comparison with fresh oil [80]. The phenomenon that the oil can absorb

water from the pressboard has been reported in several literatures [81-83].
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Fig. 1.8 Moisture of paper decreases at the initial stage of aging and then starts to increase with the aging
time. [ref77]

1.6.3 Conductivity of pressboard and oil

As the conductivity of oil impregnated pressboard is determined by the dielectric
properties of both pressboard and oil, the conductivity of pressboard and oil can affect the
polarization current that flows through an oil impregnated pressboard sample. Gafvert et
al suggested that PDC measurement should be considered as a preferred method as the
dielectric characteristic of oil and pressboard can be evaluated separately from the
experimental results [84]. Saha et al have claimed that the time domain dielectric
response of oil/pressboard insulation could be correlated to a response function which
describes the fundamental property of a dielectric system [85]. The response function for
oil/pressboard system can be denoted using a parametric form as [85]

f)e—A2 (1.15)

)

Earlier researches have reported that the condition of mineral oil mainly influences the

withA>0 ,t;>0 ,m>n>0and m>1.

initial parts of polarization and depolarization currents, whilst the long-term values of

these current are sensitive to the condition of the pressboard [86-88]. Saha et al have
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simulated the theoretical curves for the polarization and depolarization current based on
different conductivity of oil and paper and compared their simulation results with the
experimental results [88]. A good agreement with experimental results can be found in
their work [88].

1.7Aim of thesis

The general objectives of the present study are as follows:

1. Establish a methodology for measuring oil DC conductivity and guidance for
interpretation and evaluation of the measured oil DC conductivity characteristics.

2. Understand the relationship between oil status (ageing) and its DC conductivity.

3. Establish the relationship between the DC conductivity and the applied electric
fields.

4. Understand charge carrier generation and transportation in the oil.

5. Make recommendation for new standards.

6. Establish a methodology for measuring DC conductivity of the oil/pressboard
insulation and guidance for interpretation and evaluation of the measured DC

conductivity characteristics of the oil/pressboard insulation.

1.8 Structure of thesis

This thesis reports the research work on dielectric characteristics in oil/pressboard
insulation under both high and low electric field by quantitative numerical modelling and
experimental investigations. It is structured in several chapters describing the following
work.

Chapter 2 describes the experimental procedure for DC conductivity measurement of
mineral oil and the experimental results are provided and analysed.

Chapter 3 reports the frequency dependent characteristics of the mineral oil. The initial
conductivity obtained using time-domain measurement has been compared with that
acquired from frequency-domain measurement.

In chapter 4, the classic ionic drift and diffusion model has been used to explain the
frequency response of mineral oil. A theory of injection induced polarization has been

derived wusing ionic injection models under both homogeneous field and non-

34



homogeneous field. A modified Coelho model has been proposed and compared with the
computer based simulation.

In chapter 5, the depolarization current has been studied. A depolarization model has
been developed and used to fit the experimental results. The dissociation conductivities of
different kinds of oils have been calculated and analysed.

Chapter 6 suggests the field enhancement in a guarded electrode system can be quite
serious for insulating liquid measurement. An empirical equation has been provided to
calculate the maximum field in a guarded electrode system when this system is
submerged in dielectric liquid.

Chapter 7 gives a brief description of the procedure of DC conductivity measurement
for oil/pressboard insulation and relevant experimental results have been presented. A
modified R-C model has been proposed to fit the experimental results.

Chapter 8 summarizes the conclusions from the above work on the electrical

conduction in mineral oil and oil/pressboard insulation.
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Chapter 2 DC Test System and
Measurement on Mineral Oil

2.1 Mineral oil and its degradation

Mineral oil has been widely used in power transformer for its excellent insulation
properties and as it is a low viscosity coolant. Basically, mineral oil is made of
hydrocarbons and these hydrocarbon molecules can be divided into three main groups as
shown in Fig. 2.1.

e Paraffin

Paraffins, which are also known as alkanes, consist of only single bonds. All
these bonds are hydrogen and carbon bond.

e Naphthene

Naphthenes, which are also called as cycloalkanes, have one or more rings of
carbon atoms.

e Aromatics

Aromatics are kind of hydrocarbons that have carbon rings with alternating
double and single bonds between the carbon atoms.

H
/"‘_“ H.: C
H H H C\ H N
] /
R )
\ / HC CH
H H H s ¢’ \C —
Paraffins Naphthenes {\milmjcs

Fig. 2.1 Hydrocarbon compounds in mineral oil

It is commonly accepted that the dielectric properties of mineral oil deteriorates under

the impact of electrical, thermal and chemical stress in service.



2.1.1 Electrical stress
In non-polar liquid, molecules are formed by covalent bonds. Free electrons that
escape from the conduction band of the metal electrode are injected into the liquid and
accelerated by the electric field. If the energy on the free electrons is large enough, the
electron collision with the molecules can break the vulnerable bonds in the molecules and
resulting in pairs of free radicals [89-90]. This process can be described as
M-N—-3>Me+Ne (2.1)
where M-N is the vulnerable molecules in non-polar liquid, Me and Ne are the free
radicals. In chemistry, a free radical is any atom or molecule that has a single unpaired
electron in an outer shell. In mineral oil, once free radicals are formed, they can act as
initiators for chain reactions involving free radicals and hydrocarbons to accelerate oil

ageing [90].

2.1.2 Thermal stress

When the insulating liquid is used in high voltage apparatus, sometimes the
temperature of the insulating liquid is quite high (usually below 100 °C). Occasionally,
the energy accumulated on the molecules with weak covalent bonds can be large enough
to reach the excitation level and free radicals can be generated through the breakdown of
the covalent bonds [90].

2.1.3 Chemical stress

In insulating liquid, the dissolved chemical aggressive oxygen molecules can react
with the free radicals that generated from the hydrocarbon molecules and participate in
the formation of soluble oxidation products and insoluble sludge [90-92]. Sanghi has
given some general reactions [92]
R-H+X — R ¢ +HX
Re+0, > R-0-Oe
ROOe+RH —» ROOH+R
ROOH > R-Oe+0OH e

ROe+RH — ROH+R e
OHe+RH — H,O+R e

(2.2)

Some of the oxidation products are acidic material and they can damage the
component of the high voltage equipment [92]. As the oxidation process generates more

free radicals and these free radicals form extra ions, the oxidation products affect the
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characteristic of the insulating liquid and the dissipation factor of the liquid increases. The
accumulation of the free radicals can also increase the chance that a covalent bond is
formed between two large radicals to generate insoluble sludge, which can impair the heat
transfer and the insulating properties [92]. As the DC conductivity is one of the important
parameters used in the quality diagnostics of the insulating liquids, understanding the

correlation between the DC conductivity and the aging effect has become a crucial issue.

2.2 DC measurement system

Our DC conductivity test system contains two parts, treatment part and measurement

part.

2.2.1 Qil filtration

In order to remove contaminants, oil samples will undergo a filtration process. The oil
filtration system includes a beaker, a vacuum pump, filter paper and a filter funnel. The
filter system is illustrated in Fig. 2.3. First, a filter paper shaped like a disk is folded in the
cone and placed inside the funnel. Oil is then poured into the filter funnel with the
vacuum pump assisting to increase the speed of the filtration. Small particles are left on
the paper because they are too large to pass the paper. The smaller liquid particles are
able to go through. The liquid then goes into the glass beaker. When the glass beaker is
half filled with oil, the filtered oil is removed and the used filter paper is discarded. When
all the oil sample has been filtered, the oil is inserted into the pressure vessel for

degassing.
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Fig. 2.2 Oil filtration system

2.2.2 Treatment of oil

The degassing of oil sample follows the procedures proposed by CIGRE working
group A2/1.41 to reduce the influence from dissolved air. The oil treatment system
consists of a vacuum pump, an electromagnetic hotplate, a pressure vessel and a vacuum
gauge. The pressure vessel and the electromagnetic hotplate are shown in Fig. 2.3. There
are five steps in the oil treatment. First, fill the pressure vessel with the 500 mL oil to be
tested, and then place the pressure vessel on the electromagnetic hotplate and pump it to
vacuum without turning on the stir knob. According to the test procedures given by
CIGRE working group A2/1.41, the maximum pressure in the pressure vessel should
below 100 Pa. Second, turn on the stir knob when the pressure vessel has been vacuumed
at least 10 minutes. Third, turn on the heat knob after another 10 minutes and heat the
pressure cell to 90 °C. Fourth, keep the pressure vessel vacuumed for at least3 hours and
then switch off the valve on the pressure cell. Fifth, fill up the pressure cell with Nitrogen
gas. During the treatment, avoid exposing the oil to air, because oxygen and moisture
from air will introduce more charge carriers in mineral oil and then increase its
conductivity [93, 94].

2.2.3 Measurement system

In our DC measurement, a three-electrode system will be used to get a more accurate
result. First, connect the vacuum pump to the test cell and vacuum the test cell, and then,
use the pressure vessel to inject the oil. When the oil is injected into the test cell, keep
vacuuming the test cell for another 3 hours. A PTFE spacer will be used to create an oil
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gap between the measuring electrode and high voltage electrode. The test cell which is
modified from Kuchler’s DC test cell is shown in Fig. 2.4 and Fig. 2.5 [95].

Fig. 2.4 Photograph of the oil test cell in oven

The DC Conductivity measurement system follows the test system designed by Li and
his colleagues [96]. This system consists of a test cell, an oven, a vacuum pump, a pico-
ammeter, a high voltage supply. The system is connected as that shown in Fig. 2.4. When
the test starts, the pico-ammeter is turned on first to record the current, and then turn on

the power supply so that the current at the very beginning can be recorded.
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Fig. 2.5 DC conductivity test setup with electrode system

According to the requirement of Round Robin Test organized by CIGRE A2/1.41, the
depolarization time should be at least 3 hours. If the time for depolarization is not

sufficiently long, the remaining polarization in the oil can affect the next measurement.

2.3 Local field enhancement in a guarded electrode system

In the test of dielectric liquid, it is necessary to submerge the entire electrode system
into the tested liquid to ensure a good contact of the liquid sample with the metal
electrodes. If the electrodes have sharp edges, local field enhancement can be observed in
the vicinity of that edge. In the past, increasing the edge radius of the measuring electrode
is a good measure to avoid the local field enhancement which can bring parasitic
influences of nonlinearities under high electric field [95].

Here, the distribution of the electric field in a guarded electrode system will be
simulated using Comsol Multiphysics software. Three parameters that can affect the field
distribution in the guarded electrode system have been studied. A guarded electrode
system has been used to test the electric strength of three different kinds of mineral oils

and the experimental results have been used to compare with the simulation results.
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2.3.1 Field distribution in a guarded electrode system

The field distribution in two parallel metal electrodes with a guard ring will be studied
here. This guarded electrode system includes three components: a high voltage electrode,
a measuring electrode and a guard electrode. The structure of the test cell is illustrated in
Fig 2.6. In this section, the influence of a new parameter, edge radius, r (m), will be
investigated in depth. The other two parameters that can affect the field in the bulk are the
distance between the high voltage electrode and the measuring electrode, h (m), and the
width of the gap between the measuring and guard electrode, g (m). These three
parameters are shown in Fig 2.7. If the measuring electrode and the guard electrode are
large enough, the distribution of the electric field in the gap shown in Fig 2.6 may only be

affected by these three parameters.

T 2
40 mm E 3 mm
=
guard 13.5 mm E
electrode 0 measuring electrode E &
68 mm = 3 mm
A | >
Ve
high voltage electrode \\ g
3 mm b
N\ M |
96 mm

Fig. 2.6 Structure of parallel electrodes with a guard electrode.

Here, the conductivity of the insulating liquid is set to be constant and no presence of
space charge is assumed in our simulation. All three metal electrodes are totally
submerged in the insulating liquid. The electric potential of the high voltage electrode is
set to be proportional to h, whilst the guard and measuring electrode are connected to the
ground. Therefore, the average field between the measuring electrode and the high
voltage electrode is supposed to be constant. This average field is set to 1 kV/mm. The
relative permittivity of the insulating liquid is set to 2 and its conductivity is assumed as

10 fS/m. In our simulation, g = 0.5 mm, h =2 mm, r = 0.1 mm.
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g
h
Fig. 2.7 Edge radius, r (m), gap width between guard electrode and measuring electrode, g (m) and distance

between the measuring electrode and high voltage electrode, h (m).

The simulation was performed with 2D axial symmetry configurations in Comsol
Multiphysics software. As the field near the edge of the guard electrode and measuring
electrode might be seriously distorted, a very fine finite element analysis mesh is required
to guarantee the accuracy of the simulation. The distribution of the mesh is shown in Figs
2.8 and 2.9. As seen from Fig. 2.9, the mesh at the edge of the measuring electrode and
the guard electrode has been made extremely finest. The simulated field results converged
numerically to the fourth significant figure in this simulation. Thus, the accuracy of the
simulating result is acceptable.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 55 6

Fig. 2.8 Comsol Multiphysics mesh distribution of the guarded electrode system in the model
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Fig. 2.9 Comsol Multiphysics mesh distribution of the edge of the measuring electrode and guard electrode

in the model

The simulating results are shown in Fig. 2.10. Evenly distributed electric field has
been observed between the measuring electrode and the high voltage electrode. It seems
that the field distortion can be ignored when using a guarded electrode system. However,
the maximum electric field, which is much higher than the average electric field, is
around 1.62 kV/mm. Therefore, these must be places at which the field has been seriously
enhanced. The electrode in Fig. 2.11 is the measuring electrode and the electrode in Fig.
2.12 is the guard electrode. As seen from Figs. 2.11 and 2.12, the field distortions become
significant at the edge of the measuring electrode and the guarded electrode. It seems the

electric field can be enhanced near the edge of the measuring or the guard electrode.
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Fig. 2.10 Electric field distribution in the guarded electrode system
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Fig. 2.11 Field distortion at the edge of the measuring electrode.
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Fig. 2.12 Field distortion at the edge of the guard electrode.

As seen from Figs.2.11 and 2.12, if the measuring electrode and guard electrode have
the same edge radius, there is not much difference between the field distributions in the
vicinity of their edges. The maximum electric fields obtained in a region that is close to
the edges of those two electrodes are also quite similar. For simplicity, only the maximum
field at the edge of the measuring electrode will be studied here. This field enhancement
in a guarded electrode system can lead to an unexpected breakdown in high voltage DC
conductivity measurement. According to Thomson’s work [97], the field from the middle

of the lower surface of measuring electrode to the edge of the measuring electrode should
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be homogeneous. As the electric field distribution is no longer homogeneous near the
edge of the measuring electrode, the classical conductivity calculation approaches might

be no longer valid and this will be verified later.

2.3.2 Maximum field in a guarded electrode system

As seen from the above simulation result, the maximum electric field in the insulating
liquid is about 1.6 times higher than the average electric field between the high voltage
electrode and the measuring electrode. Thus, in order to avoid the local field
enhancements, these three parameters, g, h and r, should be chosen wisely. However, how
the edge radius affects the field distribution has not been carefully studied in the past.

If two variables are set to be constant and the third one varies so that the influence of
these three factors on the maximum field in the insulating liquid can be studied separately.
First, h and r are set to be 2 mm and 0.05 mm and the maximum electric field is
calculated when g changes from 0.02 mm to 2 mm. The values of these three parameters
are selected based on the real guarded electrode system for HVDC conductivity
measurement.

The simulation results are plotted in Fig 2.13. If g increases, the maximum electric
field also increases. When g is 2 mm, the maximum field is about 2.77 kV/mm, which is
almost three times of the average field. When g is large enough, the field distribution can
be approximated by using the case in which a conductor that has a limited size at zero
potential stays above an infinite metal plane at potential V. According to Thomson’s
study, g will not affect the field distribution in this case [97]. Therefore, when g is large
enough, its influence on the maximum field is negligible.

Secondly, g = 0.5 mm and r = 0.05 mm. The maximum field will be calculated as h
varies from 0.02 mm to 2 mm. As shown in Fig 2.13, when the value of h becomes larger,
the maximum electric field also goes higher. If h is larger than 0.5 mm, the maximum
field can still increase, but the increase can be hardly noticed. Therefore, if h is much
higher than the other two variables, its influence on the maximum field in the insulating
liquid is negligible. In order to reduce the maximum electric field, a small gap between

the measuring electrode and the high voltage electrode is desirable.
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Fig. 2.13 Dependence of the maximum field on differentg, hand r

Finally, the simulations are carried out for h = 0.5 mm and g = 2 mm when r
varies from 0.01 mm to 2 mm. As seen from Fig. 2.13, when r increases, the maximum
electric field decreases. When r is smaller than 0.5 mm, a notable drop of the maximum
electric field can be observed. If r is larger than 0.5 mm, the decrease of the maximum
field will be slowed and becomes unnoticeable. Apparently, a large edge radius can cause
uneven field distribution between the high voltage electrode and measuring electrode. At
the edge of the measuring electrode, the gap distance between the high voltage electrode
and measuring electrode is not homogeneous in a rigid way. Increasing the edge radius
can result in a decrease of the gap distance, thus, the actual effective surface area of the
measuring electrode can be smaller for a larger edge radius. Consequently, in order to
minimize the local field enhancement by raising r up to a much higher value is not
recommended.

If the simulation results are combined together, it is easy to find out that there are three
measures to reduce the local field enhancement in a guarded electrode system: (1)
increase the edge radius of the measuring electrode and guard electrode, r; (2) decrease
the distance between the measuring electrode and high voltage electrode, h; (3) reduce the

gap width between the measuring electrode and the guard electrode, g.
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Based on the simulation result, an empirical equation has been proposed to assess the
maximum field easily without resorting to the electric field simulation in a guarded
electrode system. As seen in Fig. 2.13, if h gets close to zero, the maximum field
decreases. Bearing in mind that the maximum field cannot be lower than the average field,
the maximum field should approach the average field as h gets close to zero. If the other
two parameters are much smaller than h, h will no longer be a crucial parameter that can
affect the maximum field. The influence of variable g on the maximum field can be
studied similarly. As illustrated in Fig 2.13, the decrease of the edge radius can enhance
the field distortion in a close region to the edge of the measuring electrode or the guard
electrode. Having taken all these facts into account, the empirical equation can be

expressed as,

Emnax = (K +1) Ear (2.2)
with
01/ r)+1//gh | 2.3)
15/g+1.3/h
in which, E .. (V/m) is the maximum field in the bulk , E,, (V/m) is the average field

between the high voltage electrode and the measuring electrode and « is the ratio of the
field enhancement.

The plot of the calculated maximum field using the empirical equation is illustrated in
Fig. 2.14. It seems this empirical equation can fit the simulation result quite well.
However, the maximum field calculated from the above equation is only an
approximation and this equation is based on the assumption that there is no space charge
among these three electrodes; thus, it might not indicate the exact highest field in the test
cell. Since charge carriers in the liquid can be blocked by the electrode and form a charge
layer, extra space charge might accumulate around that edge and affect the total current
that flows through the measuring electrode. Therefore, the real maximum field in a
guarded electrode system might be higher than that obtained in simulation or the
empirical equation due to the presence of the space charge [31].
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Fig. 2.14 Comparison between the maximum field calculated from the empirical equation and that are
obtained through the field simulation using Comsol Multiphysics. Points are obtained through the computer

based simulation. Curves are empirically calculated from Eq. (2.2).

2.3.3 Evaluation of conductivity calculation equations in the international standards

A guarded electrode system is usually used to perform accurate measurement of the
DC conductivity of insulating liquid [26]. In order to calculate the conductivity, the
knowledge about the thickness of the sample and the effective area of the measuring
electrode is required [98]. Due to the edge fringing effect, the effective area of the
measuring electrode is actually larger than its geometrical surface. The effective area of
the measuring electrode has been well studied and correction expressions for different
types of electrode system have been proposed [97-105]. Thomson calculated the field
distribution among different types of electrode systems [97]. Based on Thomson’s work,
Lauritzen and Endicott developed the correction expressions for both thin and thick
electrodes, separately [99-100]. For a sample that has a high relative permittivity, Amey
developed an analytical expression to calculate the effective area of the measuring
electrode [101]. The previous studies on the correction of the effective area are reviewed
and these correcting equations have been applied on the capacitance measurement by
Goad [102]. Lisowski studied the effective radius of the measuring electrode when the
sample has a relative permittivity of 1 and proposed modifications to IEC 60093 [103-

104]. All the previous studies were carried out with the presumption that the guard
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electrode and measuring electrode both had sharp corners, but all components have finite
radii at their corners in reality. To the knowledge of the author, the distribution of the
electric field within a guarded electrode system has not been carefully studied under the
condition that the corner of the measuring electrode and the guard electrode are rounded.
The distortion of the electric field might be serious if a guarded electrode system was
used in DC conductivity measurement of insulating liquid and the previous correcting
expressions might not be valid. Therefore, it is necessary to re-verify the validity of the
correction equations proposed in the current international standards.

The effective radius of the measuring electrode depends on the structure of the
electrodes and the dielectric properties of the sample. For concentric cylinder electrodes,
IEC 60093 defines the effective radius as,

R=Ry+9g/2, (2.4)
where R (m) is the effective radius and R, (m) is the geometrical radius of the measuring

electrode [28].

However, Lisowski states that the effective radius is smaller than Ry + g /2. This error

could be substantial whenh << g [103]. ASTM D257 gives a more accurate equation and

the effective radius can be denoted as

R=RO+% | 2.5)
with
_1_4h 9
B=1 - Incosh[4h]. (2.6)

where B is the factor determining increase of the measuring electrode spreading margin
[29].

The structure of the guarded electrode system is shown in Fig. 6.1. The distribution of
the electric field has been simulated using finite element 2D axisymmetric analysis in
Comsol Multiphysics software. The current that flows through the entire surface of the
measuring electrode should be equal with the current that flows in the external measuring
circuit. Thus, the measured current can be obtained through the integration of the current
density over the entire surface of the measuring electrode. If there is no presence of space
charge in the insulating liquid and the conductivity of the insulating liquid is homogenous,
the current is proportional to the electric field and the total current becomes,
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| =o[EydS, (2.7)
S

where, | (A) is the measured current, o (S/m) is the conductivity of the insulating liquid,
E, (V/m) is the electric field at the surface of the measuring electrode and S (m?) is the
total surface area of the measuring electrode.

