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To my Mom and my Dad and to the beautiful
childhood with my siblings

“We succeeded in taking that picture, and, if you look at it, you see a dot. That's here.
That's home. That's us. On it, everyone you ever heard of, every human being who ever
lived, lived out their lives. The aggregate of all our joys and sufferings, thousands of
confident religions, ideologies and economic doctrines, every hunter and forager, every hero
and coward, every creator and destroyer of civilizations, every king and peasant, every
young couple in love, every hopeful child, every mother and father, every inventor and
explorer, every teacher of morals, every corrupt politician, every superstar, every supreme
leader, every saint and sinner in the history of our species, lived there – on a mote of dust,
suspended in a sunbeam”
— Carl Sagan, fraction of the speech of the Pale Blue Dot at Cornell University, October
13, 1994

Abstract
This thesis presents an experimental study of positive and negative streamers propagating
along mineral-oil/solid interfaces under square high voltage pulses. The thesis includes the
design and construction of an experimental setup in which the streamers are studied in a
point-plane configuration with point radius of 2.9 μm and gap distance of 5 mm. The
experimental setup is capable to detect streamer parameters such as velocity, length,
propagation time, emitted light and charge.
The first part of this experimental study is devoted to the analysis of the streamer inception
at mineral-oil/solid interfaces under negative polarity. The streamer inception voltage and
charge recordings are reported for each mineral-oil/solid interface. It is found that only solids
with a permittivity similar to that of mineral oil can influence the streamer inception voltage.
Solids with matched permittivity such as LDPE and PTFE increase the inception voltage. The
cases with solids with higher permittivity than mineral oil have similar inception voltage as the
streamer incepted in the liquid bulk without solid.
The second part is devoted to studying the propagation of first mode negative streamers
along different mineral-oil/solid interfaces. The performed study compares electrical and
physical properties (e.g. charge, length, velocity, etc.) of the streamers to identify the influence
of the solid on the streamer propagation. Solid samples with different chemical composition
and different physical properties (i.e. surface roughness, porosity, density, etc.) are used. The
solid samples are an oil-impregnated kraft paper and an low-porosity paper referred to as kraft
fibril paper made from cellulosic micro and nano fibrils. Polymeric films made of low density
polyethylene (LDPE), polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE) and
polyvinylidene fluoride (PVDF) are also used as the solid. Streamers propagating along the
liquid/solid interface are compared with streamers developing in mineral oil without solid. The
results show that surface roughness, porosity and permittivity of the solids are the parameters
that most influence the streamer propagation. Streamers propagate longer and faster along
solids with low surface roughness, low porosity and higher electrical permittivity than mineral
oil showing a quasi-continuous injection of charge in the early stage of propagation.
The third part of the experimental study deals with second mode positive streamers
propagating along mineral-oil/solid interfaces. The inception and propagation of the streamer
are investigated using different mineral-oil/solid interfaces. Measurements of the streamer
velocity, charge, stopping length, propagation time, together with light recordings and
shadowgraphs are reported. It is found that the interface can influence the streamer initiation
process by increasing the inception voltage. Additionally, the interface influences the streamer
propagation by affecting the streamer branching, stopping length, velocity, charge and current.
Properties of the solid (i.e. surface roughness and permittivity) and of the interface (i.e.
wettability) are parameters that most influence the streamer propagation.
Key words Streamer, mineral oil, dielectric interface, polymeric film, impregnated paper

Sammanfattning
Avhandlingen beskriver en experimentell studie av utbredningen av positiva och negativa så
kallade streamers utmed gränsytan av olika kombinationer av mineralolja och fasta material
med högspännings fyrkantspulser. Inkluderat är även designen och uppbyggnaden av en
experimentell uppställning för att utföra studien. Streamers är studerade i en punkt-plan
konfiguration med en punktradie av 2,9 µm och ett avstånd mellan elektroderna på 5 mm.
Med den experimentella uppställningen är det möjligt att detektera streamerparametrar så
som hastighet, längd, utbredningstid, emitterat ljus och laddning. Den experimentella studien
är indelad i tre delar.
Den första delen av den experimentella studien är vigd åt analysen initieringen av streamers
i gränsytan mellan mineralolja och fasta material i negativ polaritet. För varje
materialkombination redovisas sannolikheten för initieringen av streamers vid olika spänningar
samt mätningar av laddning. Det fasta materialet påverkade bara initieringssannolikheten i de
fall då de har liknande (matchad) permittivteten som oljan. För material med matchad
permittivitet, i den här studien lågdensitets polyeten och polytetrafloureten, var
initieringsspänningen (spänning med 50 % sannolikhet för initiering) lägre jämfört med i
vätskefasen utan fast material, till skillnad från de material med högre permittivitet där ingen
signifikant påverkan på initieringsspänningen uppmättes.
Den andra delen av avhandlingen är dedikerad till att studera utbredningen av första
ordningens negativa streamers utmed gränsytan mellan mineralolja och olika fasta material. I
studien jämförs elektriska och fysikaliska egenskaper (t.ex. laddning, längd och hastighet) hos
streamers som ”kryper” utmed gränsytan mellan olja och fastfas för att identifiera det fasta
materialets påverkan på utbredningen av streamers. Fasta material med olika kemiska
sammansättning och olika morfologi (d.v.s. ytråhet, porositet och densitet) har använts. I
studien används papper tillverkat från sulfatmassa (kraftpapper) samt papper med låg
porositet tillverkat från mikro- och nanofibriller från samma massa, härefter omnämnt som
kraftfibrillpapper. Dessa jämfördes även med polymera filmer av lågdensitets polyeten,
polyetentereftalat, polytetrafluoreten och polyvinylidenfluorid. Streamers som kryper utmed
gränsytan mellan vätske- och fastfas jämförs också streamers som uppkommer i mineralolja
utan något fast material närvarande. Resultaten visar att de egenskaper hos det fasta
materialet som har störst påverkan på streamerutbredning är ytråhet, porositet och
permittivitet. Streamers utbreder sig längre och snabbare när det fasta materialet har låg
ytråhet, låg porositet och en permittivitet som är högre än mineraloljans permittivitet. Då
streamers utbreder sig utmed en gränsyta med ett fast material med låg ytråhet och hög
permittivitet uppkommer en uppseendeväckande kvasi-kontinuerlig injicering av laddning
under den tidiga fasen av utbredningen. Då streamers istället kryper utmed ett fast material
hos vilken permittiviteten matchar den hos mineral oljan är injiceringen av laddningar lägre.
Den tredje delen av den experimentella studien handlar om utbredningen av andra
ordningens positiva streamers utmed gränsytan mellan mineralolja och oljeimpregnerade