With Ohm’s law, the total conductivity obeys

2
G=1/U =a%. 2.8)

in which, R (m) is the effective radius calculated from the simulation. If Eq. (2.7) and

(2.8) are put together, the simulated effective radius can be written as

h 1/2
R; ={E.S[Esd8] : (2.9)

where U (V) is the electric potential of the high voltage electrode.
To verify the validation of the correcting expression provided by ASTM standard, the
simulations using Eq. (2.9) will be carried out for g = 1 mm, for r varies from 0.1 mm to

3 mm and for h between 0.1 mm to 5 mm. The appropriate characteristics B(r) = f(g/h)

are shown in Fig. 2.15.

a/h
Fig. 2.15 Dependence of the B factor on the ratio of g/h (gap width/sample thickness).g = 1 mm.
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As seen in Fig 2.15, when r is 0.1 mm or 0.2 mm, the value of B obtained from the
simulation is slightly higher than that is acquired from ASTM standards. When r is 0.5
mm, the value of B calculated from the ASTM standard is still slightly lower than the
simulated value if g/h is below 2. As g/h increases, a fast decrease of the simulated value
of B can be observed and the value of B that calculated from the ASTM standard will be
higher than that obtained from the simulation. When r is larger than 0.5 mm, the
simulation results reveal great deviation of the value of B from that provided by the
ASTM standard. The differences among the value of B calculated for different values of r
are negligible when g/h is small. When the ratio of g/h is higher than 0.5, a great disparity
of B can be observed. Thus, the parameter r can affect the effective edge radius of the
measuring electrode. If the edge radius of the measuring electrode is large, a substantial
error can be caused when the correction equation given by the ASTM standard is used.

As observed from Fig. 2.15, the coefficient B takes negative value and the effective
radius seems to shrink. That is because Eq. 2.8 is flawed. Eq. 2.8 has been developed
based on two assumptions: (1) only the measuring electrode radius can change; (2) the
distance between the high voltage electrode and the measuring electrode, h , is
homogeneous. This cannot be true in a rigorous way. When the edge of the measuring
electrode is rounded, the distance h increases near the edge of the electrode. Thus,
assumption of a constant h only means that it is a contractual distance between the high
voltage electrode and the measuring electrode. The effective radius of the measuring
electrode is shrunk as h increases near the edge of the electrode. Therefore, the parameter
B is affected by both the edge fringing effect and the change of the gap distance h that is
due to the rounded edges.

To study this effect in depth, the relative error of the effective area of the measuring
electrode will be investigated and this relative error can be denoted as,

SA= Alimutation ~ Pastm x100% | (2.10)

Asimulation

with

'%imulation = Tc(d + Bsimulation g)z /4

9 2.11)
Apstu =m(d + By 9)° /4

where 6 Ais the relative error of the effective area of the measuring electrode, d (m) is the

diameter of the measuring electrode, the value of B is obtained from simulation and

simulation

the value of B,q, is acquired from the ASTM D257 standard, Ay ation @0 Assm
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represent the effective area of the measuring electrode calculated from the computer
based simulation, and that obtained from ASTM D257 standard, respectively. Fig. 2.16
depicts the dependencies of the relative errors of the effective area of the measuring
electrode on g/h. It seems that if g/h or the edge radius is too large, the correction
equation in the ASTM standard can cause a significant error. If the ratio of g/h/r is chosen
as 1:3:1, a minimum relative error can be obtained. The ratio of the field enhancement is
0.301, if g/h/r = 1:3:1. According to our simulation results, the field distortion among the
electrodes is not severe for this choice. IEC 60093 suggests the smallest practical gap
between the measuring electrode and the high voltage electrode is 1 mm, therefore, the
recommended values for the edge radius of the guard and measuring electrode, the
distance between high voltage electrode and measuring electrode and the distance
between the measuring electrode and guard electrode are 0.5mm, 0.5mm and 1.5mm,
respectively.

Most of the correction equations to calculate the effective surface area of the
measuring electrode are developed using the Schwarz and Christoffel transformation [97-
104], and this transformation needs to be modified if it is going to transform the polygon
with rounded corners [106-108]. Nevertheless, the current studies upon the field

distribution in a guarded electrode system have not taken account this modification.
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Fig. 2.16 Dependence of the relative error of the effective surface area of measuring electrode on the g/h

ratio (gap width/sample thickness). g = 1 mm.
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To sum up, edge radius is a new parameter that needs to be considered in the
correction equation for the effective radius. Because the parameters h, r and g can
significantly affect the effective radius, they should be chosen carefully in the design of a
guarded electrode system. On considering both the effect on the maximum field and the

effective radius, a ratio of g/h/r = 1:3:1 is recommended

2.3.4 Experimental confirmation

The DC conductivity test system shown in chapter 2 has been used to perform the
verification test. The DC conductivity measurements were last for 3 hours and the tests
were performed at different electric fields (1 kV/mm, 2 kV/mm, 3.5 kV/mm and 5
kV/mm) and different temperatures (30 °C and 90 °C). Here, the electric strength of the
insulating liquid has been redefined as the maximum field at which the liquid sample can
survive for 3 hours without breakdown. The pressure of the test cell is below 100 Pa
during the test. Each of these tests has been repeated at least twice.

The electric strength of the mineral oils introduced in Chapter 2, Shell ZX-1 oil, Hydro
Quebec oil and Terna oil, have been tested. The distance between the high voltage
electrode and the measuring electrode is 1 mm and the gap between the measuring
electrode and guard electrode is 0.5 mm. The edge radiuses of the measuring electrode
and the guard electrode are set to be 0.05 mm first and then are modified to 0.5 mm.
According to our simulation, the ratio of the field enhancement is 0.89 for r = 0.05 mm
and 0.27 for r = 0.5 mm, which means the electric strength measured for r = 0.5 mm
should be about 1.5 times of that measured for r = 0.05 mm.

The electric strengths of these three mineral oils have been given in table 6.1. As seen
from table 2.1, the electric strengths of the Shell ZX-I oil are higher than 5 kVV/mm for
both edge radiuses. Since the resistivity of Shell ZX-I oil is high and the breakdown
strength of Shell ZX-I that listed on the data sheet that provided by the manufacturer is
much higher than 10 kV/mm, the distortion caused by the application of an average field
of 5 kV/mm might not be high enough to cause breakdown in Shell ZX-1 oil. The Hydro
Quebec oil has been aged for 10 years and it has a medium conductivity. As seen from
Table 2.1, the electric strength of Hydro Quebec oil seems to be doubled as the edge
radius goes up from 0.05 mm to 0.5 mm, which suggests the maximum field in the
guarded electrode system is higher than the breakdown strength of the Hydro Quebec oil
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when r = 0.05 mm. Terna oil has been in service for almost half century, so its quality is
the worst in all three oils and the conductivity of this oil is the highest. When r = 0.05
mm, breakdown happened in less than a minute as the lowest external potential, 1 k\V/mm,
was applied across the sample. Increasing the edge radiuses of the measuring electrode
and guard electrode has made the electric strengths of Terna oil to be higher than 1
kV/mm at both 30°C and 90 °C. For the Hydro Quebec oil and Terna oil, the electric
strengths for r = 0.5 mm seem to be about 2~3 times of those for r = 0.05 mm based on
experiments. On considering that the presence of space charge could also contribute to the
distortion of the electric field among the electrodes, the real maximum field in the

experiment can be higher than that obtained from the simulation work.

Table 2.1 Electric strength of different mineral oil

Temperature 30 °C 90 °C
Edge Radius 0.05 mm 0.5 mm 0.05 mm 0.5 mm
Shell ZX-1 > 5 kV/mm > 5 kV/mm > 5 kV/mm > 5 kV/mm
Hydro Quebec 2~3.5 kV/mm >5 kV/mm 2~3.5 kV/mm > 5 kV/mm
Terna <1l kV/mm 1~2 kV/mm <1 kV/mm 1~2 kV/mm

To sum up, by increasing the edge radiuses of the measuring electrode and guard
electrode, the electric strength of the insulating liquid that can be measured
experimentally will increase. The existence of the local field enhancement in the vicinity
of the edge of the guard electrode and measuring electrode has been confirmed. Therefore,
the ratio of the field enhancement is one of the important parameters that need to be taken
into account in the design of a guarded electrode system for the DC conductivity of the
dielectric liquid measurement.

Cigre working group A2/1.41 requires a oil gap of 1 mm in the DC conductivity
measurement. In our DC conductivity measurement, the high voltage electrode and
measuring electrode and the distance between the measuring electrode and guard
electrode have been set to 0.5mm, 0.5mm and 1 mm, respectively. The field enhancement

ratio calculated by using Eq. (2.2) is 0.36.

2.4 Experimental settings for DC conductivity measurement

55



In order to understand the influence of aging on DC conductivity of mineral oil,
CIGRE A2/1.41 proposed a Round Robin Test on three kinds of mineral oils: Shell Diala
S3 ZX-1 oil, aged oil from transformers in Hydro Quebec and aged oil from transformers
of Terna. These three kinds of mineral oils have different aging period. Shell Diala S3
ZX-1 oil (Shell ZX-1 oil) is the fresh oil provided by the Shell company. Aged oil from
transformers in Hydro Quebec (Hydro Quebec oil) has been in service for almost 10 years.
Aged oil from Terna transformer (Terna oil) has been in service in transformers for over
50 years. These mineral oils have gone through different types of stresses and their
original conditions can also be different from each other. The conductivity of these three
mineral oils can give a brief view of oil condition when they are fresh, in service for
several years and heavily aged that are needed to be replaced. Therefore, it can be quite
helpful if the DC conductivity of these three mineral oils are compared and analysed. As
shown in Fig. 2.17, these three kinds of mineral oils have different colours. Shell ZX-I oil
is transparent; Hydro Quebec oil is yellow and Terna oil is dark brown.

The distance between upper and lower electrodes is 1mm; the measuring temperature
will be 30°C and 90°C. The electrification time is 3 hours. The average water contents of
these mineral oils are measured prior to the measurement 4.5 ppm (Shell oil), 12 ppm
(Hydro Quebec oil) and 24.5 ppm (Terna oil) by Karl —Fischer titration. The water
content measured after the experiment are 6 ppm (Shell oil), 14 ppm(Hydro Quebec oil)
and 27 ppm (Terna oil). The sampling rate of the DC conductivity measurement is 0.5s.
The current range of Keithley pico-ammeter is selected to "auto-range”. The conductivity
of Shell ZX-I oil were measured in current range of 0 - 2 nA or 2 - 20 nA; the
conductivity Hydro Quebec oil were measured in a current range of 2 - 20 nA, 20 - 200
nA or 200 - 2000 nA, the conductivity of Terna oil were measured in a current range 20 -
200 nA, 200 - 2000 nA or 2 u A - 20 £ A. In order to avoid fluctuation, the current range

of the pico -ammeter will be set manually if the measured long- term current is close to

the bound of any current range.
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Shell ZX-I oil Hydro Quebec oil Terna oil

Fig. 2.17 Mineral oil with different aging times

Ultra violet/visible (UV/vis) spectroscopy was carried out in quartz cells of path length

10 mm using a Perkin EImer Lambda 35 spectrometer.
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Fig. 2.18 UV/vis spectroscopy of three kinds of mineral oil

Ultraviolet- visible spectroscopy is an absorption spectroscopy or reflectance
spectroscopy in the ultraviolet- visible spectral region [109-112]. The absorption in the
visible range is directly affected by the colour of the chemical involved. As seen in Fig.
2.5, the fresh oil is almost transparent, the colour of Hydro Quebec oil is yellow and the
colour of the Terna oil is dark brown. In UV/vis spectra measurement, a shift in the
absorption edge to longer wavelengths can be observed. As seen in Fig. 2.27, the oils
absorb most radiation below a certain wavelength and display a broad absorption edge.
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The position of these edges relates to the character of the mineral oil and shift from the
ultra violet into the visible range as the aging time goes longer. The result of the UV/vis
spectroscopy is coherent with the colour of the oil. As the oil is aged, the DC conductivity
increases and the colour of the oil is darkening [111-112]. As observed in our DC
conductivity measurement: Terna oil has the highest conductivity and is dark brown,
Hydro Quebec oil has a medium conductivity and is yellow, Shell ZX-I oil has the lowest
conductivity and is transparent. Therefore, the result from the DC conductivity
measurement is also consistent with the UV/vis spectroscopy result.

2.5 Experimental results for DC conductivity measurement

2.5.1 System repeatability

As seen from Fig. 2.19, the DC conductivity of Shell ZX-1 oil under an electric field of
1 kV/mm has been measured at three different days. The measured electric current is
quite noisy, however, if the average value of every ten seconds is calculated, the relative
difference between each curves are less than 25%. On considering there are other factors,
such as, water content, humidity, temperature and external voltage, et al, that can affect

the conductivity measurement, the repeatability of this test system is acceptable.
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Fig. 2.19 Polarization current of Shell ZX-I oil under 1kV/mm at 30°C measured at three different days.
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2.5.2 Shell ZX-I oil

Fig 2.20 and Fig 2.21 show the time dependence of the polarization current of Shell
ZX-1 oil under different field and temperature. The experimental results of the current that
are measured at 30 °C are quite noisy and the curves are overlapped, thus, to reduce
the noise level the average value of every 10 second after 80 second has been calculated
and shown in Fig. 2.20. The values in the first 80 second are the original value. When the
measuring temperature is low, the long -term current does not change much with the
electric field (above 1000 V/mm), and it seems the current enters the saturated region in
which the current increases slightly with the electric stress and no longer obeys ohm’s law.
The initial current seems to increase with the electric field at 30 °C, which indicates the
velocity of the charge carriers can increase with the electric field. The long-term current
increases with the electric field at 90°C, which suggests that the long -term current has

passed the saturated region and starts to increase again.

10° ,

i —10 V/mm ]

3 —1000V/mm |-

107 \\\ 2000 V/mm ||

E v\ﬂ . 3500 V/mm|:

_ i —5000 V/mm |’
% _10’ R WIS /_\\—’N-""\j\x_‘_“. ,n/\;’\‘\ ”‘,
910 3 v
= z ,
O [ ]
10" \

12

10 S Y YRy
10° 10 102 10° 10°

Time (s)

Fig. 2.20 Time dependence of polarization currentof Shell ZX-I oil at 30°C
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Fig. 2.21Time dependence of polarization current of Shell ZX-I oil at 90°C

2.5.3 Hydro Quebec oil

Fig. 2.22 and Fig. 2.23 show the correlation between the polarization current and the
electric field of the mineral oil from Hydro Quebec. The initial current and the long —term
current increase with the electric field at both 30°C and 90°C.It seems there is no saturated
region for the field dependence of the DC conductivity of Hydro Quebec oil. In contrast
with the experimental results of Shell ZX-1 oil, the curves of the time dependence of the
polarization are smooth under a field of 1 kV/mm and 2 kV/mm. The measured current
becomes unstable when the field is higher than 3.5 kV/mm, as the non- linear behaviour
can affect the electric conduction at a high field. The current also increase with the
temperature. The current measured at 90°C is about 10 times higher than that measured at
30°C.
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Fig. 2.22 Time dependence of polarization current of Hydro Quebec oil at 30°C
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Fig. 2.23 Time dependence of polarization current of Hydro Quebecoil at 90°C

2.5.4 Terna oil

Due to a very low breakdown strength (around 3kV/mm), the measurement under a
high electric field (above 2kVV/mm) is unable to be carried out. The experimental data has

been shown in Figs. 2.24-2.25, and it seems Terna oil has an even higher conductivity

61



than that of Hydro Quebec oil. The initial and long —term current increase with the
electric field. The field dependent current of Terna oil also does not enter the saturated
region. The polarization current decreases with the time at the beginning, reaches a
minimum value and then starts to increase. As there are more charge carriers in Terna oil,
the space charge effect could be enormous leading to a strong field distortionin the
vicinity of the electrode. Thus, the charge injection can be enhanced at the electrode and
the total current also becomes higher. However, the mechanism of charge injection is still
not well understood and more studies are needed.
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Fig. 2.24 Time dependence of polarization current of Terna oil at 30°C
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Fig. 2.25 Time dependence of polarization current of Terna oil at 90°C

To sum up, the conductivity will increase with the aging period and temperature.
When the oil is aged, its DC conductivity rises. Besides, the improvement of oil
manufacturing techniques can also play an important part, oil manufactured later may
have better dielectric properties. Thus, Shell ZX-I oil has the highest resistivity, Hydro
Quebec oil has a medium resistivity and Terna oil has the lowest resistivity.The
polarization current of the aged oil (Hydro Quebec oil and Terna oil) don’t enter the
saturated region and the polarization current always increase with the electric field, whilst
that of the Shell ZX-I oil doesn’t change with the field at 30°C. Also, space charge might

be formed in the bulk during long-term DC conductivity measurement.

2.6 Initial and long-term DC conductivity

According to IEC 61620, the initial conductivity is the conductivity measured in the
beginning few seconds. The definition of long-term conductivity based on current
international standards cannot provide sufficient information to characterize the status of
mineral oil for short electrification time and low electric field. Kuchler et al stated that the
electrification time for DC conductivity measurement is not sufficient enough to reach the
equilibrium state in mineral oil [95]. As suggested by CIGRE group A2/ 1.41,
conductivity that measured at 1 min, 2 min, 1 hour and 3 hour should be recorded and one
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hour of electrification time is believed to be the minimum measuring time for long-term
conductivity measurement. Here, the initial conductivity the conductivity measured at 1

minute, 1 hour and 3 hours of these three kinds of mineral oils will be studied.

2.6.1 Shell ZX-I oil

Fig 2.26 shows the field dependence of the electric conductivity of Shell ZX-1 oil at
30°C.The line with the circular marker stands for the initial conductivity measured at the
very beginning, the line with square marker is the conductivity measured at 1 minute, the
line with triangular marker of denotes the conductivity measured at 1 hour and the line

with star marker shows the conductivity measured at 3 hours.
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Fig.2.26 Conductivity for the Shell ZX-1 oil at different electric field under 30 °C

As seen from Fig. 2.26, the initial conductivity for the fresh oil does not change much
with the electric field at 30 °C. The conductivities of Shell ZX-I oil measured at 1 hour
and 3 hours are similar and the long —term conductivity decreases with the electric field.
The conductivity measured at 1 minute is close to that measured at 1 hour and 3 hours
under a field of 1 kV/mm or 2 kV/mm, which indicates that the process by which the
polarization reaches the equilibrium state can be accelerated by the electric field. As the
field increases, non —linear behaviour can affect the electric conduction, the mineral oil
needs longer time to reach the equilibrium state. Also, the electrification time of 1 hour is

sufficient long enough to obtain a steady state conductivity. The steady state conductivity
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decreases with the electric field. When the conducting current enters the saturated region,
the current is determined by the dissociation rate. If the dissociation rate does not change
very much, the current seems to be constant with the electric field. Thus, the conductivity
decreases with the electric field once the saturated region has been reached.

Fig. 2.27 shows the field dependence of the electric conductivity of Shell ZX-I oil at
90°C. The initial conductivity measured under a field of 10V/mm are higher than those
obtained under other electric fields. As the temperature increases, the mobility of the
charge carriers also increases. Therefore, the time for the extraction of the pre-existing
charge carriers at 90°C is much shorter than that at 30°C. The initial current due to the
drift of these pre-existing charge carriers might not be recorded by the pico-ammeter at a
high temperature due to a short extraction time and the magnitude of the initial current
cannot be related to the density of the pre-existing charge carriers any longer. The
conductivity measured at 1 hour is also very close to that measured at 3 hours and a quasi
-equilibrium state can be reached within 1 hour. There is a big gap between the
conductivity measured at 1 minute and that measured at 3 hours when the electric field is
above 2 kV/mm, which indicates that the non-linear behaviour of high electric field can
also affect the electric conduction at 90 °C. The steady state conductivity decreases with
the electric field first and reaches a minimum value at 2 kV/mm. When the field is higher
than 2 kV/mm, the conductivity seems to become constant. As the dissociation rate
increases with the temperature, more charge carriers will be generated by the dissociation.
Also, the injection can also be enhanced by the increase of the temperature [35-36].
Consequently, the long-term conductivity is determined by both the dissociation and the

injection and the saturated region is not clearly observed at 90 °C.
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Fig. 2.27 Conductivity for the Shell ZX-1 oil at different electric field under 90 °C

2.6.2 Hydro Quebec oil

Fig. 2.28 shows the field dependence of the electric conductivity of Hydro Quebec oil
at 30°C.The initial conductivity of Hydro Quebec oil at 30 °C does not change much with
the electric field, which is similar to that observed from the experimental results of Shell
ZX-1 oil at 30 °C and the initial current depends on the density of the pre-existing charge
carriers. There is notable difference between the conductivity measured at 1 minute and 1
hour, whilst the gap between the conductivity measured at 1 hour and that measured at 3
hours is negligible. Thus, the steady state can be reached within 1 hour and the
electrification time of 1 minute is not long enough to reach the steady state conductivity.
The steady state conductivity decreases to a minimum value at 2 kV/mm and then it
increases with the electric field. When mineral oil is in service, vapour, such as oxygen,
water, can be absorbed. Also, oxidation of hydrocarbon molecules can result in soluble
oxidation products and increase of oil acidity. Acids have an impact on the degradation of
cellulosic materials and may also be responsible for the corrosion of metal parts in a
transformer, which bring derivatives of hydrocarbons that include atoms of other
elements, such as nitrogen, sulphur and oxygen [89-92]. As Hydro Quebec oil has been
aged for 10 years, the quantity of impurities in the oil is high. These impurities may have

high dissociation coefficients and they will become free ions more easily. As pointed out
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by other researchers, if there are sufficient impurities in the oil, the saturated region may
not be observed [48-51].
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Fig. 2.28 Conductivity for the Hydro Quebec oil at different electric field under 30 °C

Fig. 2.29 depicts the field dependence of the conductivity of Hydro Quebec oil at 90 °C.
The long —term conductivity decreases with the electric field first, and then reaches a
minimum value at 2 kV/mm, after that the conductivity increases with the electric field.
The field dependence of the DC conductivity does not have a saturated region, As more
charge carriers are generated from the impurities and the ionic injection under a higher
electric field, the current can increase with the electric field and the electric conduction is
not determined by the ions dissociated from ionic- pairs. The conductivity measured at 1
minute is similar to that measured at 1 hour and 3 hours, therefore, the conductivity
obtained at 1 minute can be used as the steady state conductivity.
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Fig. 2.29 Conductivity for the Hydro Quebec oil at different electric field under 90 °C

2.6.3 Terna oil

Fig. 2.17 shows the field dependence of the electric conductivity of Terna oil at 30°C.
Unlike the other two kinds of mineral oil, the initial conductivity of Terna oil increases
with the field. However, the difference between the initial conductivity under different
electric field is negligible and the initial conductivity still depends on the density of the
pre-existing charge carriers. The minimum conductivity can be obtained around 1 or 2
minutes, and then the conductivity starts to increase. The conductivity measured at 1
minute decreases with the electric field, whilst the conductivity measured at 1 hour and 3
hour under a field not lower than 500 VV/mm does not change much with the electric field.
As the conductivity of Terna oil is very high, there are more charge carriers participating
in the electric conduction which can result in a serious field distortion. Thus, the influence

from the presence of the space charge cannot be ignored in the severely aged oil.