papper. I studien används kraftpapper och kraftfibrillpapper. Med hjälp av
höghastighetskamera kan det urskiljas hur streamers som kryper i gränsytan mellan
mineralolja och kraftpapper främst utbreder sig ut i oljan. Streamern är förgrenad men leds av
en eller två huvudgrenar. Med kraftfibrillpapper är antalet grenar reducerat och streamern
består nu av endast en gren som utbreder sig jämsmed ytan. Med kraftfibrillpappret är
utbredningstiden är längre än med kraftpapper.

Nyckelord: streamer, mineralolja, dielektrisk gränsyta, polymerer, oljeimpregnerat papper.
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CHAPTER 1

Viewport of the test chamber

Introduction
1.1

Overview

The world electricity generation is expected to increase by 69% in the next twenty
years to satisfy the world demand of electricity [1]. This is a challenge for the current
power system that requires new strategies for the generation and transmission of
electricity with better efficiency, greater reliability and more flexibility. Thus, high
voltage components in the system such as transformers, cables, capacitors, etc., also
need to improve their performance, efficiency and reliability in order to satisfy the
requirements of the future grid. Nowadays, power systems require high voltage power
components (operating at levels greater than 1 MV) and these devices need to
improve their insulation system to offer a good performance under such conditions.
The electrical insulation system in high voltage apparatus guarantees the dielectric
performance of the power component in the working environment. In order to
prevent the dielectric failure of high voltage power components, their insulation
systems have to be capable to work under high levels of electrical, thermal and
mechanical stresses. Nowadays, new possibilities to improve the dielectric
performance of insulation systems under extreme conditions can be achieved due to
the rapid development in material science and nanotechnology. For instance,
cellulose-based materials, polymers, non-polar liquids, etc. could be engineered to
improve their dielectric performance. Nevertheless, the implementation of new
materials requires the understanding of the mechanisms involved in their electrical
degradation and dielectric failure (conduction, prebreakdown and breakdown).
High voltage power apparatus such as transformers, capacitors and impregnated
(oil-filled) cables use dielectric liquids and liquid-solid interfaces in their insulation
system. This has motivated a large number of studies in recent years on the
properties of the prebreakdown process in different dielectric liquids and along
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different liquid/solid interfaces [2]–[5]. The reported studies include a variety of
experimental conditions for the characterization of the electrical breakdown
mechanism involved [2]. Experiments with different electrode configurations, purified
and contaminated liquids (with particles and gas saturation), high pressure, dissolved
additives, polymeric tubes and surfaces, etc. have been reported in the literature [2],
[3], [6]–[10] and it has been shown that the breakdown in liquid and in liquid/solid
dielectric systems is a consequence of the inception and propagation of ionized
gaseous channels called ‘streamers’ [2], [5].
Streamers are the precursor mechanism of breakdown in liquid and liquid/solid
insulating systems and their characteristics vary significantly with the nature of the
liquid, voltage, pressure, electrode configuration, etc. [3], [5]. The rapid technological
advances in high speed and multi-frame cameras combined with optical techniques
such as Schlieren photography and shadowgraphy, have made possible the imaging of
the streamers during their propagation [5]. Thus, a first attempt to classify different
types of streamers based on their velocity and polarity has been proposed in [5].
More recently, the description and conceptualization of the streamer propagation
modes have been improved and they are now classified in four streamer propagation
modes for positive and negative polarity [3], [10]. Nevertheless, the physical processes
involved in each propagation mode are still not well established and their description
is based mainly on experimental observations [3].

1.2

Streamer classification and propagation modes

1.2.1 First mode of streamer propagation
The first mode positive and negative streamers are usually observed in a pointplane configuration with sharp points (between 1 and 6 µm tip radius) and small
gaps (e.g. 2.5 mm and 5 mm [11], [12]). These streamers have the lowest velocity of
all the propagation modes [4], [5], less than 1 km/s [10], [13]–[15]. These streamers
are also ‘sub-sonic’ because their velocity is less than the velocity of sound in a large
number of dielectric liquids (~1.4 km/s) [10]. The shape of these streamers is usually
an irregular gaseous cavity as shown in Figure 1.1 but it can vary according to the
radius of the point electrode, gap distance and pressure [10], [15], [11]. The lateral
expansion velocity of these streamers is similar to their axial propagation velocity [3],
which is an indication of the quasi-equilibrium pressure of the streamer and the
liquid [3].The radius of the tip and the voltage define the inception conditions of first
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Figure 1.1. Shadowgraphs of first mode streamers : a) Positive polarity and b) Negative polarity.
Tip radius of 2.9 µm and gap distance of 5 mm in both cases.

mode streamers [12]. Figure 1.2a shows a typical plot of the first mode streamer
inception voltage for positive polarity as a function of the radius of curvature of the
tip. The data of the plot corresponds to cyclohexane and is obtained from [12]. It is
shown that first mode positive streamers only exist in a narrow range of voltage
(below a threshold voltage indicated to as 𝑉𝑉2 in the figure) and for tips with radius of
curvature 𝑟𝑟𝑝𝑝 below a critical radius tip 𝑟𝑟𝑐𝑐 . In negative polarity, the inception voltage
of first mode negative streamers (here referred to as 𝑉𝑉𝑠𝑠 ) depends on the radius of
curvature of the tip 𝑟𝑟𝑝𝑝 as shown in Figure 1.2b. The data of the plot corresponds to
cyclohexane and is obtained from [11]. Notice that first mode negative streamers
exist for a very wide range of 𝑟𝑟𝑝𝑝 and 𝑉𝑉𝑠𝑠 increases as 𝑟𝑟𝑝𝑝 is increased.

The inception mechanism of the first mode negative streamers is different from that
with a positive polarity [14]. In negative polarity, the first gaseous phase (cavity) is a
consequence of the energy dissipated by an electron avalanche of nanosecond
duration in the liquid phase [8], [14]. After the gaseous phase is formed, a series of
electrical discharges take place inside of the cavity, leading to the creation of new
gaseous cavities in front of the already existing ones, and contributing to the
expansion of the streamer [16]. For positive polarity, the inception mechanisms are
less understood and require more experimental and theoretical research [3], [8].
It is known that the presence of a solid can affect the physical parameters (length,
shape and velocity) of the first mode streamer propagating along liquid/solid
interfaces [17], [18]. Nevertheless, there is a lack of knowledge about the properties of
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Figure 1.2. Inception voltage of first mode and second mode streamers for point-plane configurations
with short gaps and sharp points. a) Positive polarity (data obtained from [12]) and b) Negative
polarity (data obtained from [11])

the solid which affect the mechanisms of inception and propagation of creeping
streamers.

1.2.2 Second mode of streamer propagation
Second mode positive and negative streamers are usually observed in point-plane
configurations with small and large gaps [3], [10]. They propagate with a velocity
about 2 km/s. Their velocity does not vary significantly over a large voltage range,
as shown in Figure 1.3. The shape of the second mode positive streamer is usually
filamentary [3]. In negative polarity the second mode streamers can be not only
filamentary but also ‘bush like’, depending on the liquid and other experimental
conditions [10], [19], [20].
The radius of curvature of the tip 𝑟𝑟𝑝𝑝 and the voltage define the inception conditions
of the second mode positive streamers as shown in Figure 1.2a. Experiments with
different liquids have shown that the initiation voltage of second mode positive
streamers (here referred to as 𝑉𝑉2𝑖𝑖 ) is independent of 𝑟𝑟𝑝𝑝 for tips below a critical radius
of curvature 𝑟𝑟𝑐𝑐 and these streamers can only be observed above a well-defined
threshold 𝑉𝑉2 as shown in the figure [3], [11]. In contrast, the initiation voltage 𝑉𝑉2𝑖𝑖
depends on the radius of curvature of the tip and increases as 𝑟𝑟𝑝𝑝 is increased for tips
with 𝑟𝑟𝑝𝑝 > 𝑟𝑟𝑐𝑐 [21]. It is important to note that the value of 𝑟𝑟𝑐𝑐 depends on the used
liquid; e.g. 3 µm for pentane and 6 µm for cyclohexane [22].
4

Figure 1.3. Average streamer propagation velocity as a function of the voltage of positive streamers in
mineral oil and a point-plane configuration with a gap distance of 10 cm. Data obtained from [3]

Figure 1.4. Stopping length of second mode streamers propagating in mineral oil in a point-plane
configuration under a gap distance of 6 mm. Data obtained from [3]
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The threshold propagation voltage 𝑉𝑉2 of the second mode positive streamer shown
in Figure 1.2a does not depend on the radius of the point electrode and is the
minimum voltage required for the second mode positive streamer to propagate [3],
[20]. 𝑉𝑉2 is probably related to the existence of a critical propagation field at the head
of the streamer and to the ionization potential of the liquid [3], [6], [10], [20], [23].
Estimation of the electrical fields at the streamer head show that field about
8.5 × 108 V/m (mineral oil) are needed for propagation [3], [10]. Under such a high
electric field, impact ionization has been suggested as a possible mechanism
responsible for the generation of new gaseous phase at the streamer head [3], [8].The
threshold propagation voltage 𝑉𝑉2 can be obtained by plotting the streamer stopping
length as a function of the applied voltage [3], [20]. Figure 1.4 shows an example of
the streamer length as a function of the applied voltage for mineral oil with 𝑉𝑉2
obtained as the intersection with the horizontal axis [24], [25]