68



10

-©-initial

Conductivity (S/m)

-11

0 500 1000 1500 2000
Electric field (V/mm)

10

Fig. 2.30 Conductivity for the Terna oil at different electric field at 30 °C

The field dependent conductivity of Terna oil at 90 °C is depicted in Fig 2.16. The
conductivity measured at 1 minute is much lower than that measured at 1 hour and 3
hours. Even after 3 hours of polarization, the current still could not reach a steady state.
Thus, the recommended electrification time given in current international standards is not
long enough to obtain the steady state conductivity in the severely aged oil. The
mechanism of the electric conduction in the Terna oil is still not very clear and more

research is needed.
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Fig. 2.31 Conductivity for the Terna oil at different electric field under 90 °C

To sum up, the initial conductivity measured at low temperature (30 °C) does not
change much with the electric field in all three types of oil, which indicates that at the
very beginning, the ionic conduction plays a crucial role in mineral oil. The conductivity
of Shell ZX-1 oil and Hydro Quebec oil decreases with the time, whilst that of Terna oil
reaches a minimum value first and then starts to increase. The steady state conductivity
can be obtained within an hour for Shell ZX-1 oil and Hydro Quebec oil, whereas, it takes
more than three hours for the electric conduction in Terna oil to reach an equilibrium state.
The electrification time defined in current international standards is not long enough [25-
27], the author suggests that an electrification time of 1 hour is required to obtain the

long-term DC conductivity of mineral oil.

2.7 Depolarization current measurement

Polarization and depolarization current (PDC) measurement as a time-domain test
method has been widely used in the diagnosis of dielectric properties of insulating
materials. The principle of PDC measurement is to apply a DC voltage across a test media.
The current, arising from different types of polarizations, can reveal the dielectric
properties and the motion of charge carriers in the test object. Then, the applied voltage is

removed and the test object is short —circuited. The previous activated polarization gets
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relaxed and releases a discharging current in the opposite direction. Fig 2.32 is a scheme

of a simple polarization and depolarization current measurement system.
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Fig. 2.32 Scheme of polarization and depolarization current measurement system

In our experiment, a high voltage relay is used as the switch in the above circuit. The
polarization time is 3 hours. The influence from the electric field and temperature on the
depolarization current will be investigated. Figs. 2.33-2.34 depict the time dependence of
the depolarization current of Shell ZX-1 oil at 30 °C and 90 °C. Figs. 2.35-2.36 show the
time dependence of the depolarization current of Hydro Quebec oil at 30 °C and 90 °C.
As seen from Figs. 2.33-2.36, the maximum value of the magnitude of the depolarization
current of both Shell ZX-I oil and Hydro Quebec oil increase with the electric field and
they decrease faster under a higher electric field. It has been widely accepted that the
dissociation rate and the ionic injection rate increase with the field [34, 45-46], and
consequently there should be more charge carriers participating in the electrical
conduction process under a higher field. If more charge carriers have been involved in the
electric conduction, the amount of the charge carriers that can be blocked by the electrode
to form the charge layer will increase. When the oil sample is short circuited, the charge
carriers that are stuck in the vicinity of the electrodes will start to drift backwards to the

bulk and result in a depolarization current. Thus, the depolarization current should
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increase with the field. It seems this explanation is consistent with the measurement
results of Shell ZX-I oil and Hydro Quebec oil.
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Fig. 2.33 Depolarization current for Shell ZX-1 oil under different electric field at 30 °C
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Fig. 2.34 Depolarization current for Shell ZX-1 oil under different electric field at 90°C

72



x107°

0 T f _'[j' T
0.2
-0.4
0.6} .
<08 ]
£
o
5 - ;
O
12
1.4} ;
—1000 V/mm
16! 2000 V/mm| |
' 5000 V/mm
-1.8 A Ll L et A ST L1 esel L
10° 10" 10° 10° 10* 10°
Time (s)

Fig. 2.35 Depolarization current for Hydro Quebec oil under different electric field at 30 °C
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Fig. 2.36 Depolarization current for Hydro Quebec oil under different electric field at 90 °C

The time dependence of the depolarization current of Terna oil is shown in Figs. 2.37-
2.38. The magnitude of the depolarization current first decreases and reaches a minimum
value. Then the magnitude of this depolarization current increases. After a long period of

increase, the magnitude of the depolarization current gets to another peak and starts to
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decreases again and finally approaches to zero. When the electric field is removed, the
space charge accumulated at the interface of oil/electrode will start to drift back into the
bulk. If hetero-charge has been formed, the depolarization current should be negative. In a
few seconds at the beginning, the magnitude of the depolarization current decreases fast
at 30 °C. This is probably due to the ionic diffusion in the charge layer. The mobility of
charge carriers in oil increases with temperature so that the diffusion coefficient is high at
90 °C. Thus, this diffusion happens much quicker and may not be observed if the pico-
ammeter has a low resolution (the sampling rate is 0.5 s). After this fast current decrease,
the magnitude of the depolarization current will start to increase. As Terna oil has been
heavily aged and needs to be replaced, there can be charge carriers with very low mobility
in this oil. There slow charge carriers will remain at the electrode for a long time and
cause an internal electric field resulting a positive current. If the magnitude of the positive
current decreases slower than that of the negative current, the magnitude of the total
current can increase. Jaffe et al proposed a polarization theory to explain this
phenomenon. They thought the internal field was distorted by the distribution of space
charge in the dielectric liquid, thus an extra current caused by the internal field should be
involved in the analysis of the depolarization process. In their work, an exponential
equation has been given to describe this space charge induced current in the

depolarization process [113-115].

As seen from Figs 2.33 -2.38, when the temperature becomes higher, the magnitude of
the depolarization current also increases. The viscosity of the mineral oil decreases when
the temperature rises, thus the friction force due to the viscosity is reduced at a high
temperature [54-55]. Then the charge carriers can move faster when the temperature of
the oil is higher. Also, the dissociation rate increases with the temperature and more
charge carriers are generated at a higher temperature [32-33]. Consequently, there is more
charge in the charge layer when the temperature is higher. Therefore, when the test media
is depolarized, the depolarization current caused by the drift and diffusion of the charge
carriers in the charge layer increases with the temperature. Although the conductivity of
Hydro Quebec oil is much higher than that of Shell ZX-I oil, the magnitudes of the
depolarization current of these two oils obtained at the same temperature and electric field
are similar. This coincidence will be further studied in Chapter 5.
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Fig. 2.37 Depolarization current for Terna oil under different electric field at 30 °C
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Fig. 2.38 Depolarization current for Terna oil under different electric field at 90 °C

2.8 Viscosity of mineral oil

In order to carry out a quantitative study of the electric conduction mechanism of

mineral oil in following chapters, the knowledge about the temperature dependence of the

75



mobility is required. As mobility is proportional to the inverse of viscosity in liquid, an
experimental study on the viscosity of three oil samples has been performed.

The viscosity of a fluid is a measure of its resistance to deformation by shear stress or
tensile stress. Viscosity is also an important parameter for oil quality analysis. Like the
relationship between conductivity and temperature, viscosity of mineral oil can also be
denoted using the Arrhenius Equation. Harrap and Heymann [54] have indicated that
viscosity of liquid obeys the following equation:

E

_ Faow

n=~Ae (2.12)
where 1 (mPa-s) is the viscosity, Eac, (eV) is the activation energy for the liquid flow, k
is the Boltzmann constant, T (°C) is the temperature, A is a constant that relates to the
property of material. Gutmann and Simmons [55] verified this equation in various
dielectric liquids.

In our experiment, viscosity will be measured at 20°C, 30°C, 40°C, 50°C and 60°C
using a rheometer. Before the measurement, all three types of mineral oil should be
degassed for at least three hours in vacuum oven. The experimental data will be fitted
using the Arrhenius equation.

As seen from the Fig. 2.39, the viscosity of all three types of oil fit this equation quite
well. Based on these results, it might be possible to calculate the viscosity for a higher
temperature approximately.

3 ZX-
— Hydroquebec
28 — Terna

a*
g
@

In{viscosity) mPa*s
]
[¥]

3 3.1 3.2 T 34
1T X 10-3

Fig. 2.39 Relationship between viscosity and temperature
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According to Table 2.2, the viscosity for fresh oil from Shell ZX-I and Hydro Quebec
oil is similar, whilst, the viscosity for Terna oil is higher. Thus, when the mineral oil is

aged, its viscosity increases.

Table2.2 Viscosity for three different types of mineral oil

Viscosity(mPa-s) Experimental data Calculated data
Temperature (°C) 20 30 40 50 60 75 90
Shell ZX-1 142 103 7.2 548 433 298 2.14
Hydro Quebec 129 95 733 531 412 289 2.09
Terna 241 152 106 7.67 58 3.60 2.38
2.9 Summary

As seen from the result of DC conductivity measurement, the DC conductivity of
mineral oil increases with its aging time. The initial DC conductivity which is measured
at the very beginning of the polarization process does not change much with the electric
field and temperature. This indicates that at the very beginning when a DC field is applied,
the space charge effect is negligible and the electrical conduction is determined by the
drift of charge carriers. The long-time conductivity of mineral oil decreases with the
electric field first, and then enters a quasi-constant region. If the electric field increases
even higher, an increase of the conductivity can be observed. The time-dependent current
of Terna oil can reach a minimum value within 1 hour of electrification and then start to
increase. This may be attributed to space charge formation around electrode that can
enhance charge injection process. The depolarization current of Shell ZX-1 oil and Hydro
Quebec oil decrease with time. When it comes to Terna oil, the magnitude of the
depolarization current first decreases and reaches a minimum value. Then the magnitude
of this depolarization current start to increase. After a long period of increase, the
magnitude of the depolarization current gets to another peak and starts to decrease again
and finally approaches to zero. This implies a serious field distortion in the Terna oil.

However, the electrical conduction mechanism in mineral oil is still not very clear.
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Chapter 3 AC Measurement on
Mineral Oil

Starting in the late nineteenth century, dielectric spectroscopy techniques were
developed for measuring polarization of various materials, such as liquid and solid
insulation materials. Nowadays, a typical measurement can cover an extensive range of
frequency from several GHz to several micro-Hz. It is a powerful tool to study dipole
relaxation, electrical conduction and the structure of molecules. This frequency-domain
method has been used to investigate dielectric properties of mineral oil and to estimate the
remaining life period of a transformer in service [116-122].

In the case of a media with a constant conductivity and permittivity within certain
frequency range, the real and imaginary parts of the relative complex permittivity obey

the following expression.

g=2 (3.1)
E®
&' = constant (3.2)

in which, ¢' and £"are the real part and the imaginary part of the relative complex
permittivity, respectively, o (S/m) is the conductivity, ¢ (F/m) is the vacuum permittivity,

w (rad/s) is the angular frequency.

3.1 Existing models for dielectric spectroscopy measurement

Dielectric relaxation processes are usually analysed using relaxation functions. The
basic function has been developed by Debye. The expression given by Debye for the
frequency dependence of complex permittivity £ can be denoted as[123]

Ae
1+iwz,

& (w)=¢,+ (3-3)

whereAs =¢5—¢, & = Iir]nlg'(a)),gw = Iianlg'(a)), and 7 is a constant related to the
T T

frequency at which the dielectric loss reaches a peak value. However, only by assuming
the object is composed by ideal, non-interacting dipoles can this equation be valid.
Sometimes, the experiment data reveal a clear deviation from this equation, which is

called non-Debye relaxation behaviour. Some researchers have proposed modified
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expressions to explain this non- Debye dielectric behaviour, for instance, the Cole/Cole
function, which leads to a symmetrical broadening for the relaxation function compared
to Debye function. Cole/Davidson developed their function by describing an asymmetric
broadening of the frequency dependent relaxation function. A more general model
function was introduced by Havriliak and Negami, which is in fact a combination of the
Cole/Cole and the Cole/Davidson function [124-126].

Over the past few decades, many researchers suggested the frequency- dependent
dielectric response can be equalized with a combination of different resistors and
capacitors, which is shown in Fig 3.1 [127-133]. This model consists of several different
resistor- capacitor (RC) branches, a high frequency (50 Hz) capacitor and a DC resistor.
Different RC branches stand for different polarization processes in the frequency range of
the interested. The long term DC conductivity is considered as a DC resistance. The high
frequency capacitor can be referred to the total polarization above 50 Hz. However, this
equivalent circuit cannot reveal the motion of charge carriers. To reach a better

understanding of the dielectric response in dielectric liquid, more research is required.

Csomz == Ro

Fig. 3.1 Equivalent circuit for insulating liquid

Mobile charge carriers in insulating liquid can form charge layers at the electrodes
when the frequency is low resulting in an increase of the real part of the complex
permittivity. This effect is known as the space charge polarization or electrode
polarization [121]. The dielectric response of the space charge polarization can be
significant such that the contributions to the complex permittivity arising from electronic,
atomic and dipole polarizations may be masked [121]. This space charge polarization has
been studied both theoretically and experimentally by many researchers [113-115, 134-
152]. Jaffe proposed a theoretical solution of the space charge polarization and his theory
has been used to analyze the dielectric response of electrolytic solutions and dielectric
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liquid [113-115]. Later, Macdonald presented more general expressions and his theory
has been widely accepted and used to analyze the experimental result [134]. The previous
polarization theories were developed based on linear approximations and they are only
valid under a low electric field, thus, a computer-based method to calculate the effective
complex permittivity of insulating media under high electric field has been provided by
Stern and Weaver [135]. Sawada further developed the space charge polarization theory
using computer based simulation and stated that the bound charge on the electrode should
also be taken into consideration in analyzing the frequency response in liquids [141-145].
Coelho assumed that the mobile charges that move towards the electrode of opposite sign
can accumulate in the vicinity of the electrode and finally result in a macro dipole finally
[146]. Frood and Gallagher discovered that the experimental results are in fair agreement
with Coelho’s theory only when an additional contribution to the permittivity arising from
DC conductivity has been taken into account [147]. Many researchers have reported that
the dielectric loss induced from DC conductivity can be added to the total polarization to

gain a better fit of the experimental results of the complex permittivity [148-152].

3.2 Experimental setting up

Figs 3.2-3.3 show the measuring equipment used in the experiment. Solartron 1296
dielectric interface and model 1260A impedance/gain- phase analyser has been used to
perform the dielectric response test and transfer data to a computer through IEEE488
cable. The sample was heated up using a heating cylinder. A parallel electrode system
was used in this frequency domain measurement. A PTFE ring was used as the spacer to
create a gap between the two electrodes. Oil was always kept in the heating cylinder
during the test to prevent exposure to the surrounding environment.

In our experiment, the thickness of the PTFE spacer is 0.5mm, the test temperatures
are 25°C, 50°C, 75°C and 90°C. The magnitude of the applied electric potential is 1V.
When the temperature of the cylinder reaches the setting temperature, an extra half an
hour is waited to achieve a steady temperature in the test cell.

The measured results do not change significantly after 3 hours of degassing. Thus, the
oil should be vacuumed for at least three hours to remove dissolved air before the
experiment. Also, the test cell should be thoroughly cleaned and dried according to the
standard procedure from IEC 60247 Annex B [26].
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Fig. 3.2 Solartron 1296 dielectric interface and model 1260A impedance / gain- phase analyzer
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Fig. 3.3 Test cell

3.3 Experimental data and analysis

As seen from Figs 3.4-3.6, the real parts of the complex permittivity of Shell ZX-1I oil
and Hydro Quebec oil are quite similar, whilst that of Terna oil are much higher and
increase faster when the frequency is below 1 Hz. The frequency response of all three
kinds of mineral oil share the same pattern, the real part of complex permittivity of
mineral oil is about 2.1-2.4 within a frequency range 100 Hz — 1 Hz and increases when

the frequency is below 1Hz. The experimental data reveal that a longer aging period
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results in a shift of the real part of the complex permittivity to the high frequency. When
mineral oil is in service, the hydrocarbon molecule in the oil undergoes the thermal,
electric and chemical stresses. Exact amount of charge carriers can be generated through
the breakdown of the weak covalent bond and the oxidation of the hydrocarbon molecules
[89-92]. Therefore, if there are more charge carriers participating in the electric
conduction, the polarization due to space charge formation will be more significant.
When the temperature goes higher, the dissociation rate increases and more charge
carriers are created. Also, the viscosity of mineral oil decreases with the temperature
leading to a high mobility of the charge carriers, therefore, the frequency response also
seems to shift towards high frequency when the temperature rises. When the charge
carriers drift to the interface of metal/oil and get blocked, these charge carriers will form a
charge layer in the vicinity of the electrode. The measured capacitance will increase when
more charge carriers move to the interface, therefore, the real part of the complex

permittivity increase at low frequency range (0.01 Hz- 1 Hz).
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Fig. 3.4The real part of permittivity of fresh Shell ZX-I oil at different temperatures
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Fig. 3.6The real part of permittivity of Terna oil at different temperatures

As observed from Figs. 3.7-3.9, the imaginary parts of the complex permittivity of
these mineral oils decrease with the frequency with a slope of approximately -1 in a log-
log scale regardless of the conductivity. It indicates that the conductivity plays an
important role in the frequency response of mineral oil in a range of 0.01Hz-100Hz and
the mechanism that governs the electric conduction does not change much [152].
According to the experimental results under DC field shown in Chapter 2, Shell ZX-I oil

has the lowest conductivity, Hydro Quebec oil has a medium conductivity and Terna oil
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has the highest conductivity. The conductivity of mineral oil increases with aging due to
the generation of the extra charge carriers from contamination or physical and chemical
degradation in mineral oil [89-92]. As the conductivity of mineral oil increases with the
temperature, the dielectric loss induced by the electric conduction also increases with the
temperature. As pointed out by Sawada, within the frequency range studied here, the
dielectric loss contributed by other polarizations, such as electronic polarization, atomic
polarization and dipole polarizations, is negligible, the main dielectric loss is due to the
electric conduction [140]. The imaginary part of the complex permittivity can be used to
estimate the AC conductivity of mineral oil.
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Fig. 3.7The imaginary part of permittivity of Shell ZX-1 oil at different temperatures
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Fig. 3.8The imaginary part of permittivity of Hydro Quebec oil at different temperatures
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Fig. 3.9The imaginary part of permittivity of Terna oil at different temperatures

To sum up, there are several characteristics of frequency response that mineral oil
share. First, the real part of permittivity does not change much at high frequency (1Hz-
100Hz) and increases significantly when the frequency decreases further. Second, the
imaginary part of complex permittivity will decrease with the frequency with a slope that

is close to -1. Third, when the temperature increases, the frequency response of mineral
oil will shift towards high frequency region.
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The correlation between the conductivity and the temperature can be described using
exponential equations. Here, the Arrhenius equation will be used to obtain the activation
energy for these three kinds of mineral oil. This activation energy is the minimum energy
that required for the separation of ions to overcome the potential barriers from the
molecules. The obtained values are plotted in Arrhenius plot with natural logarithm of
conductivity versus reciprocal of temperature as shown in Fig. 3.10. The slope of the
fitted line can be related to the calculation of the activation energy. The activation energy
for Shell ZX-1 oil is 0.419eV, that for Hydro Quebec oil is 0.380 eV and for Terna oil is
0.359 eV. Therefore, the activation energy of the mineral oil decreases with its aging time
and the energy needed for ionic dissociation is lower for aged mineral oil when compared

with that for fresh oil.
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Fig. 3.10 Temperature dependence of AC conductivity of mineral oilsis fitted by Arrhenius equation.
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3.4Correlation between AC and DC conductivity in mineral oil

The conductivities measured under DC or AC field are two important parameters to
quantify the dielectric properties of insulating media. Here, the DC and AC conductivity
of the mineral oil will be compared

In frequency- domain measurement, the ions in the oil, which are supposed to be the

main charge carriers, move back and forth between the two electrodes. At high frequency,
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most of these charge carriers do not have enough time to travel to the electrode and form
a charge layer in the vicinity of the electrode. If the density of the ionic charge carriers
does not change very much, the current induced by the motion of these charge carriers is
proportional to the external voltage. When it comes to DC test that are carried out under a
low electric field (10V/mm), most of the pre-existing charge carriers are unable to be
extracted instantaneously when a voltage is applied across the oil. As electronic, atomic
and dipole polarizations become fully polarized in less than several micro second and the
current induced by those polarizations is hard to be observed by a pico-ammeter with a
resolution of 0.5s. Therefore, the DC conductivity measured at the very beginning when a
low voltage is applied is correlated to the initial charge density in the mineral oil and it
should be similar to the AC conductivity obtained from the frequency- domain
measurement. The calculated conductivity have been given in Table 3.1

Table 3.1 Comparison between conductivity measured from dielectric spectroscopy and initial DC
conductivity (DC conductivity was measured under an electric field of 10 V/mm)

Conductivity (S/m)  Shell ZX-I Hydro Quebec Terna
30°C AC 2.1e-13 4.6e-12 1.4e-10
30°CDC 3.1e-13 7.6e-12 1.5e-10
90 °C AC 3.6e-12 5.1e-11 1.5e-9
90 °C DC 2.1e-12 4.2e-11 1.2e-9

As seen from Table 3.1, the conductivity measured through dielectric spectroscopy is
close to the initial conductivity obtained from DC test under a field of (10 V/mm). Thus,
our analysis of AC and DC conductivity is reasonable. The conductivity measured under
the AC field is slightly lower than that measured under the DC field at 30 °C, whilst the
conductivity measured under the DC field is slightly lower than that measured under the
AC field at 90 °C. The frequency domain and time domain are performed under two
different situations: the frequency domain measurement is carried out under atmospheric
pressure, whilst the time domain measurement is performed under a pressure about 100
Pa. Several researchers have reported that the current decreases with the pressure[153-
154]. Therefore, the current measured under the DC field might be lower than that
measured under the AC field at 30 °C. However, as the oil sample is exposed to the
atmosphere during dielectric spectroscopy measurement, gas and moisture can be
adsorbed by the mineral oil and the conductivity of the oil increases. Consequently, the
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conductivity measured under the DC field is slightly higher than that measured under the
AC field at 90 °C.

Summary

Based on the experimental results, the characteristics of the frequency response of the
mineral oil are similar. First, the real part of the complex permittivity doesn’t change
much at high frequency (1Hz-100Hz) and increases significantly when the frequency
decreases further. Second, the imaginary part of complex permittivity will decrease with
the frequency with a slope that is close to -1. Third, when the temperature increases, the
frequency response of mineral oil will shift towards high frequency region. Also, the
conductivity obtained by the dielectric spectroscopy measurement is similar to that
measured by time-domain method under a low electric field. The imaginary part of the
complex permittivity increases with aging, which means the aged oil has a high dielectric
loss. When the oil is aged, more charge carriers will be generated due to chemical,
electrical and thermal degradations. If more charge carriers can participate into the
electric conduction, the space charge polarization can be more serious and the
experimental results have revealed that the value of the real part of the complex
permittivity increases with the aging period. However, the space charge effect in mineral
oil has not been carefully studied and how to relate the results of the frequency domain
measurement with the aging condition of the mineral oil is still not clear. In the following

chapter, the space charge effect in mineral oil will be theoretically discussed.
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Chapter 4 Injection Induced
Polarization and Modified Space
Charge Polarization Model

As discussed in previous chapter, the frequency responses of mineral oil share several
common features. The real part of the complex permittivity remains constant when the
frequency is above 1 Hz and starts to increase if the frequency becomes lower than 1 Hz,
whilst the imaginary part decreases with frequency with a slope close to -1in a log-log
scale. However, the curves of the imaginary part of the complex permittivity which is
calculated by solving a Poisson- Nernst- Planck (PNP) model can unavoidably reach a
peak value as the frequency decreases, which is against the experimental data. Therefore,
there should be other charge transportation processes being involved. In this chapter, this
new type of electric conduction is assumed to be the charge injection and these injected
charge carriers are assumed to be charged in the region close to one electrode and

discharged in the vicinity of the opposite electrode.