Different characteristics of the second mode positive and negative streamers
propagating along different liquid/solid interfaces have been reported in the literature.
For instance, many studies have been devoted to the observation of the potential
gradient across a streamer filament [9], [24], [25] and the dependence of the current
and streamer branching on the thickness and electrical permittivity of the solids [3],
[9], [25]–[31]. It has also been shown that the spatial restriction of the streamer
branching due to the presence of the solid leads to a decrease in the acceleration
voltage, leading to a higher propagation mode [17], [18], [32]. Nevertheless, further
knowledge is needed to understand which properties of the solid influence the
streamer characteristics and propagation mechanism.

1.2.3 Third and fourth mode of streamer propagation
The third and fourth modes of propagation have a higher velocity than the second
mode as shown in Figure 1.3. Their propagation velocities are ~10 km/s for third
mode and ~100 km/s for the fourth mode. The appearance of the third and fourth
modes varies with the liquid and the geometry of the gap [3]. 𝑉𝑉3 and 𝑉𝑉4 are also
related to the ionization potential of the liquid. Experiments have shown that 𝑉𝑉3 and
𝑉𝑉4 vary when additives with different ionization potentials are dissolved in non-polar
liquids [7]. The propagation of a streamer can have a mixture of different modes [3],
[33]. It may start propagating in the third mode and continue its propagation in the
second mode, or have a combination of third and fourth modes as shown in Figure
1.3. It is also important to note that the 4th mode of propagation is linked to the
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Figure 1.5. Typical photographs of a streamer propagating in a point-plane configuration and
simplified electrical model of a second mode positive streamer composed by a single filament:
a) Streamer propagating free in the liquid bulk
b) Streamer propagating along liquid-solid interface
c) Model of streamer propagating free in the liquid
d) Model of streamer propagating along a liquid-solid interface

acceleration voltage 𝑉𝑉𝑎𝑎 which is also linked to the disappearance of the second mode
of propagation.

The third and fourth propagation modes have been studied with different
liquid/solid interfaces [34]. It has been shown that the energy of these streamers
dissipated along the solid surface can result in damages to the solid surface [35].
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Marks due to drying of the solid surface, carbonization and particles released from
the solid surface have been reported in different experimental studies [36].

1.3

Streamers propagating along liquid/solid interfaces

1.3.1 Capacitive coupling of the streamers
Figures 1.5a and 1.5b show a shadowgraph a second mode positive streamer
propagating into the liquid bulk and a second mode positive streamer propagating
along a liquid/solid interface. Additionally, the electrical model [3] of a filamentary
streamer propagating free in the liquid bulk and of a filamentary streamer
propagating along a liquid/solid are presented in Figures 1.5c and 1.5d. The current
circulating inside the streamer filament is a conduction current due to ionized gas in
the filament [3]. The continuity of the current inside the streamer filament to the
opposite electrode is a displacement current produced by the equivalent
capacitance 𝐶𝐶. When a streamer is propagating along a liquid/solid interface, its
capacitive coupling to the opposite electrode increases if the solid has an electrical
permittivity higher than that of the liquid and also if the thickness of the solid
decreases [3], [26]. This enhancement of the capacitive coupling of the streamer
filament increases the current inside the filament [3], [37].

1.3.2 Permittivity mismatch
During the propagation of the streamer along the interface, distortion of the
interfacial electric field can occur due to the surface roughness of the solid and the
permittivity-mismatch of the materials forming the interface [38]. This permittivity
mismatch produces modifications of the electric field at the head of the streamer and
can result in enhancement of the breakdown probability [38].

1.3.3 Influence of the orientation of the liquid/solid interface and
the spatial limitation on the streamer inception and propagation
The orientation of the liquid/solid interface influence the streamer length
propagation [39], [40]. For instance, streamers propagating in semi-uniform electrode
configurations are longer along liquid/solid interfaces perpendicular to the plane
electrode, while they are shortest when the interface is parallel instead [39], [40]. It is
important to note that the capacitive coupling of streamers to the opposite electrode
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also changes by varying the orientation of the liquid/solid interface. This change of
the capacitive coupling of streamers influence their injected current and therefore the
potential gradient across the filaments [3]. The existing potential gradient along
filaments is one of the mechanisms responsible of the stopping of streamers [3]. Thus,
the orientation of the liquid/solid interface influence the streamer stopping length by
changing its capacitive coupling and the potential gradient across filaments [3], [26],
[27], [30], [41].
It has been shown that streamers propagating in mineral oil and alkanes can have a
mechanism of ‘self-stabilization’ by branching. In this mechanism, streamers produces
new branches to keep the field constant in front of the streamer as voltage is
increased [3]. Thus, the electric field in front of the streamer does not increase
significantly as to produce a change of velocity within a large voltage range (e.g. 100200 kV) [33], [42]–[44]. This mechanism is observed in second mode streamers [33],
[42]–[44].
The limitation of the spatial extension of branching counteracts the streamer selfstabilization mechanism [3], [44]. Experiments with polymeric tubes and solid planes
have shown that the limitation of the spatial extension of a streamer results in a
lower acceleration voltage and faster propagation [3], [32], [44] [18].