4.1General equations for PNP model

Dielectric spectroscopy measurement is a frequency-domain measurement and the
field will change with the time. Thus, the inertia of the charge carriers can affect the
instant speed when the force it is subjected to is not constant. In the following paragraphs,
the field dependent velocity of a single charge carrier will be studied. Since the electric
field changes with the time under AC field, it would be necessary to analyse the
movement of charge carriers in an alternative field. The instant electric field can be
written as:

E(t) = E, sin(wt) 4.1)

in which, E(t) (V/m) is the electric field, E,is the magnitude of the electric field and

w (rad/s)is the angular frequency

Assuming there are only spherical charge carriers of mass m (kg) and diameter 2rion
(m) in mineral oil and each of them has a charge g (C), the electrical force due to the
electric field, F(t) (N), can be denoted as
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F(t) = qE(t) = qE, sin(wt) 4.2)

According to Stokes’ law [121], the friction force, F'(t) (N), caused by the viscosity
can be described as

F'(t) =6znr, v (4.3)

wheren (mPaes) is the viscosity, v (m/s) is the velocity of charge carrier. Combine these

equations; a drift equation under AC field can be obtained as

F(t)—F'(t) = m% (4.4)

With a boundary condition that v =0 at t = 0, then the velocity with respect to time can

be solved as
kk,sin(wt) k,wcos(mt) ko
v(t) = 2 — =2 2 ek 45
®) kf + 0’ k12 + w? kl2 +w’ (45)
with
k, =67nr,, /m
{ k, =E,q/m (46

In mineral oil, 7 has an order of 10mPaes, the charge carrier has an ionic radius of 10°
°m, E =2x10°V/m, m has an order of 10 kg [31]. Thus, k, I k,and k I @. When

frequency is below 100Hz in mineral oil, Eq. (4.5) can be simplified as

__EQ
V= S sin(ot) 4.7)

It means the velocity of charge carrier has a linear relationship with the electric field
when the frequency is low. Thus, the relationship between velocity and mobility can be
described as:

V=uE (4.8)
in which vV and E are both vectors.

Let us consider a parallel electrode system filled up with mineral oil. Assuming the
charge carriers are distributed evenly between the two electrodes and there are two types
of charge carriers that have the same properties except for their polarity are in the mineral
oil, the density of positive charge carriers and negative charge carriers can be written as:

n,=n_=ny=o/0q(u, +x1) (4.9)
wheren, and n_ are density for positive charge carriers and negative charge carriers, o'is

(S/m) is the conductivity of mineral oil, q(C) is the charge carried by a single charge
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carrier and z, (m*s' V') and x_(m®s ' V') are the mobility for positive and negative
charge carriers, respectively.

If the charge carriers are not evenly distributed between the two metal electrodes, the
electric field is subject to the Poisson equation

Q%%Q:quKDHLUﬂN%& (4.10)

where g, (F/m) is the dielectric constant of vacuum and ¢, is the relative dielectric constant

of the liquid. If the electric potential between the two electrodes is known asV (t) (V) and

the distance between the two electrodes is | (m), the electric field should obey the

following equation
vmzﬁEunm (4.11)

If assuming the charge carriers are dissociated from the ionic pairs, the relationship
between the ionic pairs and the free charge carriers can be described as [31]

dC_di_dl_K c—K,n,.n_ (4.12)

dt dt dt

where c is the concentration of ionic pairs, K (s is the dissociation rate and K, (s™) is

the recombination rate. Debye obtained the recombination constant by calculating the
collision frequency as a result of Brownian motion and the Coulomb interaction with the

rest charge [32]. The recombination rate can be denoted as

IB
|<r=qi‘+_§£:(1—eTi’)—1 (4.13)

where |, (m) is the distance between ions in an ionic pair and | (m) is the Bjerrum

distance at which the Coulombian interaction electrostatic energy between two ions of
opposite polarity equals to their thermal energies. For nonpolar liquid, such as mineral oil,
Bjerrum distance is much higher than distance between the ions [33], and then this

recombination rate becomes

+
Kr=qéﬁzi£ (4.14)

Since the mineral oil can be treated as weak electrolyte, therefore, the density of ionic
pairs is much larger than the density of free charge carriers. Here, Eq. (4.12) can be
rewritten as

Jde_dn, _dn. 2 -Kn,n (4.15)
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When the flow of liquid can be ignored, the density of positive and negative charge

carriers can be denoted as

dn+(X,t) = Krng - Krn+(X,t)n_ (X’t) + D‘*’ 62n+—(2X,t)
o X (4.16a)
A (G DE(X )]
Hy OX
2
dn_(x.t) _ K, nZ —K,n, (x,t)n_(x,t)+ D-an’—(zx’t)
= (4.16b)
" An_(x,H)E(x,1)]

OX
where D, (m?/s) is the diffusion coefficient. According to Einstein relation, the diffusion

coefficient can be written as

D, - D, =% (4.17)

where, k is the Boltzmann constant, T (K) is the absolute temperature. If all the charge
carriers can be blocked by the electrode, the boundary conditions can be described as

6X x=0,1
D 5n_a(;(,t) + .0 (X )E(X,1) =0 (4.18Db)
x=0,1

which means there is no current flow at the interface between electrode and mineral oil.
Because there is no charge exchange at the interface, the current flowing through the

circuit can be calculated from the change of the induced charge at the electrode which is

attracted by the space charge in the bulk. This induced charge, Q(t) (C), can be denoted

as
Q=1 X, (xB)-n_(x,)]dx (4.19)

When there is no mobile charge carrier in mineral oil, the dielectric permittivity is
contributed by electronic, atomic and dipole polarizations. As discussed in the previous
chapter, the real part of the complex permittivity contributed by electronic, atomic and
dipole polarizations can be approximated as a constant value and the dielectric loss
caused by these polarizations is negligible within the frequency range studied here [141].

When the external electric potential applied upon the two electrodes is a simple

sinusoidal voltage V (t) =V, sin(wt), the relative dielectric permittivity involving electrode

polarization can be written as:
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21 |

S0 =25
ol 0 |0 (4.20)
1 _ imag
&'(w)= EWEVAS +é&,
with
1f
| = fJ 990 s sin oty

o dt (4.21)

1/ f
dot
lynag = | J 0 th( ) s cos(at)dt

where, f (Hz) is the frequency, S (m?) is the surface area of the electrode, @ (rad/s) is the
angular frequency. ¢, is the relative permittivity at high frequency. I, (A) is the
current that has the same phase with the electric potential and contributes to the imaginary

part of the complex permittivity, while l;,,, (A) is the current that leads the applied ac

voltage by an angle of 90°and can affect the real part of the complex permittivity.

4.2 Calculation process of PNP model

To calculate the complex permittivity with Eqs. (4.20) and (4.21), the distribution
function of positive and negative charge carriers needs to be obtained from Egs. (4.9)-
(4.29). It is difficult to find direct solution to these equations due to their non-linearity.
Therefore, the computer based simulation proposed by Sawada is helpful to estimate the
value of the density of the positive and negative charge carriers [141-145]. Here, the
complex permittivity has been calculated in the same way as in his work by dividing the
gap between the two parallel electrodes into N slabs equally, which is shown in Fig. 4.1.

Let n, (i) be the average number of the positive and negative charge carriers in the i-th
slab. The values of the electric field at the boundaries of each slab are denoted with E(i).

The current flux due to the drift and diffusion of the positive or negative charge carriers

are denoted as J, (i) (A/m?), respectively. Eq. (4.19) becomes

QW =X lixn,M-ixn ()] (4.22)
When E(i) > 0, the current flux can be given by

3.0 = 9 EON, () -aD. [, (+D-n. ] (4.233)
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J (i) =quE@)n (i+1)+qD_[n (i+1)—-n (i)]$ (4.23h)

Similarly, when E(i) <0, the current flux can be given as

3,0 =9 EON, (+-4D, [n, (+D-n, ()] (4.242)

J (i) =qu E@)n (i)+qD_[n (i+1)—n (i)]':'— (4.24b)

For a complete blocked electrode, the current flux at the two metal electrodes can be
denoted as

J.(0)=3.(N=3_(0)=J_()=0 (4.25)
In order to calculate the value for n _(x)andn_(x), the period T (s) will be separated

with equal time intervals T / M. The changes of n_(x)and n_(x)can be expressed as

An, (i) = q“l'hTA [3.G-1)~ 3. (] +K,nZ ~K,n, ()n_G) (4.262)
—An_(i) =C:\I'—I\TA[J_(i ~1)-J_()]-K,nZ+K,n,(i)n (i) (4.26b)

With Poisson equation, the electric field can be calculated as
E(i) = E(i —1)+w (4.27)

Eq. (4.27) can also be written in another form

! ZI: n,(a)—n_(a) (4.28)

0 gr a=1

E(i) = E(0)+

Assuming the value of the average field in one slab is equal to the average value of the

electric field at the boundary of this slab, the average field in the i-th slab can be denoted
as

e, ()= S D (4.29)
When Eq. (4.29) is substituted into Eq. (4.11),
[E(0)+E(N) ZE( )j N><V(t) (4.30)
If Eq. (4.28) is substituted into Eq. (4.30), E(0)can be calculated as
E(0) _V(t) 18 i_[m(a) —n_(@)]x(N-a+0.5) (4.31)
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Therefore, the electric field can be calculated using Egs. (4.28) and (4.31). Repeated
application of Eq. (4.22)-(4.31), the variation of the induced charge on the electrode with
time can be specified.

With Eq. (4.20) and (4.21), the complex permittivity can be calculated.

&

n+(1) | n-(2)| n-(3)| n-(4) n+(N-1) |n-(N)
n-(1)| n-(2) | n-(3)| n-(4) n-(N-1) | n-(N)
> T TP -
J-()| )| 2) | J-3) J-(N-1)|J-(N)
L) | |2 | 73 J(N-1) | J(N)
x=0 IUN 2I/N 3IN IIN-D)/N 1
E(0) E(1) E2) E@3) E(N-1) EN)

Fig. 4.1 Diagram showing the notation for the numerical calculation

As pointed out by Sawada, the necessary cycles needed to acquire the stationary values
of the complex permittivity increases with the frequency [141-145]. Therefore, a wait
cycle number K, introduced by Sawada, that depends on the frequency to obtain the
stationary values is set in our simulation [141-145]. It is worth noting that the
approximation involved in this chapter is valid only if the distance moved by a mobile

charge in time At is sufficiently smaller than the slab width | / N. This implies
At << o : (4.32)
VN
The time interval and the number of slab should be set carefully so that Eq. (4.32) can
be satisfied. The condition determined for the calculation in the steady state is
summarized in Table 4.1.
The flow chart of the numerical calculation for obtaining the complex permittivity is

shown in Fig. 4.2.
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Table 4.1 Condition for the numerical calculation

Frequenc Time Slab Wait
y (Hz) coefficient M number N cycles K

100~1 10000 50 5

1~0.01 100000 50 3

set applied voltage Vo, distance between the electrodes /, diffusion
coefficient Do, mobility, slab number N, integer M and wait cycle K

- =
| Set the frequency and the permittivity at 100 Hz |

¢

| set the initial number of the charge carriers K

-
| set the number of the charge carriers in each slab %
e

calculate the

|ca1culate the induced charge Oyt | changes of the
charge carriers in
[ calculate the electric field using Eq. (4. 28) and (4.31)|. cach slab using

! | Eq. (4.26a) and
(4.26b)

| calculate the current flux J+ and J- using Eq. (4.24a) and (4.24b)

repeat M times

[

repeat K times

I calculate the complex permittivity using Eq. (4.20) and (4.21) I

¢

| Set the next frequency :

Fig. 4.2 Flow chart of numerical calculation for the calculation of the complex permittivity

4.3 Frequency response of mineral oil and simulation based on PNP
model

The quantity of the induced charge on the electrodes is determined by the uneven
distribution of the charge carriers between the two parallel electrodes. Sawada has already
investigated various parameters that can influence the simulating result [141-145].
According to his study, the space charge polarization should be added to the frequency
response in liquid sample. However, as observed from his simulation, this classic model
can only fit the experimental result in certain frequency range (0.1Hz-10 kHz). Here, this
classic model with two types of charge carriers that has the same properties but different

polarity will be used to simulate the experimental results. Because the only difference

96



between positive and negative ions is their polarity, these two types of charge carriers into
one kind of charge carriers will be categorized as one kind of charge carrier for
simplicity in the following sections.

In this model, the distance between the two electrodes is 0.5mm. The total
conductivity is calculated from the imaginary part of the complex permittivity using

o =ws,e"(w) . The relative permittivity ¢ is taken directly from the real part of the

complex permittivity at 100 Hz that was measured in the experiments. The mobility of
these charge carriers is assumed to be proportional to the reciprocal of the viscosity of the
mineral oil and the mobility of the charge carriers in the Terna oil is assumed to be
1x102m?sV/, which is a typical value of ionic mobility in other reports[155-160].
However, this calculated mobility might not be in a good accordance with its real value.
Thus, it would be necessary to investigate how mobility can affect the frequency response.

The frequency dependent curves of the real part and imaginary part of complex

permittivity under the same condition (o =5.2x10™S/m, ¢, =2.18,E, =2x10°V/m and

d =5x10m) but with different values of mobility,10°m?/V/s, 10" m?/V/s, 10°m?/VIs,
10°m#V/s and 10" ?m?/V//s, are shown in Figs.4.3-4.4.

10°
~8~ Experimental result
— u = 10m?/V/s,
— = 107m3/V/s,
u =108m2/V/s,
i1 =1010mV/s
- — =102 m2/V/s
£
= 1
£10
£
-
<]
o
0
10 ) M | R . 1 A Ll ' ) I
-2 -1 0 1 2
10 10 10 10 10
Frequency (Hz)

Fig. 4.3 The comparison between simulation result and experimental result of the real part of complex

permittivity
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In the analysis of the space charge polarization, the distortion of internal field and
charge accumulation in the close region of the electrode are the essential factors. The
power source in the measurement system supplies counter charges to the electrode and
keeps the electric potential between two metal electrodes. The charge carriers in the bulk
drift by the electric force and form charge layer in the vicinity of the electrode. The
accumulation of charge carriers near the electrode can cause extra polarization, as well as
dipole, atomic, or electronic polarization. As found in Fig. 4.3, when the mobility
increases, the real part of the complex permittivity shifts towards the high frequency and
the maximum value it can reach decreases. It seems if the mobility is lower than 107
m?s ' V', the frequency response would not change notably. If the charge carriers have
a high mobility, they can drift to the electrode in a short time. Thus, the space charge
polarization can reach the quasi- equilibrium state earlier if the charge carriers have a
higher mobility. However, the real part of complex permittivity change unnoticeably
when the frequency is below 1Hz according to the experimental result. This indicates
there might be other types of charge carriers in the mineral oil, such as electrons, holes or
injected ions.

Na — 1 = 10m¥V/s,
— i =107"m*V/s,
4 =108 m2/V/s,
i =101m¥V/s
— 4 = 10wV

— . 1
\ =€~ Experimental result | ]
- : ]

?é -
=
£
£
[} i
l |
10° ™~
3
10 L R | L A4 s aaal . N Ll L L T
10 10" 10° 10’ 10°

Frequency (Hz)
Fig. 4.4 The comparison between simulation result and experimental result of the imaginary part of
complex permittivity
As seen from Fig. 4.3, the imaginary part of complex permittivity will reach a

maximum peak and then start to decrease. The experimental data shows the imaginary
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part always decreases with the frequency with a slope close to -1. A higher mobility can
lead to a more serious deviation from the curve that is measured experimentally. The
calculated imaginary part of the complex permittivity reaches a maximum value and then
starts to decrease as the frequency goes low. When the full polarization has been attained,
the dielectric loss can be simply considered as the energy consumed to push total charge
carriers form one electrode to the other. Thus, if the charge carriers in the bulk have
enough time to get into a region that is close to the electrode, the total energy consumed
in every cycle becomes constant and the imaginary part of the complex permittivity will
drop to a lower value as the frequency decreases further. In order to make a better fit of
the imaginary part of the complex permittivity, a smaller mobility of charge carriers is

required.

©- 10%S/m
= 10°S/m

=7 101%/m
< 10-1'S/m
= 10-13$/m

Permittivity"

107 ) e

10° 10 10° 10 10
Frequency (Hz)

Fig. 4.5 The imaginary part of permittivity with different conductivity

As the two main factors that affect the simulation are the conductivity and mobility,
it would also be necessary to understand the influence of the change of the conductivity to
the complex permittivity. In our simulation, the mobility of charge carriers is kept
constant (10°m?s ' V'), whilst the total conductivities changes (10 S/m, 10° S/m, 10°
195/m, 10™ S/m and 10™ S/m). The frequency responses with different conductivities

have been simulated and the simulation results are shown in Figs. 4.5-4.6. As seen in Figs.
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4.5 and 4.6, the decrease of the total conductivity can make the frequency response shifts
towards the low frequency. The real part of permittivity increases as the frequency goes
lower, and finally reaches a very high value at which the real part and does not show any
notable change with further decrease of the frequency. When the oil conductivity is below
10 S/m, the imaginary part of the complex permittivity decreases with the frequency
within a medium frequency range (1 Hz- 100 Hz) with a slope that is close to -1. The
change of the conductivity only makes the frequency response shift towards high
frequency, which is in a good accordance with Sawada's work [141]. As the frequency
decreases, the imaginary part of the complex permittivity reaches a maximum value and
reveals slightly change if the frequency decreases further. To sum up the change of the
conductivity makes the frequency response shift towards high frequency.

10°

©-1085/m
B-10°S/m
71019 /m
A 10°11S/m
= 10-38/m

Permittivity'

10° 10 10° 10" 10°
Frequency (Hz)

Fig. 4.6 The real part of permittivity with different conductivity

When the simulation result and the experimental result are compared, a dilemma can
be found. It needs a higher mobility to have a good fit of the real part of complex
permittivity, whilst a lower mobility is the requirement of a better fit of the imaginary part.
It suggests that there is other electric conduction process being involved in mineral oil.
Therefore, it would be impossible to simulate the dielectric spectroscopy result with the

classic space charge polarization model, in other ways, the charge carriers that are created
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in the bulk by dissociation is probably not the only cause of the electric conduction in

mineral oil.

4.4 Theory of the injection induced polarization

In non-polar liquid, a two-step process can be used to explain the charge injection: A)
charge carriers are generated at the metal/liquid interface; B) these newly created charge
carriers are forced to drift into the bulk by the electric field. The extraction of these
injected charge carriers is affected by the electric drift and the diffusion. Felici studied the

injection in hydrocarbon liquid and obtained an analytical solution [37]

— _ e2
0 = 0, xexp( W)/ (2bxK,(2b)) , (4.33)
with
b=/(e°E /167,6,k 2T?) | (4.34)

where, g, (C/m°) is the charge density that is considerably far away from the electrode,
Xg (M) is the minimum approach of a charge carrier to the metal electrode, g, (C/m) is
the charge density at x; and K, is the modified Bessel function of the second kind. Here,

the assumptions that there is only one kind of injected charge carriers and these injected
charge carriers share the same polarity have been made for simplicity. Thus, the
recombination of these injected charge carriers does not need to be considered. If the
creation of the injected charge carriers in the vicinity of the electrode is much faster than
the kinetics of the extraction, the field dependence of the injection current density can be
denoted as [35-36]

Ji = G4 E =0 4 E /T2bx K, (2b)], (4.35)
where @°(C/m® is a constant charge density that depends on the nature of liquid and
electrode and g4 is the mobility of these injected charge carriers. When the field is not
very high, 2bK,(2b)=1. At a low electric field of the order of 10° V/m, this injection

process can be safely assumed to be autonomous [45-46].

If the diffusion effect, which will be discussed later, can be ignored, and the internal
electric field can be approximated as a homogeneous field, the time dependent injection
current density j; (t) (A/m?) in the vicinity of the electrode can be written as

ji©) =0 E ) /[20x K (20)] ~ g° 4 E (1), (4.36)
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Thus, the injected current is proportional to the field at the interface of oil/metal
electrode in this space charge polarization theory. A few words should be said on the
interpretation of the charge injection theory in liquid. Eq. (4.35) has been verified in a
large variety of organic solvents and salts up to a field of 20 k\VV/mm [31-46]. Castellanos
pointed out that for a field lower than 4 k\VV/mm, the injection can be safely assumed to be
proportional to the electric field [45-46]. However, Eq. (4.36) can be valid only under the
condition that two assumptions have satisfied. First, the injection equation was derived

for the case that where the electric field is not too intense, i.e. \Je/16mg e E >> x5 If

J€/16meye E >> X5, the lower limit of the integration of the total current induced by the

motion of the injected charge carriers in the bulk can be approximated as x=0 instead of

X=Xg and the solution can be simplified. According to Alj, Xz =0.3 nm [35].Thus,
Je/16me, e, E >> % when a field of 2x10° V/m is applied. Second, the distortion of the

internal field distribution is negligible and the electric field can be approximated by a
homogeneous field [37]. This assumption will be verified later. Besides, if the
measurement is carried out under high electric field, more charge carriers will be created
and the field distortion can be serious. Therefore, these assumptions are no longer valid
under a high electric field. This model can only be used to explain the frequency response
of mineral oil under a low electric field.

Since the average injection current is contributed by the motion of all the injected

charge carriers, the total injection current density J; (t) can be described as
I,
J;(® =|1 jo ji(xDdt=uE®) o) /1 (4.37)

where, po(t) (C) is the total amount of the injected charge and | (m) is the distance

between two electrodes. There are two different cases for the injection induced
polarization. First, the frequency is so high that the charge carriers injected from one
electrode are unable to reach to the opposite electrode in a cycle. Second, these injected
charge carriers can get to the opposite electrode in a cycle.

Firstly, the polarization due to the motion of these injected charge carriers under the
situation that the charge carriers cannot reach the opposite electrodes in a field cycle will
be discussed. If the charge carriers can be immediately neutralized once they arrive at the

oil/metal interface, the total injected charge can be written as
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py(t) = [ Ot =] ) E Dt (438)

When the external voltage applied to the electrodes isV(t) =V, sin(et) , Eq. (4.38)

becomes
? Y
pi(ty) = [ a4 (Vo /1) sin(et)dt z'—;f{l—cos(a)to)] . (4.39)
0 (0]

On considering the fact that the injection can take place at both two electrodes, the
injection current contributed from the injection at the opposite electrode can be expressed

as

in:“iVo

Poppo (to) = [1+cos(aty)] (4.40)

in which, g, (t;) (C) is the total charge that injected from the opposite electrode.

Therefore, the total charge py (t;) (C) injected from both electrodes should be

0
Prot (to) = |:pl(t0) + Poppo (to)} = Zqiafllivo ) (4-41)

which means, py; is only depends on the frequency. Thus, the total injection current

density from both two electrodes is

0,22
Y

30 = 1V ) piot O 112 = #[sm(wt)] (4.42)

After substituting Eq. (4.42) into Eq. (4.21), the average current can be denoted as
inlLliZVOZS

Al
ol®

real —

2
= j M[sinz(a)t)]Sdt -
(4.43)
2
Mineg =3 j Msin(wt)cos(wt)sm 0

imag

By substituting Eq. (4.43) into Eq. (4.20), the polarization caused by the injection can

be denoted as

Agt— 2Al . 2001V,
£WE,S  goll® (4.44)

Ae'=0

in which, Al and Al;,,. are the integration of the total current that is only contributed

imag
by the injection current, whilst A "and Ag 'are the changes of the complex permittivity

in imaginary part and real part, respectively. As shown in this theory, if the injected
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charge carriers have a low mobility, their motion can contribute to the imaginary part of
the complex permittivity and the theoretical frequency dependence of the imaginary part
of the complex permittivity is proportional to 1/®* , whilst the results obtained
experimentally that are given in Chapter 3 is proportional to 1/®. Thus, these injected
charge carriers might move much faster than normal ions and they might be electrons or

holes.
If > wl? 12V, , the injected charge carriers have enough time to reach the opposite

electrode. Here, the assumptions that the injected charge carriers can be neutralized
immediately when they can get close enough to the electrode and the internal field can be
treated constant are kept. A sinusoidal field with magnitude V, and period T is shown in
Fig. 4.7. If the injection at one electrode starts at t = 0, for the other electrode the charge
injection begins att = T / 2. In the following sections, the electrode at which the injection
takes place at t = Owill be referred as the first electrode and the other electrode will be
referred as the second electrode for simplicity.

Ve

12 T

I8 t:

Fig. 4.7 A sinusoidal electric field with magnitude E, and period T

For the first electrode, the current density due to the newly generated charge carriers in

the vicinity of this electrode can be denoted as
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ji=qi°/1i(\/0/|)sin(a)t) 0<t<T/2) ' (445)
;=0 (T/2<t<T)

If the charge carriers injected from the first electrode at t; can just reach the second
electrode at t,, the total charge injected from t; to t, from the first electrode can be written

as
P (t2) = j ji (t)dt = q?f 1 (V, /1) sin(wt)dt . (4.46)

The distance between the two electrodes, |, also satisfies
t2
| = j 1 (V, /1) sin(wt)dt . (4.47)
t1l

If Eqs. (4.46) and (4.47) are combined, Eq. (4.46) can be re-written as

p(t2) =0}l (4.48)
At the very beginning, the injected charge carriers do not have enough time to get
close to the second electrode and the minimum time required for the charge carriers

injected at t = 0 can reach the second electrode is t_.. . =arccos(l-@l? / 1V,).

Thus, the total charge injected from the first electrode at the beginning of a cycle is

0
:qi%ivo(l—cos(a)to)) (O<t <t )

When T/2 >t > tmin, the charge carriers injected from the first electrode are able to get
close to the second electrode and the total charge injected from the first electrode and the

amount of this injected charge can be calculated with Eq. (4.48)

p®=a)l  (T/2>t>t ). (4.50)
As the electric field reverses at t = T / 2, the total injected charge from the first
electrode can be simply obtained as p, (T / 2) =qi°I. After the field reversal, the injected

charge carriers will start to be neutralized at the electrode from which they are injected.
Therefore, the total amount of charge after the field reversal can be written as

T/2+tmin

p®=al+ [ alu V@t
TI2 : (4.51)

0
— —M;\/O(mos(wt)) (T/12<t<T/2+t
(0]

min)
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Once all these charge carriers have been extracted, the current contributed by the
motion of these injected charge carriers will be zero.

To sum up, the total charge due to the injection from the first electrode can be
expressed as

A0 =35 1 cos(an,) (O<t<t,)
[0

0
=gl (t, <t<T/2) (4.52)

0
=g/l —Miv"(lwos(a)to)) (Tl2<t<T/2+t,,)
@

=0 (T/2+t,, <t<T)
A similar analysis can be done on the injection from the second electrode, the total

charge injected from the second electrode can be denoted as

0
poppo (t) = Q.Ol _qiLIVO(l—COS(COtO)) (O <t< tmin)
[0
=0 t. <t<T/2)
0N (4.53)
=2 1+ cos(at,) (T/2<t<T/2+t,)
[0
=l (T/2+t, <t<T)

Therefore, in a full circle, it is easy to obtain
Prot (1) = 1) + Poppe (1) = 1. (4.54)
Thus, the total injected charge is always constant in the bulk in a full cycle, and it does
not depend on the frequency any longer.
The total current from injection is
3;(0)= 1V (1) prot () 117 =004 (V[ 1) sin(eot) - (4.55)
By substituting Eq. (4.55) into Eq. (4.21),the complex permittivity contributed by the

motion of these injected charge carriers can be denoted as

o G
Ag'=0

If Egs. (4.44) and (4.56) are put together, the polarization caused by the injection can

be expressed as
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Ae'=0
0
nen=9E 2 o N Tl? <) (4.57)
ws, ol
0
Agt= G uN, | ol? >1)
WE,

By substituting Eqg. (4.57) to Eqg. (4.20), the relative dielectric permittivity with the

polarization from the injection being involved can be written as:

1 _ 2IimagI
£'(e)= PROYAS s
0 A
6‘"((0) _ 2IrealI + O 4 % 2/ul\Z/O (ZﬂiVo | wl? <l) , (458)

NS e, ol

n — 2IrealI qiolui 2
£ (w)—m+w—go (2uN, l ol” >1)

with

1/ f
| —f j 9QW) g sin(wt)dt
0 dt

real —

Y o0 - (4.59)
_ t
limag = fjo it S cos(wt)dt

In our simulation, the assumption that there are two kinds of charge carriers in our
charge transportation model has been made: the first kind is dissociated from the ionic
pairs and can be fully blocked by the metal electrode, which is referred as the dissociated
charge carriers later; the second kind can be charged from one electrode and discharged at
the opposite electrode, which is referred as the injected charge carriers, respectively. It is
necessary to define a parameter, «, the ratio of the conductivity that is contributed from
the injection over the total conductivity. This ratio is defined as

a=0;lo, (4.60)
where, o is the conductivity contributed by the motion of the injected charge carriers.
With this definition, Eq. (4.9) can be modified as

n=n_=n=0-a)o/q(u, +u). (4.61)

As seen from the experiment, the imaginary part of the complex permittivity &"(w)
decreases with the frequency in a slope of approximately -1 in a log-log scale, which
means ¢"(w) is proportional to the angular frequencyl/ @ . In our previous discussion, if

the injected charge carriers are not fast enough to reach the opposite electrode in a cycle,
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&"(w) will be proportional to1/*. If the mobility of the injected charge carriers can
travel to the opposite electrode in a cycle at 100Hz, ¢"(w) is always proportional tol/ @
with the frequency range studied in this chapter, which is coherent with the experimental
result. Thus, a conclusion that the injected charge carriers should have a high mobility so
that they can reach the opposite electrode in a cycle can be made. The minimum mobility
Heoin (m?s ' V") required to ensure the charge carriers can get to the opposite electrode
can be calculated as
|  100x2x7zx5x10~*

Hnin = 5E = 2108 ~7.9x10°(m?/s/V)- (4.62)
If 24> 4., EQ. (4.58) can be simplified as
' 2IimagI
£le)= EqV,S T
0 (4.63)
8"(60) — 2IrealI + qi Hi

ENV,S  we,
Also, the following expression can be obtained by using Eg. (4.58) and (4.5)
Ha = o5 (4.64)

As seen from Eq. (4.62), the mobility of these injected charge carriers is much higher
than normal ions. Due to its high mobility, the density of these injected charge carriers is
low. Frood claimed that there might be small quantity of electrons participating the
electric conduction in dielectric liquid [147]. Although Felici's injection theory is
developed based on the movement of ionic charge carriers, this high mobility charge
carriers injection process can still be explained by his theory. As the density of these
injected charge carriers is low, the field distribution may not be significantly affected by
the unevenly distribution of these injected charge carriers. On considering the electric
field is not intense in this case, Eq. (4.36) is still valid. According to Felici's theory [37],
these high mobility injected charge carriers are created at the interface of metal electrode
and oil, and then, they will be extracted by electric field and drift into the bulk. However,
the existence and the physical meaning of these high mobility charge carriers is not clear,
and more research is needed.

However, the computer based simulation discussed above might be time consuming
and difficult to be used in daily test. Here, an analytical approach based on Coelho's space
charge polarization model will be given.
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Firstly, a brief introduction about Coelho’s space charge polarization theory will be
introduced. In his theory, he assumed that there were parallel plate electrodes contain
both positive and negative mobile charge carriers and the diffusion coefficient, the
mobility, the density and the charge carried by single charge carrier of positive charge
carriers were equal to those of negative charge carriers. In the absence of external voltage,
these charge carriers are distributed evenly between electrodes. When a field is applied,
these charge carriers are drifting towards the electrodes. These charge carriers can be
blocked by the electrode and form charge layers. In his original theory, the distance
between the electrodes is 2d (m). Please note, this setting has been kept only for
simplicity and | = 2d.

If n_(x,t)and n_(X,t)are the density of positive and negative charge carriers at x (m)
at time t (s) and the charge carried by single charge carrier is g (C), the net charge density
can be denoted as:

PO 1) =q[n, (1) =n_(x1)]. (4.65)

When a field is applied, those charge carriers experience the influences from both
electric field and thermal diffusion. The current density is given by:

Jx 1) =L (x)=-j(x1) (4.66)
with
J.(x ) = an. (x D E(x ) - D,g T, (4.673)
i (xt)=—an (x,)x E(x)-D g a”—(,gtx’t) , (4.67b)

where, £, (m?s ' V'Y and D, (m%s) are the mobility and diffusion coefficients of these

two species, respectively. After using Einstein’s relationship, the diffusion coefficient can
be described as
D, = AKT (4.68)
q
where, k is the Boltzmann’s constant, T (K)is the absolute temperature.
The equations of charge conservation are given by

g on.(xt) | dj.(xt) _
ot OX

Noting that the electric field must be subject to the Poisson equation

0. (4.69)
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OE(x,t)
OX

=q[n, (x,t)—n_(x,t)]/ &¢, . (4.70)
where, &, (F/m) is the dielectric constant of vacuum and ¢, is the relative dielectric
constant of the liquid.
If n_(x,t)and n_(X,t) do not differ much from their equilibrium values, they can be
linearized as
n (x,t)=n,+a(xt), (4.71a)
n_(x,t)=n,+b(xt), (4.71b)

where, n,is the equilibrium value of the density of positive or negative charge carriers

and a(x,t) andb(x,t) are much smaller compared to n,. Here, Coelho assumed that only

one type of charge carriers is mobile. Frood and Gallagher further developed Coelho’s
theory by assuming that both positive and negative charge carriers are mobile and they
showed that the current and charge densities have the same form as those with only one
kind of charge carriers [146-147].

When the diffusion coefficient and mobility of positive charge carriers are equal to

those of negative charge carriers, D=D, =D_and i = u, = ¢, by substituting Eq. (4.71a)

and (4.71Db) into Eq. (4.69), the following expressions can be obtained,

j(x,t)=o—E(x,t)—D% | 4.72)
op(xt) , o _ P p(x.1)
e p(xt)=D—=5, (4.73)

where, o =2n,qu . Assume that in steady state solution of Eq. (4.73) has the form:

p(x.t) = p,(x)e (4.74)
where @ (rad/s) is the angular frequency. The electric field and current density should

also have the same form
E(x,t) = E,(x)e"", (4.75)
jxt) =], (x)e" . (4.76)

Coelho notes that those charge carriers cannot get across the electrodes at x = +d , thus

the current density at the two metal electrodes should follow that

oE (+d)=D|%=| | 4.77)
OX
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With this boundary condition, the charge density, field and current density can be

calculated as:

&,&,E,sinh(k  x)

p,(X)= v (4.783)
E (X)=E, cosh(kwx)+|i\;or cosh(k,d) | (4.78b)
i, (0 = ook, cosh(kwd)l\; cosh(k,x) | (4.78¢)
with
r =% (4.79)
o

2 = dHior) (4.79b)

Dz
M :M+ ior cosh(k, d). (4.79c)

k,d

«

Note that when @ =0, j,(X)=0, therefore, there is no DC conduction in Coelho’s

model.
The current density in the external circuit can be calculated using the following
expression:
cosh(k,d)—sinh(k,d)/(k d)
M
The first term of Eq. (4.65) is induced by the displacement current in the media, whilst

jext (60) = ia)(gosr - 80) EO + ia)‘[o-EO

(4.80)

the second term is induced by the motion of charge carriers. This current density must be

equal to the current density in a sample that has a permittivity of £(w)
jext (a)) = Iw(g(a)) - go)Eo (4.81)
Employing Eq. (4.80) in Eq. (4.81) leads to the complex permittivity:

e(w) = g€, | - L+ior } . (4.82)

ior +tanh(k,d)/k d
Eq. (4.82) is Coelho’s main result [146].
As discussed in the above paragraphs, it is easy to reach a conclusion that the density

of those injected charge carriers is qiO everywhere. If the dissociated charge carriers are

present between the two metal electrodes, the internal field is distorted. If the field

distortion is not serious, the distribution of the injected charge carriers can also be
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linearized. Therefore, if the charge density of those injected charge carriers p (x,t) does

not differ much from their equilibrium values, the distribution of the injected charge

carriers can be denoted as
P (1) =0 +7(x1). (4.83)
where y(x,t) is a term that is much smaller than g°. Assuming there are no recombination

and dissociation of those injected charge carriers, the current induced by those injected

charge carriers can be written as:
i (x0)= A X O4E(x. -, D, (4.84)

Here, an assumption that the amount of the dissociated charge carriers is much more
than that of the injected charge carriers has been made and this assumption will be
verified later. Thus, the internal field is mainly determined by the distribution of the
dissociated charge carriers and can be denoted as

cosh(k,x) +iez cosh(k,d)

E(x,t)=eE, v

(4.85)

If »(x,t)is far smaller than g, the current due to the motion of these injected charge

carriers becomes

(0 =l uEx -0, L (4.86)
With conservation of electric charge,
api(x!t) +a.li(xvt) =0. (487)
ot OX

After using Eq. (4.72), Eq. (4.71) becomes

op. o OE(x1) o°p.
———L=q'u -D, —5+. 4.88
o WA TR e (4.88)
Assuming in steady state, the solution for the charge density has the form:
pi(x0) = p,, (X)e"™. (4.89)

Similarly, the current density due to the motion of these injected charge carriers can be

denoted as
Ji (%) = ji, ()™ (4.90)
By substituting Eq. (4.89) into Eq. (4.88), the following expression can be obtained:
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ﬁ aEw (X) _ d 2pia)(x)

-B’p. (X)= 4.91
Pio(X) D ox e (4.91)
with
1%) )
— =B2. 4.92
D (4.92)
After using Eq. (4.85), Eq. (4.91) becomes
2
~Bp., (x) = Asinh(k_X) —%, (4.93)
X
with
— GiEOka) i
A= SR e (4.94)
———2 " +imrcosh(k d) =
k,d
Solution of Eqg. (4.93) is
Asinh(k x
P, (X) = —ﬁ +C, exp(Bx) + C, exp(—Bx) . (4.95)

If the charge injection can only be affected by the electric field at the two metal

electrodes, x=+d , the current should follow
ji(d,t)=0.E(d,1), (4.96a)
ji(=d,t)=0E(-d,t). (4.96b)
Using Eq. (4.96) in Eq. (4.95) and solving for C; and C,gives

6 - Psinh(Bd) + Pexp(Bd)
C, = 2 , (4.97a)
cosh(Bd)
6 - Psinh(Bd) P exp(~Bd)
C,= 2 . (4.97b)
cosh(Bd)

Therefore, the charge density of the injected charge carriers becomes
o Psinh(Bd)

- C= Pexp(Bd)
Asinh(k x) Y +
o (X) =— " exp(B
Psinh(Bd (4.98)
qf—ism ( )—Pexp(—Bd)
+ 2 exp(—Bx)
cosh(Bd)

with
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P= 2 oiEK, o1 (4.99)
= 2 2 - D’ |
(B® =k )sinh(Bd) k1d+ oz coth(k,d) D,

w

The current induced in the external circuit by the motion of these injected charge
carriers in the mineral oil is the average value of the internal current between the two

metal electrodes. The current density in the external circuit can be denoted as

1 pd . o.E, | sinh(k_d)
= ) XdX: i—0 [2)
o L B (dx == { .
D,Asinh(k,d) D,Psinh(Bd)

2 L2y = o;E,
d(B°-k)) 2d

+iwt cosh(kwd)}
(4.100)

Thus, even under a non-homogenous field, the current caused by the drift and diffusion
of those injected charge carriers can still only contribute to the imaginary part of the
complex permittivity.

Using Eq. (4.67), Coelho’s space charge polarization theory should be modified as

_ 1+iot! O
g(w)_gm[ia)r'ﬂanh(k'wd)/k'wd ' (4.101)
with
{ t'=¢gnl(c-0))
R I (4.102)
kw—D—T,(1+|a)r)

4.5 Comparison between experiment and theory

Here, the computer based method and analytical expressions will be used to fit the
experimental results of the frequency response of the three different kinds of mineral oil.

The experimental results of Shell ZX-1 oil, Hydro Quebec oil and Terna oil are shown
in Figs. 4.8-4.13. In all events, the real part of permittivity does not change much within
the high frequency range (1Hz-100Hz) and increases significantly when the frequency
goes lower and the imaginary part of complex permittivity decreases with the frequency
with a slope that is close to -1 in log-log scale. The real parts of the relative complex
permittivity of the mineral oil are around 2.1-2.4 in frequency ranges from 1Hz to 100Hz
and they does not change much regardless of the AC conductivity. As pointed out by
Sawada, the permittivity in this range studied is mainly contributed by electronic, atomic

and dipole polarizations and these polarizations have been fully polarized so that the real
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part of the complex permittivity seems to be constant [141]. The increase of the real part
of the complex permittivity indicates space charge polarization can affect the frequency
response in mineral oil when the frequency is below 1 Hz. More charge carriers can be
generated during oil degradation. If there are more charge carriers participating the ionic
drift and diffusion process, the space charge polarization becomes more significant and a
higher real part of the complex permittivity can be observed. Terna oil has been aged for
50 years and it has a high DC conductivity, so the space charge effect in Terna oil is more
significant than that in other two oil samples. As seen from Table. 3.1, the AC
conductivity of Hydro- Quebec oil that are calculated using the results of the imaginary
part of the complex permittivity are 10 times higher than that of Shell ZX-I oil, their
experimental results of the real part of complex permittivity are quite similar, which
implies that ions may not be the only kind of charge carrier in mineral oil. Besides, the
curves of the real part of the complex permittivity shift towards high frequency when the
temperature increases, which is due to the increase of density and mobility of charge

carriers.
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Fig.4.8 Theoretical and experimental results of the real part of the complex permittivity of Shell ZX-I oil.
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Fig. 4.10 Theoretical and experimental results of the real part of the complex permittivity of Terna oil.

The computer based simulation results of the complex permittivity of these three kinds
of mineral oils with different aging times are illustrated in Figs. 4.8-4.13. The dashed
lines are the computer based calculated results. Good fits between the observed and the

calculated values have been achieved for the frequency-dependent curves of the complex

116



permittivity. It seems if part of the charge carriers are injected from the electrode, both
the real and imaginary part of the complex permittivity can be fitted. The computer based
simulation can fit the experimental results of the real part of the complex permittivity of
Shell ZX-1 oil and Hydro Quebec oil quite well. The simulated results of Terna oil seem
to be going to reach a peak value and become lower than the experimental results when
the frequency is close to 0.01 Hz. As Terna oil has been aged for around 50 years, more
charge carriers will be generated through degradation process. There newly generated
charge carriers may not share the same characteristics, thus, there can be charge carriers
with different mobility in Terna oil. It has been reported that using two types of charge

carriers with different mobility can give a better fit of the experimental results [161].
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Fig. 4.11 Theoretical and experimental results of the imaginary part of the complex permittivity of Shell
ZX-1 oil.

The modified Coelho model can also fit the real part and imaginary part of the
complex permittivity. In our simulation, there is unnoticeable difference between the
calculated result of the imaginary part of the complex permittivity using the computer
based simulation and those from the modified Coelho model. Therefore, only the
simulated results based on modified Coelho model are illustrated in Figs. 4.11-4.13.

However, the computer based method can fit the experimental result of the real part of the
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complex permittivity much better than that using the modified Coelho model. The solid
lines in Figs 4.8-4.10 are the calculated value from the modified Coelho model. The
simulated results of the real part of the complex permittivity based on the modified
Coelho model start to increase at a lower frequency and the increasing rate is higher when
compared to the experimental data. Although the mineral oil can be treated as weak
electrolyte, the amount of the newly dissociated charge carriers should not be simply
ignored especially at low frequency. As more charge carriers are generated during the
measurement, more charge will be induced at the electrode and the total capacitance can
also increase. Therefore, the computer-based calculated value of the real part of the
complex permittivity can start to increase at a higher frequency when compared to the
calculated results based on the modified Coelho model since more charge carriers are
moving to the electrode due to ionic dissociation. Besides, Coelho’'s model is based on the
assumption that the charge distribution can be approximated as homogeneous, which is
not true when the frequency goes low. If the frequency is low enough, the charge carriers
in the liquid bulk will have sufficient time to reach the interface of oil/electrode and the
difference of charge distribution can becomes significant. Therefore, in order to get a

more accurate experimental fit, the computer based method is recommended.
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Fig. 4.12 Theoretical and experimental results of the imaginary part of the complex permittivity of Hydro

Quebec oil

118



O exp 25 |

i —theory 25
10° exp 50 ||
! ' theory 50| |
L A exp75 j
20~ . \ —theory 75
107 Y |
- B\":’\ SRR % exp 90 |
2 e ' —theory 90| |
E 1 i 5\3».
g 10 “&\i\
S : S
10°}
S,
10 \‘S\QK\Q\ 4
10-2: " PP | " P | . PP | " " ‘(.Q?\\;j
10 10" 10° 10’ 10°

Frequency (Hz)

Fig. 4.13 Theoretical and experimental results of the imaginary part of the complex permittivity of Terna oil.

The coefficients 1- « of three different types of mineral oils used in computer based
method and modified Coelho model are shown in Table 4.2 and 4.3, respectively. As seen
from Table 4.2 and 4.3, it seems when the oil is aged, the injected charge carriers will be
the main charge carriers in the mineral oil. Also, a higher temperature can result in a
smaller proportion of the first kind of the charge carriers and a larger amount of the
second kind of charge carriers. It indicates that the injection can be enhanced by aging
and high temperature. These coefficients obtained from two different calculating methods
have a good consistence. Since the calculation based on the modified Coelho model is
much easier and faster than the computer based method, Eq. (4.101) can be used in daily
measurement analysis. However, how the injected charge carriers are generated is still
unknown.