1.3.4 Surface charge accumulation
Mobile electrical charges created and flowing in a liquid can accumulate on the
surface of the solid if a liquid/solid interface exists. Dipoles can occur and charges
can be redistributed forming an electrical double layer [45]–[47]. The charges closest
to the solid surface form an inner layer and have the strongest attraction to the solid
surface, whereas charges far from the solid surface form a diffusive layer. This ionic
concentration produces an increment in the electric potential of the solid surface [48],
and the electrical potential decreases in the direction of the diffusive layer (zeta
potential).
When a solid is placed close to the sharp electrode (e.g. in a point-plane
configuration), the accumulation of charges on the solid surface can influences the
inception and propagation of the streamer. The accumulation of charges produces an
electrostatic shielding of the point electrode [48]. This affects the injection of charges
into the liquid leading to a space-charge limited injection of current [48]. On the
other hand, charges remaining on the solid surface after a streamer has propagated
along the interface need time to dissipate [49], and the dissipation time depends on
9

the solid material and on its surface conductivity [35]. The large accumulation of
charges promotes the development of subsequent discharges as it has been reported
in oil/pressboard interfaces [45]–[47], [50], [51].

1.4

Motivation

Development in materials science and nanotechnology lead to new possibilities of
improving the dielectric performance of the insulation systems in high voltage power
apparatus such as transformers, capacitors, cables, etc. For instance, cellulose-based,
polymeric-based, non-polar liquids with nanoparticles or additives materials could be
engineered to improve the dielectric performance of such devices. The design and
implementation of these materials require the understanding of prebreakdown
phenomena in liquids and liquid/solid dielectric interfaces. Nevertheless, the lack of
understanding in this area hinders the design of new insulating materials. This is a
challenge for the optimization of insulation systems since it is still not clear which
physical and chemical properties of a liquid/solid interface need to be tailored in
order to improve dielectric performance. Furthermore, current predictive theory and
models of prebreakdown in liquids and liquid/solid interfaces are insufficient as to
provide clear guidelines to efficiently improve dielectric insulation systems [3].

1.5

Aim and outline of the thesis

In order to contribute to the knowledge and characterization of the prebreakdown
phenomena in liquid/solid dielectric insulation systems, the work presented in this
thesis has been devoted to the study of the inception and propagation of positive and
negative streamers along mineral-oil/solid interfaces in a point-plane configuration
with short gaps and square voltage pulses. The study has three parts. The first and
second parts are dedicated to the inception and propagation of the first mode
negative streamer creeping along different mineral oil-solid interfaces. The third part
is devoted to the second mode positive streamer propagating along various mineraloil/solid interfaces.
This thesis is divided into five chapters as follows:
Chapter 1:

This chapter presents the background, motivation and contributions
to publications.
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Chapter 2:

This chapter describes the experimental setup for the study of
positive and negative streamers along mineral-oil/solid interfaces in a
point-plane configuration.

Chapter 3:

This chapter presents an experimental study on the inception and
propagation of first mode negative streamer along different mineraloil/solid interfaces based on Papers I and II.

Chapter 4:

This chapter presents an experimental study on the inception and
propagation of second mode positive streamers along different
mineral-oil/solid interfaces based on Papers III and IV.

Chapter 5:

This chapter presents a summary of the main findings reported in
this thesis.

Chapter 6:

This chapter presents the ideas and suggestions for future
experimentation

1.6

Contributions to publications

David Ariza is the main author of Papers I, II, III and IV. He formulated the
working hypothesis, proposed and designed the experiments, led the construction and
design of the experimental setup, took the main responsibility for the manuscripts
and the scientific analysis. These tasks were the product of continuous cooperation
with the co-authors. Marley Becerra took active part in the design of the setup and
the writing of Papers I, II, III and IV supporting the scientific analysis and
interpretation of the results. In Papers I, II, III and IV Rebecca Hollertz prepared
and characterized the papers and polymer samples and also wrote the description of
the materials and took part in the writing of the manuscripts and analysis of the
results. Lars Wågberg and Claire Pitois took active part in the discussions and
writing of the manuscripts. In Paper IV David Ariza, Ralf Methling and Sergey
Gortschakow were responsible of the construction and assembling of the
shadowgraphic system used to detect the streamers.
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CHAPTER 2

Test chamber and far-field microscope

Experimental setup
2.1

Setup

Figure 2.1 shows the diagram of the experiment setup designed and constructed to
study the inception and propagation of positive and negative streamers in mineral oil
and along mineral-oil/solid interfaces. The experiment setup consists of a test
chamber made of stainless steel with a point-plane configuration installed inside. The
setup includes a charge measuring system which integrates the current of the
streamer during its inception and propagation using a differential technique based on
a third non-sharp electrode referred to as the probe electrode. This third electrode is
introduced to reject the displacement current in the point electrode when the voltage
of the plane electrode is raised. The shape and length of the streamer are detected
with a shadowgraphic technique. Additionally, the light emission of the streamer
during its propagation is detected with an optical fiber and a photomultiplier. The
experimental setup also includes a system for filtering and degassing the oil before
testing. The oil poured into the test chamber is circulated in a closed loop through a
hydraulic filter. During the circulation of the oil, the pressure of the test chamber is
reduced with a vacuum pump and the temperature of the liquid is raised and
controlled with a heating rod. The experiment setup is designed and built following
recommendations and techniques reported in [3], [14], [52]–[54].