Please also note the improved space charge polarization theory is developed based on
the assumption that the internal field distortion is not serious. When this frequency-
domain measurement is carried out under high electric field, more charge carriers will be
created and the field distortion can be significant. Thus, this modified model might not be
valid if the field is high. Also, as the frequency goes low, almost all the dissociated
charge carriers are able to travel to a region that is close to the electrode and the density

of these charge carriers between electrodes can differ much from their equilibrium values
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so that Eq. (4.75) and (4.90) are no longer valid if the frequency is too low. Thus, this
improved model cannot be used to explain the dielectric behaviour of mineral oil under a

very low frequency or a high electric field.

Table 4.2 Coefficient 1- « for three different kinds of mineral oil in computer based method

25°C  50°C  75°C 90°C

Shell oil 0.9 0.7 0.6 0.45
Hydro Quebec oil 0.4 0.15 0.10 0.065
Terna oil 014 011 0.08 0.07

Table 4.3 Coefficient 1- « for three different kinds of mineral oil in modified Coelho model

25°C  50°C  75°C 90°C

Shell oil 0.8 0.45 0.4 0.38
Hydro Quebecoil  0.30 0.11 0.055 0.050
Terna oil 0.105 0.095 0.090 0.080

4.6 Internal field distribution and application of the ratio «

One of the assumption for the injection equation in liquid is the internal field
distribution does not change much. Because the heavily aged mineral oil has the highest
conductivity, the field distortion will be serious due to a large amount of charge carriers.
On considering that the conductivity also increases with the temperature, if the internal
field of the Terna oil at 90 °C does not change very much in a whole circle, the internal
electric field can be treated evenly distributed between the two electrodes.

Due to the accumulation of charge carriers in the vicinity of the electrode, the electric
field close to the electrode could be affected notably by the present of space charge. If the
noticeably distorted region is much smaller compared to the rest region, the internal field
can still be treated as homogeneous. The distance between two parallel electrodes is I,
5 x 10”*m, the electric field at 2.5 x 10° m(1/201), 2.5 x 10* m(1/2I) and 4.75 x 10*
m(19/201) will be calculated. The simulating result is shown is Fig. 4.14. The electric
field close to two electrodes are almost the same. Although, the electric field at three
different positions are not exactly the same as a sine wave function, the difference
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between the sine wave field and all these three curves of the electric field in one circle is
really small. When it comes to other types of mineral oil, since there are few charge
carriers in the bulk, this kind of difference should be even smaller. Thus, that most of the
internal region between two electrodes possesses an approximate evenly distributed field.

Therefore, the usage of the injected equation in liquid is valid here.
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Fig. 4.14 Electric field at certain position between two electrodes in a whole circle

As the ratios « for three different kinds of mineral oil have been calculated, the
influence of the second kind of charge carriers on the internal field can be studied. The

maximum value of this ratio is 0.95 in our simulation. In our previous discussion, the

mobility of those injected charge carriers is higher than 7.9x107° m?s/V. The

conductivity of the mineral oil measured according to the procedures defined in IEC
61620 is 5.2x1071* S/m. Thus the charge density carried by the injected charge carriers
is smaller than 6.2x10" C/m°, Assuming that the mobility of the dissociated charge

carriers is 1x10™8 m?/s/\V, which is a typical value that has been reported by other

researchers [155-160], the charge density carried by the dissociated charge carriers is

2.6x107* C/m°. The charge density of the dissociated charge carriers is much more than
that of the injected charge carriers. Thus, the internal field is mainly determined by the

distribution of the dissociated charge carriers and Eq. (4.85) is valid.
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If the ratio « of the mineral oil is known, the conductivity contributed by the
dissociated charge carriers can reveal the condition of the mineral oil as this conductivity
depends on the properties of the molecules and the ions. It is well accepted that the
dissociation of gas and moisture can increase the conductivity of the mineral oil. If the
hydrocarbon molecules in the oil have not suffered from chemical degradation, the
dielectric properties of the oil can be significantly improved by removing the dissolved
gas and the moisture. However, if the oil is heavily aged and the hydrocarbon molecules
have been heavily degraded, it is better to replace the oil rather than going through a
reconditioning process. The conductivity contributed by the motion of the dissociated
charge carriers, which is going to referred as dissociated conductivity in the following
sections, can be denoted as

o, =(1-a)o (4.103)

The temperature dependence of the dissociated conductivities of the mineral oils are

shown in Table 4.4.

Table 4.4 Dissociated conductivity for mineral oil with different aging period

25°C 50°C 75°C 90°C

Shell ZX-1 ol oy 0.090 pS/m  0.37 pS/m 0.96 pS/m 1.6 pS/m
o 0.10 pS/m 0.53 pS/m 1.6 pS/m 3.6 pS/m

Hydro Quebec oil o, 1.1 pS/m 1.5 pS/m 3.2 pS/m 3.5 pS/m
o 2.6 pS/m 10 pS/m 32 pS/m 51pS/m

Terna oil of 13 pS/m 40 pS/m 70 pS/m 110 pS/m

o 90 pS/m 360 pS/m 880 pS/m 1500 pS/m

As seen from Table 4.4, the dissociated conductivity increases with the temperature
and the oil aging period. Although the initial conductivity of Hydro Quebec oil is about
20 times higher than that of Shell ZX-I oil, the dissociated conductivity of Hydro Quebec
oil is about 11 times higher than that of Shell ZX-I oil at 25°C and 1.6 times at 90 °C,
which suggested that there might be some highly dissolvable impurities in the Hydro
Quebec oil. As the temperature increases, the density of the charge carriers dissociated
from these impurities do not change much, consequently, the increasing rate of the
dissociated conductivity of Hydro Quebec oil is lower than that of Shell ZX-1 oil. In the

Terna oil, which has been aged for 50 years, the hydrocarbon molecules have been
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severely degraded and smaller molecules are created under electrical, thermal and
chemical stresses. As discussed in Chapter 2, some of these newly generated molecules
can be dissociated into ions and the total quantity of the dissociated charge carriers
increases. Therefore, Terna oil has the highest dissociated conductivity and it might not
be worthy to have this oil reconditioned. However, how can the dissociated conductivity
be related to the chemical degradation of the hydrocarbon molecules is still not very clear
and more research is needed.

IEC 60422 has provided a recommended criterion for dielectric dissipation factor to
categorize different oil conditions [162]. The relevant values for good, fair and poor

conditions of oil have been given in Table 4.5 [162].

Table 4.5 Application and interpretation of dielectric dissipation factor results (IEC 60042)

Dielectric dissipation factor at 40 to 60 Hz at 90 °C

Oil condition Good Fair Poor
Power transformer with a
nominal system voltage of 170 <0.10 0.10 - 0.20 >0.20
kV and above

Power transformer with a

nominal system voltage that is <0.10 0.10-0.50 > 0.50
below 170 kV
o Oil in norm Oil deterioration  Oil deterioration
Description o
condition detectable abnormal

The dielectric dissipation factors for Shell ZX-I oil, Hydro Quebec oil and Terna oil
are 0.00059, 0.0083 and 0.25, respectively. Therefore, the Shell ZX-I oil and Hydro
Quebec oil can be classified as "good" oil. Due to a high dielectric dissipation factors,
Terna oil can be considered as "fair" or "poor" oil depending on the nominal system
voltage of the transformer. IEC 60422 states that if oil condition is poor, "reclaim oil or,
alternatively, if more economical because other tests indicate severe ageing, replace the
oil". As discussed in Chapter 3, the dielectric dissipation factor is mainly affected by its
AC conductivity. However, as the adsorbed moisture can significantly increase AC
conductivity, high water content may be responsible for high dissipation factor of mineral
oil. The dissociated conductivity is related to ions, thus, this new parameter may be used

as an indicator for chemical degradation. When an oil sample is in poor condition, it
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would be better to replace the oil if it has a high dissociated conductivity. If this oil has a
high dielectric dissipation factor but a low dissociated conductivity, it may be worthy for
oil reclamation, as its high dielectric dissipation factor may be caused by a high water

content.

4.7 Summary

Based on the simulation result, there are probably two kinds of charge carriers in
mineral oil. One is dissociated in the oil and can be blocked by the electrode, the other
one is created in the vicinity of the electrode. The polarization caused by the drift of the
injected charge carriers has been studied. It seems if these injected charge carriers have a
high mobility so that they can reach the electrode in a field cycle, the motion of these
injected charge carriers can only contribute to the imaginary part of the complex
permittivity. A computer based method has been used to fit the experimental data. It
seems if part of the total charge carriers are generated at the electrode, both the real part
and imaginary part of the complex permittivity measured experimentally can be fitted.
Besides, an analytical solution based on Coelho’s space charge polarization theory has
been developed. Even the field is not homogeneous between the electrodes, the motion of
these injected charge carriers can still only contribute to the imaginary part of the
complex permittivity. To get an accurate fit, the computer based method is recommended.
A new coefficient «, the ratio of the conductivity that is contributed from the injection
over the total conductivity has been defined and it decreases with temperature and aging
period. The dissociated conductivity has been defined and used to analyse the aging

condition of the oil.
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Chapter 5 Modelling of DC
Conduction in Mineral OIl

When an external DC voltage is applied across the media, a current due to the drift of
charge carriers under the electric field can be observed, this is known as the polarization.
When this voltage is removed and the subject is short-circuited, the polarization that has
been built up in the sample can give rise to the discharge current in an opposite direction.
Jaffe provided approximated equations to explain the characteristics of the depolarization
current [113]. However, his solutions are quite complex. Macdonald pointed out that
Jaffe’s assumption was only valid for a low applied voltage (0.2 Volt) , which was much
lower than the applied voltage (380 Volts) in Jaffe’s experiment, and Jaffe’s polarization
theory based on ionic drift and diffusion was questionable under a high electric field
[134]. Here, a simple model based on charge diffusion has been proposed to estimate the

depolarization current in mineral oil.

5.1Basic theory for electric conduction in mineral oil

Let us consider a pair of parallel plate metal electrodes filled with mineral oil, the
distance between the two electrodes is | (m). Assuming that the mineral oil can be treated
as a liquid in which a small amount of ions are dissociated from ionic- pairs and the
density of free ions is far smaller when compared with that of the ionic- pairs, the
dissociation and recombination process can be described as

dn, dn
t=——=K,c-Knn_, 5.1
d dt ¢ 1)

where, c is density of ionic- pairs, n, and n_ is density of positive and negative ions in

the mineral oil, K, (s™) is the dissociation rate and K, (s™) is the recombination rate. If

cations and anions are distributed evenly between the two metal electrodes in the absence
of an external electric field and the diffusion coefficient, the mobility, the density and the
charge that is carried by a single charge carrier of positive ions are equal to those of

negative ions, the density of positive and negative ions can be denoted as
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o)

N — 5.2
T = (i + 1) (52)

where n, is the initial density of positive or negative ions, o is the conductivity of mineral
oil, ,(m*s 'V ') and x (m*s™' V') are the mobility of the positive and negative ions,
respectively. The recombination rate can be calculated using Langevin approximation
[33],

K :M, (5.3)

r
Eo;

in which, &, (F/m) is the permittivity of vacuum and ¢, is the relative permittivity of

mineral oil. According to Onsager’s field enhanced dissociation theory, the dissociation
rate can be written in the following form [34],

K, = KS% (5.4a)

3
b= Lzz (5.4b)
167eye, KT

where, 1;is the modified Bessel function of the first kind, Kg’(s'l) is the dissociation rate

when the electric field is zero, E (V/m) is the electric field, k is the Boltzmann constant
and T (K) is the absolute temperature. The dissociation rate in the absence of electric field

can be denoted as
Kd=K,nilc. (5.5)
Here, the electric conduction under a medium electric field in which regime the newly
generated charge carriers can be extracted within a short time will be discussed. In this
regime, the recombination of free ions can be neglected and the current is mainly
contributed by the newly generated charge carriers. As indicated by Pontiga and
Castellanos, if the internal field can be approximated by the mean electric field, the
current induced from dissociation can be written in the form of [45-46]

Jg = 2K, clg (5.6)

On considering a situation that an electric potential of 1 kV is applied on a liquid
sample with thickness of 1 mm, the dissociated charge carriers with a mobility of 1x10°°
m?s™V* will drift to a close region near the electrode in less than 1 second. Thus, after
one second, all the pre-existing charge carriers can reach the electrode. For a completely

blocked electrode, the charge in the vicinity of one electrode can be estimated using
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1
24 =§[S|0d 1(2144) + 2K clast, | (5.7)

in which, S (m?) is the surface area of the metal electrode, o, (S/m)is the conductivity
contributed by the motion of the dissociated charge carriers, g, =u, = (m?s'Vv)is
the mobility of the dissociated charge carriers and t , (s) is the electrification time.

The boundary conditions have been discussed previously by Jaffe et al [113-115].
Assuming that there exists a state of equilibrium concentration at the electrodes in the
absence of an applied voltage and the rate of discharge of ions is proportional to the
difference between the instantaneous values and the equilibrium value, for the positive

ions, the discharge current at the electrode can be denoted as [113-115]

ja(0,t)==¢&q(n, (0,t)-n.") n (0,t)=n~
%'d (0,t)=0 n (0,t)<n’ 5.9)
() =%&q(n,(,)-n")  n()=n’
ja(1,t)=0 n,(,ty<n’

Here, & represents a rate constant of ionic adsorption and n.” is an equilibrium value
of the density of the positive ions which depends on the nature of the liquid. If the
distribution of the ions are homogeneous between the two parallel electrodes is assumed,
thenn,” =n,.

Therefore, the total charge in the charge layer obeys the following expression,

d/;d ~ K,CSl — £(n. —n.")AV = K, Sl - £(p, —n."AV) (5.9)

where AV (m°) is the volume of a region close to the electrode where the charge carriers
get accumulated. The first term on the right side represents the newly dissociated charge
carriers; the second term describes the process that the dissociated charge carriers are
neutralized by the electrode.

On considering that most of the initially dissociated charge carriers are moved to a
close region of the electrode within 1 s and only the long-term conductivity will be
studied, p, (C) attime t =0 can be given in the form of
o,Sd
4149

p4(0) = (5.10)

The solution of Eq. (5.9) is represented by
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(5.11)

2@ 1) =(0d8d K, Sl +EnTAV ]e-ft | Kyesl+énfav

449 S S

As seen from Eq. (5.11), & is also a time constant which indicates the charging time of
the charge layer. However, there is no report concerning this parameter in mineral oil. As
discussed in Chapter 4, the charge injection cannot be simply ignored even under a low
electric field in mineral oil. As the injected charge carriers will have an opposite polarity
to the blocked ions in the charge layer, how the injected current can affect the charge
layer is not clear. To simplify this issue, an assumption is made that & does not change
with the electric field. With that assumption, it is easy to obtain & ~1/AT . AT is the
settling time that is required for the response curve to reach the equilibrium state. As
reported by other researchers, the length of the charge layer in the vicinity of the electrode
can be estimated by the Debye length of the liquid and the Debye length for non- polar
liquid is around several micrometres [163-167]. Here, only the electric conductions in oil
of Shell ZX-1 oil and Hydro Quebec will be discussed. As seen from Figs. 2.7-2.12, the
settling time to reach the quasi-steady state is higher than 100s, therefore £ <0.01.
According to the discussion in Chapter 4, the minimum dissociated conductivity is 0.10
pS/m. If assuming the Debye length is 10 um ,the following expression can be obtained,

K,cSI _ 1,(4b) 20,SI
ENAV  2b g,6,EAV

01 (5.12)

In an equilibrium state, the amount of charge in a charge layer can be estimated using
the following equation,
_KycSl 1, (4b)
== "

However, as the charge layer in the vicinity of the electrode can definitely affect the

() K n’SIAT (5.13)

charge injection process and the nature of the injected charge carriers mentioned in
chapter 4 is still not clear, the polarization current will not be studied here.

As discussed in Chapter 4, the injected charge carriers have a high mobility. Thus,
when the oil is depolarizing, these injected charge carriers can be extracted in a very short
period of time, and the dissociated charge carriers will remain in the oil and start to
diffuse into the bulk slowly. Therefore, the depolarization current measurement can help
us to gain a better understanding of the motion of these dissociated charge carriers.

Let us consider a parallel electrode system that is filled up with the mineral oil.
Assuming the charge carriers can be fully blocked by the electrode and the internal field
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can be treated homogeneously. As these charge carriers cannot get through the electrodes,
they can only move backwards into the bulk. If the diffusion only happens in 1-D system
and there are only positive charge carriers in the mineral oil, the current flux at point X
can be denoted as,

. __~dn
j(x,1) _qD&, (5.14)

where, j(x,t) (A/m?) is the current density, q (C) is the charge carried by a charge

carrier, D (m%s) is the diffusion coefficient and nis the density of charge carriers. With

conservation of mass, the dependence of charge density on the time can be denoted as
&n_en
ox2 ot

When the DC field is removed, these charge carriers will diffuse back into the bulk. As

(5.15)

the diffusion current is affected by the distribution of charge carriers in the charge layer
and currently there is no report concerns on the charge distribution in mineral oil,
therefore, a "mirror image" method has been used here to calculate the diffusion current
without resorting to the knowledge of charge distribution in charge layer. The scheme of
the "mirror image™ method is given in Fig. 5.1. The charge in the charge layer always
follows an exponential distribution, thus, the charge density that is close to the electrode
will be higher than in other regions. As the diffusion flow is determined by the
differential of the charge density and it always flows from high density region to low
density region, there will be no current flow at the electrode if assuming a completely
blocked electrode. Therefore, this "mirror image™ method can be safely used since there is
also current flow in the middle layer. Jaffe and Adamczewski have independently
developed theoretical expressions for ionic diffusion in dielectric liquid. Although their
analytical solutions are different, a same exponential term can be found in their
expressions [113, 168]. In order to be consistent with their expressions, a length of half
the gap of the distance between the two metal electrodes will be used in this "mirror
image" method. With this method, the charge distribution between the electrodes has
been rearranged and this new distribution of charge carriers is illustrated in Fig. 5.1.
Assuming the diffusion in a region that in the middle of these two electrodes can be
negligible, the boundary condition can be written as

n(0,t)=n(l,t)=0 . (5.16)
where | (m) is the distance between the two metal electrodes. The charge distribution at
the moment that the external field is removed can be described as
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n(x,0)= f(x). (5.17)
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Fig. 5.1 Image method and the distribution of charge carriers.

Assuming that the solution to Eq. (5.15) can be written as

n(x,t) = F(x)G(t) (5.18)
By substituting Eq. (5.18) into Eqg. (5.15), Eq. (5.15) becomes,
on(x _ G(t)x F(x) (5.19a)
ot
OO _ g yx () (5.19b)
OX

in which, G(t) is the first derivative of G(t)and F(x)is the second derivative of F(x).
Re-employing Eq. (5.15),

6O _FO)__e (5.20)
DG() F(X) '

where s is a constant.

It is easy to find that Eq. (5.20) can be written in another form
SF(X)+F(x)=0 (5.21a)
$’DG(t)+G(t) =0 (5.21b)
The solution to Eq. (5.21a) can be expressed as
F (x) = Acos(sx) + Bsin(sx) (5.22)
With the boundary condition of Eq. (5.16), Eq. (5.22) can be solved as

F(x)=B, sin(”l—” X) (5.23)

Similarly, the solution to Eq. (5.21b) can be denoted as
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G(t)=e* =exp {—(nl—”j Dt} (5.24)

Therefore, the solution to Eq. (5.15) can be denoted as

n(x,t) =F(xX)xG(t) = HZ:: B, sin(nl—” X) exp {—(nl—”jz Dt} (5.25)
Employing the initial condition of Eq. (5.17), Eq. (5.25) can be written as
3B, sin(”l—” X) = £ (%) (5.26)
ne1
B, :%Ij f (x)sin(”l—” X)dx (5.27)

0
On considering the symmetry of the charge distribution in Fig. 5.1, the expression for

the charge distribution can be denoted as
Q1) =gxn(x,) = > qx By xU, (x.1) (5.28)
n=1
with

U, (x,t) = exp(—((zn—l)IE)2 Dt)sin((2n-1)lﬁx)
, (5.29)

|

B, :IE J f 00sin((2n-1) Tx)dx

where Q(x,t) (C) is the charge density. As the depolarization current at the beginning
might be affected by the remaining high mobility charge carriers and the long term
current is mainly determined by the ionic diffusion, high order component will not be
considered here. After 50- 200s, the magnitude of the depolarization current of Shell ZX-1I
oil and Hydro Quebec oil approach zero, thus, the maximum depolarization time studied
here is 400 s. High order components can affect the short-term conduction, but these
component can be negligible in long- term conduction. However, high order components

can be involved to increase the accuracy of the fitting. Here, the high order components

will be ignored for simplification, thus, the charge density can be written as
2
Q) =(Ba)exp(-Z2DsingFx) (530)

If the total charge in one charge layer is Q,, B,can be approximated as

B, ~4Q, /(lq). (5.31)
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As seen from Eq. (5.31), the distribution of the charge carriers in the charge layer does
not affect the depolarization current and the depolarization current only depends on the
total number of the charge carriers in the charge layer.

With conservation of electric charge

the current density can be denoted as
Jj(xt) = Ql ex p(— t)(cos(—x) ). (0<x<l/2) (5.33)
The total current density that flows in the external circuit can be calculated as
3.0=21" (0=~ 2T"D W exp Doy 539
If there are multiple kinds of charge carriers, this current density can be written as
3=~ A BB g T Duy, (5.35)

in which, Q, (C) and D, (m?/s) are the total charge in the charge layer and the diffusion
coefficient for the a-th charge carriers. For negative charge carriers, the current can be
denoted as

b exp(— 712|2Db ). (5.36)

Z”: 4(m— Z)QIO

a=1

J_(t)=

in which, Q,(C) and D, (m?/s) are the total charge in the charge layer and the diffusion

coefficient for the b-th charge carriers.
Thus, the total current density can be denoted as
Jiep (1) =3, () +I_(t)

n 4 2 D, n

a=1 b=1

5.37
“‘”%Pem«ﬁﬁo (5.37)

For simplicity, the diffusion coefficient, mobility and number density of positive ions
is assumed to be equal to those of negative ions. The depolarization current density that is

contributed by both positive and negative charge carriers can be written as

0. 8(n—2)|Q,|D,
Jdep(t)=J+(t)+J_(t)=—zwe

a1 |

2
xp(—“l_?at) (5.38)

As seen from Eq. (5.38), the exponential terms are similar to that derived by Jaffe and
Adamczewski [113, 168].

132



5.2Experimental fit and analysis

As seen from Figs 2.20-2.23, the depolarization current of Shell ZX-I oil and Hydro
Quebec oil decreases with the time. The magnitudes of the depolarization currents for
these two kinds of mineral oil at the same temperature are similar regardless of the
conductivity, which suggests there is little difference between the total charge in the
charge layer in these two kind of mineral oil.

As seen from Eqg. (5.38), the curve for depolarization current can be calculated by a
formula of the type

ey = Jap xS = _Z;Ca exp(-b,t) (5.39)

in which, C,and b, are constants that can be calculated by curve fittings.

Figs 5.2- 5.5 represent the comparison between theory and measurements on the
depolarization current in Shell ZX-I oil and Hydro Quebec oil. The constant used in this
calculation are given in Table 5.1. It has been seen that the theoretical curves represent

the observed data with good accuracy.

Table 5.1Constants used in the calculation of the depolarization current

30°C 90°C
b, 1 2x10°2 1x 107 1x107t 2x 107 2x 107
Shell 1000vV/mm | 2.5x 10™ | 1.6x10™ | 1.7x10% | 1.9x10% | 1.9x10™ | 2.0x 10™
ZX-l | C4 | 2000v/mm | 6.0x 10T | 33x107T | 2.9x10™ | 1.0x 10 | 2.6x10™ | 4.0x 107
oil 5000v/mm | 5.0x 10 | 8.7x 10 | 7.2x10" | 6.0x10™° | 3.6 x10™® | 5.0x 1072
ba 1 5% 107 4% 10™ 2x107 2x107 7x 10"
Hydro 1000v/mm | 1.5x10™ | 1.0x10™ | 1.4x10% | 15x10% | 1.6x10% | 2.2x10™
Quebec | C, | 2000v/mm | 4.0x10™ | 1.8x10™ | 25x10% | 3.9x10° | 3.0x10%° | 2.3x10™!
oil 5000v/mm | 1.9x 10 | 5.0x10™ | 54x10% | 8.0x10™ | 45x10™ | 2.9x 107"

With Eqg. (5.38) and (5.39), the charge in the charge layers and the mobility of the
charge carriers can be denoted as
— 2
Q,=m Ca/[SS(n—Z)ba] | (5.40)
Ha = aC]|2/(kTTCZ)
in which, Q, (C) and s, (m*s ' V') are the amount of the total charge in charge layer

and the mobility of a-th charge carriers.
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Then the correlation between the dissociated conductivity and the total charge in the
charge layer can be described as

%KrnquIAT -Q,S. (5.41)

where, I, is the modified Bessel function of the first kind and

. 1 X 2m+1
(0= 20 m!T(m + 2) (E) '

The dissociated conductivity can be denoted as

2b.q°I? 2Q,b
I T 542)
2%\ ql,(4b)K IAT

The field dependence of the mobility and the relevant dissociated conductivity of Shell

ZX-1 oil and Hydro Quebec oil can be found in Tables 5.2 and 5.3, respectively. As seen
from Table 5.2, there are at least three different types of charge carriers in Shell oil at
both 30 °C and 90 °C. As the mineral oil is a mixed compound of paraffin, naphthene and
aromatic, there should be different kinds of charge carriers in the mineral oil and these
charge carriers might not share the same mobility [88-90]. Also, the dissociated
conductivity that is contributed by the charge carriers with the same mobility does not
change much with the electric field, which indicates that the depolarization process
strongly relies on the ionic drift and diffusion. When the temperature increases, the
dissociation rate also becomes higher and more charge carriers are generated from ionic
pairs. As observed from Table 5.2, the total dissociated conductivity increases with the
temperature, which is consistent with the experimental results shown in Chapter 2 and 3.
However, the differences among the dissociated conductivity of the charge carriers that
have a mobility of 3.83x 10° m%S/V are more significant when compared with the
differences among the dissociated conductivity of other charge carriers. Because these
charge carriers have a very high mobility (3.83x 10° m?/S/V), they might not be the ions.
At the very beginning of the depolarization, the remaining fast charge carriers might
participate into the conduction process and affect the depolarization current to be
measured. Besides, Eq. (5.38) is flawed as it does not take account of the high order
component and these high order components will affect the experimental fitting at the

beginning of the depolarization process.
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Fig. 5.2 Comparison between theory and measurements on the depolarization current in Shell ZX-1 oil

at90°C. The drawn-out curves are theoretical value from Eqg. (5.38).
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Fig. 5.3 Comparison between theory and measurements on the depolarization current in Shell ZX-1 at 30°C.

The drawn-out curves are theoretical value from Eq. (5.38).

As seen from Table 5.3, there are also three kinds of charge carriers with different

mobility in the Hydro Quebec oil. The dissociated conductivity that is contributed by the
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charge carriers with the same mobility does not change much with the electric field and
the total dissociated conductivity increases with temperature. As Hydro Quebec oil has
been aged for 10 years, this oil has suffered from electric, thermal and chemical stress,
therefore the amount of the dissociated charge carriers in Hydro Quebec oil should be
higher than that in Shell ZX-1 oil. As observed from Table 5.3, the total dissociated
conductivity of Hydro Quebec oil is slightly higher than that in Shell ZX-I oil. As
observed in Chapter 2, both the steady- state and the initial conductivity current of Hydro
Quebec oil experimentally measured are about 10-50 times higher than that of Shell ZX-1

oil. Thus, other types of electric transportation should be involved in the polarization

period.
Table 5.2 field dependence of the mobility and the dissociated conductivity of Shell ZX-I oil
S/m
femperaty He 1000 2000(7 7 ;ooo

re 2
(MEIs/V) V/mm V/mm V/mm average
3.83x10° 0.38 0.49 0.27 0.38

30°C 7.65%10° 0.31 0.36 0.36 0.34
3.82x107 0.10 0.11 0.10 0.10
3.20x10” 1.36 0.82 1.21 1.11

90 °C 6.39x 107 1.36 1.31 0.94 1.21
6.39x 107 0.14 0.16 0.11 0.14

Table 5.3 Field dependence of the mobility and the dissociated conductivity of Hydro Quebec oil

temperatu Ha 1000 200(7 = (pS/m;ooo

re 2
(m*/siV) V/mm V/mm V/mm average
3.83x10° 0.42 0.56 0.79 0.58

30°C 1.92x107 0.34 0.38 0.38 0.37
1.53x107 0.16 0.14 0.12 0.14
6.39x 10 1.73 2.27 1.98 1.87

90 °C 6.39x 107 1.77 1.98 1.49 1.75
2.24x10° 0.66 0.55 0.38 0.53
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Fig. 5.4 Comparison between theory and measurements on the depolarization current in Hydro Quebec at

90°C. The drawn-out curves are theoretical value from Eq. (5.38).
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Fig. 5.5 Comparison between theory and measurements on the depolarization current in Hydro Quebec oil

at30°C. The drawn-out curves are theoretical value from Eqg. (5.38).

Once the ionic charge carriers move to a region that is close to the electrode, they can

be neutralized through electrode desorption. As the desorption coefficients for different
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types of ions are not the same and the desorption process can surly be affected by the
electric field, therefore, the fitted values of the conductivity and mobility are only
approximation. How these fitted values can be related to the chemical properties of
mineral oil is still not very clear and more research is needed.

In Chapter 4, a modified Coelho model has been proposed, which is given in Eqg.
(4.101), to explain the dielectric behaviour of mineral oil in frequency domain. As the
motion of these injected charge carriers can only affect the imaginary part of the complex
permittivity and the real part of the complex permittivity mainly depends on the drift and
diffusion of the dissociated charge carriers, the real part of the complex permittivity of

Shell ZX-1 oil and Hydro Quebec oil should not differ much from each other.

x 10"
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Fig. 5.6 Comparison between theory and measurements on the depolarization current in Hydro Quebec oil

at30°C. The drawn-out curves are theoretical value from Eq. (5.37).
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The calculated values of the real part of the complex permittivity and the values
measured experimentally of Shell ZX-I oil and Hydro Quebec oil are illustrated in Fig. 5.6
and Fig. 5.7, respectively. As seen from Fig. 5.6 and Fig. 5.7, the differences between the

experimental values of the real part of the complex permittivity of these two kinds of
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mineral oils are not significant, which means the space charge polarizations in Shell ZX-I
oil and Hydro Quebec oil can be similar. The calculated complex permittivity using Eq.
(4.101) is always higher than the experimental data. The calculated plots do not differ much
from each other at the same temperature and this is consistent with the experimental
observation.

As Coelho’s model does not take account of the ionic adsorption at the electrode, the
real part of the complex permittivity calculated using Coelho’s model should be higher
than the actual value. Besides, Eq. (5.42) used to calculate the dissociated conductivity is
not right in a rigid way. When the charge carriers are not evenly distributed between the
electrodes, the internal field is distorted by the presence of the space charge. As the
knowledge about the distribution of the charge carriers in the vicinity of the electrode is
still limited and the non-linearity of the ionic drift and diffusion model, to obtain an
analytical solution for the depolarization current with the field distortion being taken into
account is not practical and Eq. (5.42) is only an approximation. The depolarization
current involves the current contributed from both ionic drift and diffusion, thus, the
extraction of charge in charge layer is determined by both the diffusion and drift of
charge carriers. As Eq. (5.42) only takes consideration of the ionic diffusion process, the
calculated total charge in the charge layer is higher than the actual value, thus, the real
part of the complex permittivity calculated using Eqg. (4.101) is higher than the
experimental results.

Please note, if the field is low, Eq. (5.13) is not valid as the newly generated charge
carriers are unable to reach the electrode in a short of time. When the field is high, there
are both injected charge carriers and dissociated charge carriers in the mineral oil. These
injected charge carriers might react with the dissociated charge carriers or the neutral
molecules and generate new charge carriers. Therefore, the analysis method proposed in
this chapter is only valid for a medium electric field. In this chapter, the maximum and
minimum field used in PDC measurement is 5 kV/mm and 1 kV/mm, respectively. As
seen from Table 5.2 and 5.3, the conductivities calculated from the depolarization current
do not change much with the electric field, which implies that the majority charge carriers
in the charge layer is the dissociated ions. Thus, the injection current may be not high
and the medium electric field here means 1 kV/mm- 5 kV/mm. Also, the coefficient of
the extraction at the electrode cannot be measured directly by the experiment and this

coefficient may change with the electric field. When the field is high, the measured
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experimental results are fluctuated due to the non-linearity in the mineral oil and to

acquire this coefficient through the method proposed in this chapter becomes difficult.

5.3 Conclusion

The time dependent curves of depolarization current of the mineral oilare well fitted
using the exponential equations. The total charge density in the charge layer increases
with temperature and aging of the oil. The total dissociated conductivity does not change
much with the electric field which indicates that the depolarization process mainly
depends on the motion of the dissociated charge carriers. When the temperature increases,
the total dissociated conductivity increases. However, the electric conduction in mineral
oil is still not very clear and more research is needed.
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Chapter 6 Polarization and
Depolarization Current (PDC)
Measurement of the Oil/Pressboard
Insulation

Polarization and depolarization current measurement technique can be used to evaluate
the condition of the insulating material in power transformer effectively. The study on
this time-domain measurement is still quite limited and an R-C equivalent circuit model
has been proposed to explain the dielectric behaviour of oil/pressboard insulation. The
dielectric properties of oil/pressboard degrade with time under a combined thermal,
electrical, mechanical, and chemical stresses resulting in transformer failure eventually.
Properly assessing the insulating properties of oil/pressboard insulation is crucial to the
remaining life prediction of a transformer.

Here, PDC measurement has been carried out on oil/pressboard insulation under

different pressure, temperature and electric field.

6.1 Experiment procedures

The experimental kit for DC conductivity measurement of oil/ pressboard insulation is
the same testing system described in Chapter 2. The experimental procedure follows the
recommendation from CIGRE joint working group A2/D1.41 “HVDC transformer
insulation: oil conductivity”. First, the pressboard is dried in a vacuum oven at 90°C for at
least 2 days. Second, put the pressboard sample in the test cell and then vacuum the test
cell. Once the pressure of the test cell is below 100 Pa, inject the mineral oil into the test
cell and heat the test cell to 90°C. Fourth, maintain the test cell at 90°C for at least 24
hours and then cool the test cell to the required temperature. Fifth, start the measurement
and record the data.

The pressboard used in this experiment is new pressboard with a thickness of 1mm.
The oil in which the pressboard impregnated is Shell S3 ZX-1 mineral oil. The water
content of the mineral oil is 4 ppm before the measurement and 7-9 ppm after the

measurement. A DC voltage is applied on the test sample for 3 hours which is required by
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CIGRE working group A2/1.41 and then the voltage is removed and the depolarization

current is recorded.

6.2 PDC principle theory and classic equivalent circuit model

The PDC measurement is an effective method in the time domain to investigate the
slow dielectric polarization in insulating materials[67, 77-85]. When an electric field is

applied on the media to be tested, the current density J(t) (A/m?) flowing through the

external circuit can be denoted as
dE(t d et
J(0) =aE(t)+gogr%+goajo f(t—7)E(r)dr (6.1)

where f (t) is the response function of the dielectric material and o is the DC conductivity,
&, (F/m) is the permittivity of the vacuum, &, is the relative permittivity, o (S/m) is the
conductivity and E(t) (V/m) is the electric field. If the sample can be treated as a
homogeneous material, the electric field E(t) can be replaced with the external voltage

U (t) (V). Then the current can be written as

du (1)

d et
" +EJ.OU(r)f(t—r)dr (6.2)

i(t)=C,| ZU(t)+e,
&y

where C, (F) is the geometrical capacitance of the dielectric material.

If the test object is completely discharged and a step voltage with the following
characteristics is applied,

0 (t<0)
uU(t)=4Y, (0<t<t), (6.3)
0 (t>t)

It is easy to notice that the current will be zero when t<0. If 0<t<t_, the external

voltage U, is applied on the sample. The polarization current contributed from the DC

conductivity and the different polarizations can be expressed as

i (t)=CoU, [E+ f(t)} (6.4)
&,

0

Once the sample is short circuited when t>t , the relaxation of the polarizations

builds up the depolarization current, which can be described as

143



lgep (1) =—CoU, [ F()— f(t+t,)] (6.5)
If the charging time t; (s) is long enough so that the entire system has entered a quasi-
equilibrium state, f(t+t))is negligible and the depolarization current is determined by

f(t) . The R-C equivalent circuit model, which is shown in Figure 3.1, has been

suggested to describe the dielectric response of the dielectric sample [69-71, 79-84, 89].

According to this model, the polarization current can be denoted as

i (1 :%+Z%exp[—éj (6.6)

Similarly, the depolarization current can be calculated as

ol " RC
fgep (1) == — eXD(—R_LCJ (6.7)

i Ri

However, please note that the dielectric response function is only valid when the
sample can be treated as a homogeneous media. When there are mobile charge carriers in
the sample, the electric field can rearrange the distribution of the charge carriers and the
charge carriers are no longer evenly distributed in the tested media. Thus, the assumption
that the electric field is homogeneous is not correct in a rigid way. When the field is really
small, the charge carriers cannot drift far away from their original position and the
electric field can be approximated as an evenly distributed field. When the applied field is
high, the difference between the density of charge carrier is huge between the two metal
electrodes and the field distortion cannot be ignored. However, if the field is high enough,
the blocked charge carriers in the vicinity of the electrode are unable to shield the field
any longer, the field distortion caused by the charge layer is negligible and the internal
field can be treated to be constant again. Besides, the charge injection effect can be
significant under a high electric field, which is negligible in the depolarization process.
Therefore, the dielectric response function may not be exactly the same in both the

polarization and the depolarization process, which will be discussed later.

6.3 Results and discussion

Fig. 6.1 depicts the polarization current measured when the pressboard is subject to a

pressure of 2 kPa under different electric fields at 30°C. The polarization current
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measured when the applied field is lower than 2 kV/mm does not change much with the
time. The current measured at 1 kV/mm is higher than that measured under other electric
field except10 kV/mm. The long-term current decreases with the electric field, whilst the
long-term current observed under a field of 10 kV/mm is close to that measured under a
field of 1 kV/mm. The long —term current reaches a minimum value under a field of 5
kV/mm. The current that flows through the oil impregnated pressboard under a low
electric field (below 2 kV/mm) is about 5-10 times higher than that measured in the same
mineral oil. If the pressure on the pressboard is low, a tight contact between the
pressboard and the electrodes cannot be ensured. Thus, oil gap might exist at the interface
of pressboard/electrode and the electric conduction may be affected. However, the
mechanism of electric conduction under the condition that the pressboard is subject to a

low pressure is not clear and more research is needed.
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: —1000V/mm
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Fig. 6.1 Polarization current of oil/ pressboard with a pressure of 2 kPa on the pressboard at 30°C

According to the requirement from CIGRE A2/1.41 group, a pressure that is close to
10 kPa on the pressboard is required in the DC conductivity measurement. Thus, a lead
plate has been added to the electrode system to increase the pressure on the pressboard to
9 kPa. Figs. 6.2-6.3 illustrate the field dependence of the polarization and depolarization
current of the oil/pressboard at 30°C when the pressboard is subject to a pressure of 9 kPa.
As seen from Fig. 6.2, the long-term current increases with the electric field. In contrast

to the experimental data shown in Fig. 6.1, the polarization current always decreases with
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the time. The time dependent polarization current under a field of 10 kV/mm becomes
noisy after 1000 second. The charge injection can be enhanced by the electric field and
the presence of the space charge can distort the internal field leading to a field
enhancement between the parallel electrodes, thus, the current flows through the

oil/pressboard becomes unstable if the electric field is high.

—1 kV/mm
—2 kV/mm
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—10 kV/mm

10 10 10 10 10 10°
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Fig. 6.2Polarization current of oil/ pressboard with a pressure of 9 kPa on the pressboard at 30°C

As seen from Fig. 6.3, the depolarization current decreases with the time. Once the
external voltage is removed and the two parallel electrodes are short-circuited, the
previous activated polarizations get depolarized resulting in a depolarization current. The
magnitude of the depolarization current also increases with the field,as stronger
polarizations can be built up in the oil/pressboard insulation under a higher electric field.
The initial values of the polarization current are very close to that of the depolarization
current. However, how the depolarization process relate to the motion or rotation of the
charge carriers in the oil/pressboard insulation is still not clear.

The field dependence of the polarization and depolarization current in oil/pressboard
insulation at 90 °C with a pressure of 9 kPa on the pressboard is shown in Fig. 6.4-6.5.
The initial value and the long —term value of the polarization current both increase with
the electric field. The curve of the time dependence of the polarization current under a

field of 10 kV/mm is quite noisy, which is similar to that measured at 30 °C. The initial
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values of the depolarization current are also close to that of the polarization current. The

long-term current is about 10 times higher when compared to that obtained at 30 °C under
the same electric field.
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Fig. 6.3Depolarization current of oil/ pressboard with a pressure of 9 kPa on the pressboard at 30°C

10 - - .

—1 kV/mm
—2 kV/mm

5kV/imm | |
—10 kV/mm| |

Current (A)

-9
sl il el sl
10 5 -

10 10 10° 10° 10* 10°
Time (s)

Fig. 6.4Polarization current of oil/ pressboard with a pressure of 9 kPa on the presshoard at 90°C
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Fig. 6.5Depolarization current of oil/ pressboard with a pressure of 9 kPa on the pressboard at 90°C

Fig. 6.6 shows the field dependence of the long-term conductivity of the oil/pressboard
insulation. As seen from Fig. 7.6, the conductivity measured when the pressboard is
subjected to a high pressure does not change much with the electric field at both 30°C and
90°C. The long-term conductivity measured when a high pressure is applied on the
pressboard decreases slightly with the electric field at 30 °C. It seems the conducting
current has entered a saturate region. Once the charge carriers are generated in the bulk, it
will be immediately extracted by the electric field. Therefore, the polarization current is
proportional to the generating rate of the charge carriers. If the generating rate does not
change much with the electric field, the increase of the current is negligible and the
conductivity will decrease with the electric field. In contrast to the result observed at
30 °C, the long-term conductivity measured under the same pressure at 90°C increases
with the electric field, which suggests there might be sufficient charge carriers in the
oil/pressboard layer or the charge carrier generating rate increases with the electric field.
When the pressure is low, the conductivity decreases with the electric field dramatically,
reaches a minimum value at a field of 5 kV/mm and then the conductivity starts to
increase with the field. If the pressure on the pressboard is low, a tight contact between
the pressboard and the electrodes cannot be ensured. Thus, oil gap might exist at the
interface of pressboard/electrode and the electric conduction may be affected. However,
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the influence of the pressure on the conductivity of oil/ pressboard insulation is still not

very clear.
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Fig. 6.6Field dependence of the long-term conductivity under different pressures

To sum up, it seems that the polarization and depolarization current increase with the
electric field and the temperature. The pressure on the pressboard can affect the PDC
measurement of oil/pressboard insulation. However, the mechanism of the electric

conduction in oil/pressboard is not clear and more researches are needed.