2.1.1 Test chamber and filtering and degassing system
The test chamber is shown in Figures 2.1 and 2.2. It is a cylindrical vacuum-tight
reactor with a diameter of 200 mm and a height of 200 mm. The chamber has three
view ports and multiple feed-through connectors. The oil poured into the chamber is
circulated in a closed loop indicated by the arrows and the blue path in Figure 2.1. A
magnetic pump circulates the oil from the test chamber through a hydraulic filter
with pore size of 2 µm. When the oil circulates back into the chamber, it is gently
poured on the surface of a 60 °C heating rod. During the circulation of the oil, the
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Figure 2.1. Experimental setup.
(1) Test chamber
(2) Point and probe electrode
(3) Plane electrode
(4) Charge measuring system
(5) High speed camera
(6) Xenon lamp
(7) Xenon lamp power source
(8) Optical fiber
(9) Photomultiplier
(10) Valve

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

Pump
Particle filter
Valve
Heating rod
High voltage pulse source
Oscilloscope
Signal generator
Data acquisition device
Computer
Vacuum pump

pressure in the test chamber is lowered to 5 mbar using a vacuum pump as shown in
Figure 2.1. The design of this filtering and degassing system is based on the
techniques described in [54].

2.1.2 Electrode configuration
A point-plane configuration is installed at the center of the test chamber. The point
electrode is a tungsten needle with tip radius rp of 2.9 µm. The gap distance d is
16

Figure 2.2. Photograph of the experimental setup

5 mm and the plane electrode is 100 mm in diameter and is covered with an
impregnated paper with a thickness of 100 µm. The needle used as point electrode is
made of tungsten and has a cylindrical body with a diameter of 1 mm and a length
of 50 mm. The head of the needle has a conical shape with rounded tip as shown in
Figure 2.3a. In order to reduce the stray capacitance between the needle and the
plane electrode, and decrease the displacement current in the configuration, the body
of the needle is shielded with a metallic tube. Figures 2.3b and 2.3c shows the coaxial
electrode arrangement with the needle as inner conductor, a shrinking tube (made of
a fluorocarbon-based polymer) as insulator and a steel pipe as outer conductor which
is grounded. Only the tip of the needle is unshielded as it is shown in Figure 2.3c.
The coaxial arrangement is assembled on a SMA connector and connected to the
charge measuring system. The differential technique used in this experiment setup
requires a third electrode with geometry similar to that of the point electrode. Thus,
the common mode circulating current across the point and probe electrodes can be
rejected with a differential amplifier. The probe electrode is constructed in the same
manner as the point electrode but with a different tip radius (500 µm). Thus, no
streamer is generated in the probe electrode under the used voltage range. The
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Figure 2.3. Photographs of the electrode configuration. a) Point plane configuration in contact with a
solid sample, b) Point and probe electrodes, c) probe and probe electrodes assembled

techniques used to construct the point and probe electrodes are based in similar
techniques reported in [14], [52], [55], [56].

2.1.3 Streamer charge measuring system
Large displacement current circulates in the point-plane and probe-plane
configurations during the rise and fall of the square voltage pulse applied to the plane
electrode. The displacement current is much larger than the current produced by
streamers in the described configuration (Section 2.1.2), hindering the detection of
the streamer charge. Thus, a differential technique is needed to reject the
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Figure 2.4. Schematic of the streamer charge measuring system.

displacement current from the streamer current integration. The displacement
currents circulating across the point-plane configuration are produced by the
equivalent stray capacitances Cpoint and Cprobe respectively as shown in Figure 2.4.
These stray capacitances Cpoint and Cprobe are estimated from direct measurements as
5.7 × 10−14 F and 7.4 × 10−14 F respectively. The point and the probe electrodes are
connected to the streamer charge measuring system with semi-rigid coaxial cables
200 mm long through SMA connectors of 50Ω. The capacitance of the semi-rigid
coaxial cables including the SMA connectors is 65 pF at the point electrode line and
71 pF at the probe electrode line. The integration of the current at the point
electrode and probe electrode is done with capacitors C1 and C2 of 200 pF. Therefore,
the equivalent capacitance of the point electrode and probe electrode channels are
265 pF and 271 pF respectively. A long integration time constant τ of 18 ms is defined
with the resistors R1 = R2 = 68 MΩ. This is important to avoid the discharge of the
capacitors C1 and C2 during measurements. During the streamer detection, the
displacement current plus the streamer current are integrated at the point electrode
line and provides the charge of the channel. In similar way, only displacement
current is integrated at the probe electrode channel (without any streamer). Thus,
the charge of the probe electrode channel is subtracted from the point electrode
channel by using a differential amplifier such that the streamer charge is measured.
The differential amplifier is based on two buffer amplifiers and an operational
amplifier to subtract their signals. The input impedance of the buffer amplifiers is
1012 Ω and it is connected to the capacitors C1 and C2 as shown in Figure 2.4. The
resistors R1 and R2 stabilize the buffer amplifiers and avoid their saturation. The
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Figure 2.5. Details of the sample holder: a) mechanical holder with a coloured paper and b) assembled
solid sample in contact with the point electrode.

signals from the point electrode and probe electrode channels are transferred to the
operational amplifier through buffer amplifiers. The operational amplifier
compensates the differences in the parameters of each channel by controlling the gain
G of the probe electrode channel. The output of the differential amplifier is V1 − G ∙
V2, where V1 is the voltage induced in the point electrode channel and V2 is the
voltage induced in the probe electrode channel. The gain G is tuned until the
differential amplifier has a zero output under voltages pulses without streamers. By
limiting the bandwidth to 20 MHz, the sensitivity of the charge measurement system
is 0.1 pC. The streamer charge measurement system is designed and built following
recommendations and techniques reported in [3], [14], [52], [53].

2.1.4 Samples assembling
The liquid/solid interface is set by placing a solid film or paper inclined at an angle
of 60° to the plane electrode and in contact with the needle tip for the test with
negative streamer. For the study of positive streamer the solid sample is inclined at
an angle of 20° to the plane electrode. Figure 2.5a shows the holder of the solid. It
has two rotational stages capable of rotating the sample with a resolution of 5 arcmin.
This is important for the alignment of the sample and the shadowgraphic system.
The sample holder is mounted on two mechanical linear stages also with
micrometrical resolution. The micrometrical stage moves the solid surface towards
the needle tip with a resolution of 0.41 µm/degree of the screw control. This system
makes it possible to install the solid sample in contact with the needle tip without
damages as shown in Figure 2.5b (at the maximum magnification and resolution of
the optical system).
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2.1.5 Shadowgraphic system
The schematic of the shadowgraphic system is shown in Figure 2.1. The light beam
from a xenon lamp is collimated with a lens through the viewport of the test
chamber, illuminating the tip of the electrode. On the opposite side of the test
chamber, a far field microscope is installed aligned with the light beam as shown in
Figure 2.1. The shadowgraph produced is projected on the high speed camera sensor.
The far field microscope (lenses L2, L3 and L4) magnifies the image 20X so that the
image obtained has a size of 1000 × 1000 µm2 with a maximum resolution of 1
µm/pixel. This shadowgraphic system is based on shadowgraphy and Schlieren
techniques reported in [3], [6], [10], [14], [16], [40], [44], [57]–[65]. It is important to
note that a shadowgraphic technique has to be used in this experiment setup since
first mode and second mode streamers in small gaps are very faint [3]. Thus, it is
difficult to take a direct picture from these streamers even with high speed intensified
cameras. Moreover, the content of aromatic compounds in the mineral oil increases
the transmission losses of any emitted light and makes the recording even more
complicated.

2.1.6 Photon detection system
The photon detection system consists of an optical fiber with a diameter of 2 mm
connected to a photomultiplier tube as shown in Figure 2.6. The core of the optical
fiber faces the tip of the point electrode 10 mm away from it. In order to reduce
interference from the shadowgraphic system in the photon detection system, especial
care is required when positioning the optical fiber. The core of the optical fiber is
placed at an angle of 60 degrees to the line of the light beam from the xenon lamp as
shown in Figure 2.6. In addition, a long-pass filter with a cut-on wavelength of
650 nm is installed in front of the xenon lamp. The spectral sensitivity of the
photomultiplier ranges from 200 to 700 nm (10% sensitivity at 650 nm). The noise
level detected with the photomultiplier is about 5% of its output voltage range and
the photomultiplier is installed inside a dark shielding box to minimize
electromagnetic interference from the high voltage pulse source.

2.1.7 High voltage pulse source
The high voltage pulse source is constructed with a 10V-30kV DC-DC voltage
converter. The high voltage output of the DC-DC converter is connected in parallel
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Figure 2.6. Shadowgraphic and photon detection systems.

with the 15 nF capacitor bank. The charge of the capacitor bank is transferred to the
plane electrode using a fast high voltage solid state push-pull switch and a coaxial
cable. The length of the coaxial cable is 1 m and the rise time tr and fall time tf of
the pulse is 35 ns. The duration of each pulse is controlled with a signal generator
used to trigger the push-pull switch. A square pulse with 40 µs duration is used in
this experimental study.

Procedure and preparations

2.2

2.2.1 Filtering and degassing of the oil
Filtering and degassing of the oil are important to reduce the amount of possible
impurities, air and water content dissolved in the oil during the handling process
before experiments. Thus, the following procedure is performed before starting a test:
1.

The test chamber is partially filled with mineral oil Nitro 10X (supplied by
Nynas AB, Stockholm, Sweden), sufficient to cover the point-plane
arrangement.

2.

The oil poured into the test chamber is circulated through a particle filter
for 24 hours through the loop indicated by the blue path in Figure 2.1.
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Table 2.1 Solid samples
Material
LDPE
PET
PTFE
PVDF
Kraft fibril paper
Kraft paper
Lignin free paper
107 kraft paper
Oil

Average surface
roughness
(nm)
30
3
130
360
350
2000
~2000
~2000
-

Relative
permittivity
𝜖𝜖𝑟𝑟
2.21
3.01
2.0-2.11
8.41
4.52
3.22
2.52
3.02
2.22

Density
3

(g/cm )
1.301
1.921
2.201
1.761
1.30
0.80
0.65
0.59
0.871

From supplier

1
2

Measured by dielectric spectroscopy (procedure described in [104])

3.