6.4 Improved R-C equivalent circuit model

The oil conductivity, dielectric response function, pressboard conductivity and the
water content between the pressboard and the oil can affect the electric conduction in oil
impregnated pressboard insulation system [67-84]. The mobility of the charge carriers in
the liquid is usually higher than that in the pressboard and the initial polarization current
is supposed to be contributed by the motion of the charge carriers in the liquid, whilst, the
drift and diffusion of the charge carriers in the pressboard can be attributed to the long-
term DC conductivity [74-76]. Some publications have reported that the steady-state
current is determined by the conductivity of the pressboard and the initial current is

related to the oil conductivity [74-76].
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It is commonly accepted that the dielectric response of the oil/pressboard insulation
can be simulated with the R-C equivalent circuit model [69-71, 79-84, 89]. As seen from
Fig 3.1, this model consists of a series of connection of capacitor and resistor. The
capacitance Csq (F)is the total capacitance measured at power frequency. The resistor Ry
() is the long term DC conductivity. The dielectric polarization processes are
represented by different R;-C; branches. In our previous discussion, the polarization and
depolarization current can be denoted with Egs. (6.6) and (6.7), respectively. If these two
equations are combined together, the difference between the magnitude of the

polarization current and depolarization current can be calculated as,

. o U, U°eXp[_ Riéij t
Igire (1) =1, (1) +1e, () = R_+Z R Pl 5~ (6.8)

0 i i

If t,(s) is larger enough and a quasi-equilibrium state has been reached, Eq.(6.8)

becomes
i (D=1, (0) iy (O 5= 69)
RO
It seems that the difference between the magnitudes of the time dependent polarization
current and depolarization current can be approximated as a constant value under the
condition that the electrification time is long enough so that the system has entered a
quasi-steady state. However, most of the reports reveal that the difference between the
magnitudes of the polarization and depolarization current changes with the time [71-81,
84-89]. Thus, this classic equivalent circuit model, to some degree, still needs to be
improved.
To simplify the quantitative analysis, a new parameter, the added depolarization

current, i (t) (A), will be defined as

' Tadep

o{-eol gt )
iadep (t) = _ﬁ_z — exp( t (610)

If the polarization time is long enough, the insulating media will reach the quasi-
equilibrium state and the change of the current is insignificant. Then the magnitude of the
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added polarization current will be close to that of the polarization current, which can be
described as:
i (1) = %+Z%ﬁexp(—$] ~i, () (6.11)
Figs. 6.7 and 6.8 describe the time dependence of the difference between the
magnitude of the polarization current and the added depolarization current. As seen from
Fig 6.7, almost all the polarization current is higher than the added depolarization current.
The polarization current measured at 30 °C under a field of 10 kvV/mm is lower than the
added polarization current at the first few seconds. When the field is high, more charge
carriers will be generated and more charge carriers can be blocked at the electrode. Once
the tested sample is depolarized, the charge carriers stuck in the vicinity of the electrode
will drift backwards to the bulk. Thus, a high charge density in the charge layer can result
in a high depolarization current. The added depolarization current decreases faster than
the polarization current and can reach the quasi-steady state more quickly, regardless the
electric field. As observed from Fig. 6.8, the difference between the polarization current
and the added depolarization current is slightly less discernible when compared to that
measured at 30 °C. When the field is 5 kVV/mm, the added polarization current is higher
than the polarization current. To sum up, the difference between the polarization current
and the added depolarization current can be affected by the electric field and the

temperature.
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Fig.6.7 Time dependence of the magnitude of the polarization current and the added depolarization current

under different electric field at 30°C
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Fig.6.8 Time dependence of the magnitude of the polarization current and the added depolarization current
under different electric field at 90°C

Electrode effect is a parasitic effect during dielectric response measurement since it
can be added to the real dielectric response making experimental results difficult to
understand. This effect originates from the blocking of charge carriers at the liquid/solid
interface. This issue has been investigated for over 100 years and many models have been
proposed [152, 169-175]. The accumulation of the positive and negative charge carriers in
the vicinity of the electrode gives rise to an extra polarization [152]. Fricke has studied
the electrode effect theoretically and he thought there might be a double layer in the
vicinity of the electrode and the electrode effect is actually caused by the charging and
discharging of that double layer [169-170]. Later, the correcting methods on the electrode
effect have been discussed by Onaral and Schwan. They thought the electrode effect can
be analysed by adding an extra R-C circuit to the original equivalent circuit [171-174].
Umino suggested that it is hard to measure the exact capacitance of the sample at very

low frequency and he proposed a modified electrode polarization model. [175]
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Fig. 6.9 RC model for the electrode effect proposed in [ref 175]

In Fig. 6.9, Cs (F) and Rs (€)is the capacitance and resistance for the sample, whilst
Ce (F) and Re (Q)is the capacitance and resistance for the electrode surface. In the time
domain measurement, this effect is more significant as there would be more charge
carriers accumulating around the electrode. As the space charge effect has been clearly
observed in oil/pressboard sample, it is necessary to add the electrode effect to the classic
R-C equivalent circuit model [176-185]. The permittivity at 50 Hz is caused by electronic,
dipole, and atomic polarization. When DC field is applied, these polarizations are fully
polarized within a very short of time. Thus, this permittivity will not change with or
without the charge layer. The long-term conduction in oil/pressboard is not very clear at
the moment. For simplicity, an assumption that it cannot be affected by the uneven charge
distribution in the bulk will be made. The resistors and capacitors that are represent the
dielectric properties of the bulk and the equivalent circuit that stands for the electrode
effect should be connected serially. Then the modified R-C equivalent model can be

obtained and this model has been shown in Fig. 6.10.
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Fig. 6.10 Modified R-C equivalent circuit model for oil/presshoard sample

As seen from Fig 6.10, C¢ (F) and R (Q)is the capacitance and resistance to represent
the electrode effect. The left part determines the steady- state current. When a step
electric potential is applied, the transient conduction will be affected by the right part of
this circuit and the transient current will finally become zero if the polarization time is
long enough.

First, the total current flowing through this circuit when a step electric potential, Ug
(V), is applied at t = 0 will be discussed.

According to this modified model, the total current can be written as
U C du, +U1(t)+C dUl(t).

I(t) :R—;’+ 0 gt R — (6.12)
With Kirchhoff’s circuit law, it is easy to obtain
U o, Bl g Pl 613)
R, dt ; dt
with
RC, %ﬂtubi (1) =U,(t) (6.14)
U,()+U, () =U, (6.15)

where, U, (t) (V) is the electric potential on the capacitance C, (F). If Egs. (6.13) - (6.15)
are put together, it is a linear system of the differential equations of the first order. If
X(t)=[U,(t), U, (t), U, (), U(t) - U, ()] is defined, the following expression
can be obtained,

X '(t) = A(t) X (t) + F(t) (6.16)

in which,
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1(1 1 1 1 1
<73 ' e R
1 1
RC, RC,
At) = 1 1 . (6.173)
RZCZ _RZCZ :
1 1
e Re,
F(t)=[ Yo 0,0, -, o1 (6.17b)
R.C,

Once the external electric field is removed and the two metal electrodes are short
circuited, the electric potential between the two metal electrodes will be zero. Thus, Eq.
(6.15) becomes

U,(t)+U,(t)=0 (6.18)

Using Egs. (6.13) and (6.14), the system of the first order differential equations for

depolarization process can be denoted as
X () = A(t) X (1) (6.19)

If Eq. (6.19) and (6.16) are compared, it is simple to notice that the solutions for these
two equations are different. Apparently, the polarization current and depolarization
current calculated from this modified R-C model cannot be exactly the same, which is
consistent with previous experimental results.

It is quite feasible to obtain U, (t) from the above equations. However, this procedure is

complicated and it is also quite difficult to calculate the values for the parameters of the
modified R-C model with the experimental results. If Eq. (6.19) and (6.16) are closely
scrutinized, the solutions for these two expressions should have the following form,

i+1

U,(t)=> A exp(-4,t)+B (6.20)

where, A and B are constant, A, is the eigenvalue of matrix A(t) . If t > ,

U, (t) =0.Consequently, B =0 and Eq. (6.20) becomes
i+1

U, () =D A exp(-At) (6.21)

Similarly, if t >, U, (t)=U,, Eq. (6.20) becomes

155



i+1

Uy, () =Y, +ZA1(bi) eXp(_/lnt) (6.22)

The polarization and added depolarization current can be written as

i+1

c

i, (t)=> D,y XP(-4,t) +R—° (6.23a)

n=1 0

. i+1 U

fadep (1) = D Dy ep) EXP (A1) +or (6.23b)
n=1 0

with
1
D, = Ah(?—/lncej (6.24)

Please note, D, is still equal to D, if the electrification time is sufficient long,

which is similar with that in Egs. (6.6) and (6.7).

However, as discussed in Chapter 5, the electric field can enhance the dissociation of
ionic pairs and more charge carriers will be generated under a higher electric field. If
these newly generated charge carriers can be extracted in a very short of time, the current
induced by the ionic drift and diffusion is proportional to the dissociation rate. Once the
external electric potential is removed, the dissociation rate will have a notable drop, along
with the internal field. Also, as the internal field decreases, the velocity of the charge
carriers becomes slower. Thus, it is necessary to consider that the difference of the
resistors in the R-C equivalent circuit in the polarization and depolarization process. If all
the polarization that are represented by the branches in the R-C equivalent circuit is
induced from the motion of the charge carriers and the internal field does not change very

much, the field dependent resistors can be written as

_R.(0)K,(0)
R.(E) = <, (E) (6.25a)
_Ri(0)K,(0)
R(E)= <, (E) (6.25b)
Thus, the matrix A(t) becomes A(ILL(dE()O) and Eq. (6.16) and (6.17) become
% (- [AOX O+ FOIK,(©) (6.262)
K4 (E)
X '(t) = At) X (t) (6.26b)
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Please note, K, (E) (s is not the same dissociated rate introduced by Onsager and

how to evaluate this coefficient is still not clear [76]. Apparently, the solution to Egs.
(6.26a) and (6.26b) still obey the same form shown in Egs. (6.21) and (6.22). Because
A(t) does not change, A(t) in Eq. (6.26a) and (6.26b) share the same eigenvalue as that

in Eqg. (6.21) and (6.22). It is easy to reach the conclusion that the D, , is not equal to

n(p)

D, ep @nd consequently, it is reasonable to fit the curve of the polarization current and

n(dep

the added depolarization current with Eq. (6.23a) and (6.23b) with different D, , and

D

n(dep) *

Figs. 6.11-6.14 show the result of the analytical fitting method. The light blue, pink,
red and blue curve stands for the fitted value of the polarization current or the added
depolarization current under a field of 1 kV/mm, 2 kV/mm, 5 kV/mm and 10 kV/mm,
respectively. The light blue, pink, red and blue marker represent the measured value of
the polarization current or the added depolarization current under a field of 1 kV/mm, 2
kV/mm, 5 kV/mm and 10 kV/mm, respectively. As seen from Figs 6.11-6.14, good
experimental fitting can be achieved. The relevant values of the parameters used in our

fitting are shown in Table 6.1 and 6.2.
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Fig. 6.11 Fit of the polarization current measured at different electric field at 30°C using Eqg. (6.23a)
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Fig. 6.12 Fit of the added depolarization current measured at different electric field at 30°C using Eq. (6.23b)
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Fig. 6.13 Fit of the polarization current measured at different electric field at 90°C using Eq. (6.23a)
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Fig. 6.14 Fit of the added depolarization current measured at different electric field at 90°C using Eq. (6.23b)

Table 6.1Fitting parameters of the polarization and added depolarization current at 30 °C

30°C A Dy ) D 6en)
1 3.00E-01 6.50E-09 5.60E-09
kV/mm 1.00E-01 1.00E-09 1.50E-09
2.00E-02 1.40E-09 6.00E-10
3.00E-03 3.50E-10 2.20E-10
2 1.50E-01 1.40E-08 9.00E-09
kV/mm 1.00E-01 2.70E-09 1.00E-09
2.00E-02 2.20E-09 1.20E-09
1.10E-03 5.50E-10 2.50E-10
5 3.00E-01 2.00E-08 2.50E-08
kV/mm 6.00E-02 1.30E-08 7.00E-09
1.00E-02 2.50E-09 2.50E-09
1.00E-03 9.00E-10 5.00E-10
10 3.00E-01 4.00E-09 2.50E-08
kV/mm 7.50E-02 6.00E-09 9.00E-09
1.00E-02 5.00E-09 1.70E-09
6.00E-04 1.35E-09 6.50E-10
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Table 6.2 Fitting parameters of the polarization and added depolarization current at 90 °C

90°C A Dy ) D gen)
1 3.00E-01 2.00E-09 5.00E-09
kV/mm 5.00E-02 1.10E-08 6.00E-09
1.00E-02 4.00E-09 1.70E-09
2.00E-03 6.00E-10 6.00E-10
2 3.00E-01 1.00E-08 7.50E-09
kV/mm 7.00E-02 1.00E-09 1.10E-08
1.50E-02 1.10E-08 4.50E-09
3.00E-03 2.00E-09 1.50E-09
5 3.00E-01 6.00E-09 3.50E-08
kV/mm 7.00E-02 3.30E-08 3.00E-08
1.50E-02 3.00E-09 1.10E-08
3.00E-03 1.50E-09 2.00E-09
10 1.20E+00 1.50E-06 1.70E-07
kV/mm 2.00E-01 8.00E-08 7.00E-08
5.00E-02 4.80E-08 5.00E-08
1.00E-02 1.50E-08 1.30E-08

Here, a preliminary study of the field dependence of the fitting parameters has been
performed. The field dependences of the fitting parameter are shown in Figs. 6.15 and

6.16. The curves of the parameters A and C_ are shifting towards the upper left corner at

30 °C when the electric field increases, whilst those curves are moving towards the upper
right corner at 90 °C. If the discussion in Chapter 4 is recalled, the type of the dominant
charge carriers is different at 30 °C and 90 °C in the electric conduction. When the
temperature is low, the electric conduction is determined by the ionic conduction. As the
electric field increases, the charge injection will be enhanced and the electric double layer
in the vicinity of the electrode can be disturbed. Also, the mobility and the diffusion
coefficient of the ionic charge carriers are lower at 30 °C so that the diffusion effect is less
significant when compared to that at 90 °C. Therefore, a more intense charge layer can be
formed at 30 °C and the system needs longer time to reach the equilibrium state. When the
temperature increases, more injected charge carriers are generated and the conduction is
dominated by the motion of these injected charge carriers. Besides, the ionic charge
carriers move faster when the temperature is higher and the electric double layer can
reach their equilibrium state more quickly. When the electric field increases, more charge
carriers will be generated at the electrode by the injection and the chance of the charge
carriers with the opposite polarity in the electric double layer can be neutralized will also
increase. Thus, magnitude of the current increases with the electric field. However, the
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trend given is Fig. 6.15 and 6.16 are quite chaotic. The modified R-C model still needs
further development and the parameters shown here is only for the analytical solution of
this model. How to relate this parameter to the resistor and capacitor components in Fig.
6.10 is still not very clear. The electric conduction and the electrode effect in

oil/pressboard are still not very clear and more research is needed.
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Fig. 6.15 Field dependence of the fitting parameters at 30°C
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Fig. 6.16 Field dependence of the fitting parameters at 90°C
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Please note, the above analysis is only valid at a medium electric field. If the electric
field is very low, most of the original charge carriers in the oil/pressboard sample take
quite a while to reach the electrode and the conductivity is correlated with the drift
timeand the dissociation rate. When the field is very high, the injection induced
conduction becomes the dominate conduction and the injection might not be represented
by R-C branches. How to obtain the parameters shown in Fig. 6.10 is still not clear and it
can be quite difficult to calculate these parameters through the experimental results.
Besides, the influence from the aging of the pressboard or oil on this modified R-C

equivalent model has not been studied and further researches are required.

6.5 Summary

The polarization and depolarization current measurement has been carried out to
evaluate the dielectric properties of the oil/pressboard insulation. The influence of the
pressure on the pressboard in the PDC measurement has been studied. If the pressure on
the pressboard is low, the metal electrodes and the pressboard may not have a good
contact and the polarization current can be significantly affected. The magnitudes of the
polarization and the depolarization current increase with the electric field and the
temperature. There are differences between the magnitude of the added depolarization
current and the polarization, which means the classic R-C equivalent circuit model may
not be able to explain the time domain response in the oil/pressboard insulation. The
classic R-C equivalent model has been modified with taking consideration of the
electrode effect and the field enhanced dissociation effect. The experimental results have
been fitted with the exponential equations and good fittings have been achieved and the

field dependence of the parameters used in the simulation have been analysed.
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Chapter 7 Conclusion and Further
Work

7.1 Conclusion

The present work of this thesis is concentrated on the analysis of the result from
dielectric spectroscopy and DC current measurement and this thesis aims at
understanding the mechanism of transportation of ions in the mineral oil.

As seen from the result of DC conductivity measurement, the DC conductivity of
mineral oil increases with its aging time. The initial DC conductivity which is measured
at the very beginning of the polarization process (1 s -2 s) does not change much with the
electric field and temperature. This indicates that at the very beginning when a DC field is
applied, the space charge effect is negligible and the electrical conduction is dominated
by the drift of charge carriers. The long-time conductivity of mineral oil decreases with
the electric field first(1 kV/mm- 2 kV/mm), and then enters a quasi-constant region. If the
electric field increases even higher (above 3.5 kV/mm), an increase of the conductivity
can be observed. Terna oil is in a poor condition and needs to be replaced. The time-
dependent current of Terna oil can reach a minimum value within 1 hour of electrification
and then start to increase. This may be attributed to space charge formation around
electrode that can enhance charge injection process. Once measuring electrode and high-
voltage electrode are short-circuited, depolarization current can be recorded. The
discharge currents simply decay to zero for Shell ZX-1 oil and Hydro Quebec oil. When it
comes to Terna oil, the magnitude of the depolarization current first decreases and
reaches a minimum value. Then the magnitude of this depolarization current increases.
This implies a serious distortion in Terna oil and an extra depolarization current is
induced from the potential difference between the electrodes. The electrical conduction
mechanism in mineral oil is still not very clear.

According to the dielectric spectroscopy test, the characteristics of the frequency
response of the mineral oil are similar. First, the real part of the complex permittivity
doesn’t change much at high frequency (1Hz-100Hz) and increases significantly when the

frequency decreases further. Second, the imaginary part of complex permittivity will
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decrease with the frequency with a slope that is close to -1. Third, when the temperature
increases, the frequency response of mineral oil will shift towards high frequency region.
Also, the conductivity obtained by the dielectric spectroscopy measurement is similar to
that measured by time-domain method under a low electric field. The imaginary part of
the complex permittivity increases with aging, which means the aged oil has a high
dielectric loss. When the oil is aged, more charge carriers will be generated due to
chemical, electrical and thermal degradations. If more charge carriers can participate into
the electric conduction, the space charge polarization can be more serious and the
experimental results have revealed that the value of the real part of the complex
permittivity increases with the aging period. However, the space charge effect in mineral
oil has not been carefully studied and how to relate the results of the frequency domain
measurement with the aging condition of the mineral oil is still not clear.

Based on the simulation result, there are probably two kinds of charge carriers in
mineral oil. One is dissociated in the oil and can be blocked by the electrode, the other
one is created in the vicinity of the electrode. The polarization caused by the drift of the
injected charge carriers has been studied. It seems if these injected charge carriers have a
high mobility so that they can reach the electrode in a field cycle, the motion of these
injected charge carriers can only contribute to the imaginary part of the complex
permittivity. A computer based method has been used to fit the experimental data. It
seems if part of the total charge carriers are generated at the electrode, both the real part
and imaginary part of the complex permittivity measured experimentally can be fitted.
Besides, an analytical solution based on Coelho’s space charge polarization theory has
been developed. Even the field is not homogeneous between the electrodes, the motion of
these injected charge carriers can still only contribute to the imaginary part of the
complex permittivity. To get an accurate fit, the computer based method is recommended.
A new coefficient «, the ratio of the conductivity that is contributed from the injection
over the total conductivity has been defined and it decreases with temperature and aging
period. The dissociated conductivity has been defined and used to analyse the aging
condition of the oil.

The polarization and depolarization process in mineral oil has been studied. The
adsorption of the charge carriers in the vicinity of the electrodes has been studied and an
analytical expression to calculate the total charge density in the charge layer near the
electrode has been developed. As the depolarization process mainly depends on the
motion of the dissociated charge carriers, an analytical solution has been derived to
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explain the dielectric behaviour in mineral oil based on the ionic diffusion theory. The
time dependent curves of depolarization current of the mineral oil can be well fitted using
the exponential equations. The total density in the charge layer increases with temperature
and aging of the oil. The dissociated conductivities of three mineral oils have been
calculated and the dissociated conductivity does not change much with the electric field.
The total dissociated conductivity increases with the temperature. The total dissociated
conductivities of Hydro Quebec oil and Shell ZX-1 are quite similar, which is consistent
with the experimental results from both time domain and frequency domain measurement.
In a guarded electrode system, the field at edge of the guard and guarded electrode can
be much higher than the average field between the guarded electrode and high voltage
electrode by local field enhancement. Reduce the distance between the measuring
electrode and high voltage electrode, h, increase the edge radius of the measuring
electrode and guard electrode, r, or decrease the gap between the measuring electrode and
guard electrode, g, can lower the maximum field in the test cell. An empirical equation
that has been proposed in this thesis can be used to estimate the maximum field. It has
been found that the effective surface area of the measuring electrode can be affected by
its edge radius. The edge radius of the measuring electrode should be included in the
correction equation for the effective radius. If the edge radius or g/h is too large, using
current effective radius correction equation can lead to a significant error. For DC
conductivity measurement for insulating liquid, a ratio of g/h/r = 1:3:1 is recommended.
The polarization and depolarization current measurement has been used to test the
dielectric properties of oil/pressboard insulation. The influence of the pressure on the
pressboard on the PDC measurement has been studied. If the pressure on the pressboard
is low, the metal electrodes and the pressboard may not have a good contact and the
polarization current can be significantly affected. The magnitudes of the polarization and
the depolarization current increase with the electric field and the temperature. There are
differences between the magnitude of the added depolarization current and the
polarization, which means the classic R-C model may not be able to explain the time
domain response in oil/pressboard insulation. The classic R-C equivalent model has been
modified with taking consideration of the electrode effect and the field enhanced
dissociation effect. The experimental results have been fitted with the exponential
equations and good fittings have been achieved and the field dependence of the

parameters used in the simulation have been analysed.
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7.2Contributions

1) The space charge polarization induced by the motion of the injected charge carriers
has been theoretically studied firstly, and it is also the first time that good experimental
fittings of frequency response of mineral oil have been achieved based on the ionic drift
and diffusion model.

2) The classic DC conductivity has been divided into two new terms: the dissociated
conductivity and the conductivity induced by the injection. The dissociated conductivity
can be related to the chemical change in mineral oil which may be used in the future as a
new parameter in oil condition diagnostics.

3) It is the first time that the electric conduction in frequency domain and time domain
can be explained by the ionic drift and diffusion theory simultaneously under the
assumption of existence of the fast charge carriers.

4) 1t is the first time that the local field enhancement in a guarded electrode system for
insulating liquid measurement is discovered and quantitatively studied. The classic
correcting equation for the effective radius of measuring electrode should be used with
caution.

5) The electrode effect has been introduced into the polarization and depolarization
theory and an modified R-C equivalent model has been proposed to explain the electric

conduction behaviour in oil/pressboard sample.

7.3 Future work

In future, experiments will be designed to confirm the existence of the high mobility
injected charge carriers in mineral oil. A selectively permeable film can be coated on the
electrode to block certain kinds of charge carriers. As these injected charge carriers might
be holes or electrons, at least two different films, one can block the electrodes and the
other one can block the holes, need to be used in the dielectric spectroscopy measurement.
An improved model with the extraction of charge carriers in the vicinity of the electrode
will be developed to obtain a better experimental fitting. As the mechanism of the charge
injection discussed in chapter 4 is still not very clear, parameters, such as water content,

electrode material, electric field, et al, which can affect this injection, will be studied.
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The study of the polarization process in mineral oil will be continued and a polarization
theory based on the charge injection and ionic dissociation and recombination will be
proposed to explain the dielectric behaviour of mineral oil under DC field. Influence from
different parameters, such as, water content, pressure, aging, et al, will be studied. FTIR
(Fourier transform infrared spectroscopy) will be used to analyse the quantity of the
chemical components in mineral oil. It is possible to relate the dissociated conductivity
with different kinds of ions.

The local field enhancement might also exist in other types of guarded electrode
system, thus, simulations of the field distribution can be carried out to reduce the
maximum field in among other kinds of electrodes. The modification of the Schwarz and
Christoffel transformation on rounded corners has been well developed recently and it is
possible to obtain an analytical solution of the effective radius with the edge radius being
taken into account.

The dielectric properties of oil/pressboard with different aging period will be studied
using both frequency- domain and time- domain measurement. The influence of aging on
the modified R-C equivalent model will be studied. The electric conduction in
oil/pressboard is still not very clear and the knowledge concerns the types of charge
carriers in oil/pressboard insulation is limited. Besides, the water content in oil and
pressboard can also affect the dielectric properties of oil/pressboard insulation and the
procedures for the oil/pressboard DC conductivity measurement is still questionable and

needs to be improved.
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