During the filtration process, the oil is gently poured on the surface of a
heating rod when the oil returned to the chamber as shown in Figure 2.1.
The temperature of the heating rod is controlled until the oil reaches a
temperature of 60 °C. The temperature of the oil increases from room
temperature to 60 °C in approximately 4 hours.

4.

As the oil is circulated and heated, the pressure of the chamber is lowered
down from atmospheric pressure to 5 mbar during 24 hours. Observe that

the pumping system becomes unstable and the circulation of the oil stops if
the pressure in the chamber is lowered down rapidly.
5.

The filtering and degassing process is finished after 24h. The circulation of
the oil stops and the liquid cools down to room temperature. Dry air (80%
nitrogen and 20% oxygen) is inserted in the test chamber until atmospheric
pressure is reached.

The filtering and degassing process is based on techniques and recommendations
reported in [54], [66].
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2.2.2 Solid samples and impregnation
The solid samples studied are polymer films made of low density polyethylene
(LDPE), polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), and
polyvinylidene fluoride (PVDF) and thin papers referred to as kraft paper, kraft fibril
paper, lignin free paper and k107 kraft paper. The preparation procedure of the
papers is reported in Papers II and III. The properties of the samples are described
in Table 2.1.
The polymer films and the paper samples have a thickness of 100 µm. PET has a
relative permittivity around 3.0, similar to the permittivity of the oil-impregnated
kraft paper and the k107 kraft paper composites. Both LDPE and PTFE have
relative permittivity about 2.0, slightly lower than that of mineral-oil (2.2). The freelignin paper has a permittivity slightly higher than that of the mineral-oil. The CNF
paper has the same chemistry as kraft paper but a higher permittivity due its higher
mass density. PVDF has the highest permittivity of the tested samples. The
characterization of the inception and propagation of positive and negative streamer
with the described samples are presented in Papers I, II, III and IV.
The sample are prepared using the impregnation method reported in [66]. It
comprises the following steps:
1.
2.
3.

The solid sample is cut into long narrow 8 × 100 mm pieces for the
experimental study reported in Papers II and IV.

The solid sample is cut into long narrow 25 × 100 mm pieces for test
reported in Paper III.
The sample is placed in a petri dish made of glass inside a vacuum oven.

4.

The temperature of the oven is set to 105 °C under low pressure (5 mbar)
for 24 hours to remove moisture from the sample. This is important for
cellulose-rich samples. For samples with a low melting point, i.e. LDPE, the
drying procedure is done at 70 °C.

5.

After 24 hours, the temperature of the oven is lowered to 60 °C.

6.

Without opening the oven, filtered transformer oil is inserted through a
feedthrough. The oil is poured into a second petri dish and degassed for 24
hours.
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7.

After degassing, the oil is poured on the solid sample for impregnation.

2.2.3 Experimental procedure
The electrical test is performed after the filtering and degassing of the oil and
preparation and assembling of the solid sample. The electrical test is performed at
room temperature and atmospheric pressure and it consists of a series of square high
voltage pulses applied to the point-plane configuration as follows:
1.

The peak voltage of the applied pulse is randomly selected by a computer.
The applied voltage level ranges between 11.5 kV and 23 kV for the tests
reported Paper I and between 11.5 kV and 22 kV for the tests reported in
Paper II with steps of approximately 0.6 kV. For the tests reported in
Paper III the voltage level ranges between 12.9 kV and 25.5 kV.

2.

After the voltage level has been selected, 10 consecutive measurements are
performed; i.e. a voltage pulse with 35 ns rise time and a duration of 40 µs
is applied to the point-plane configuration every 60 s with the high voltage
pulse source described in 2.1.7.

3.

Steps 1 and 2 are repeated until all voltage levels have been tested. This is
considered to be one series of measurements.

4.

The procedure is repeated until 4 series of measurements are complete.
This randomized technique allows the detection of possible conditioning of
the samples, the point electrode or the oil during the tests.
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CHAPTER 3

Shadowgraph of a negative streamer

First mode negative streamers at
mineral-oil/solid interfaces
This chapter describes an experimental study of the inception and propagation of
first mode negative streamers along different mineral-oil/solid interfaces based on
Papers I and II together with unpublished results.

This chapter is dedicated to the study of the inception and propagation of first
mode negative streamers along mineral-oil/solid interfaces. Figure 3.1 shows timeresolved shadowgraphs of a typical slow negative streamer propagating along the
mineral-oil/kraft paper interface, detected with the experimental setup described in
Chapter 2.
The sequence of the dynamics of the streamer propagation can be described as
follows: First, a micro-size bubble (cavity) is generated in the proximity of the solid
surface as shown in Figure 3.1a. The generation of this gaseous cavity is a
consequence of the energy dissipated by an electron avalanche in the liquid phase [14].
Second, the streamer propagation process takes place and several electrical discharges
occur inside the cavity contributing to the expansion of the streamer (Figure 3.1b
and 3.1c). These discharges are detected in the charge recording in Figure 3.2 as a
sequence of charge steps separated by some hundreds of nanoseconds. The streamer
expansion is similar in the axial and lateral directions and the propagation velocity is
estimated to be about 80 m/s. The streamer propagation velocity is lower than the
velocity of the sound in the used liquid (1.4 km/s). Third, the streamer reaches its
maximum length after the last injection of charge is detected (at 5.6 µs for this
measurement in Figure 3.2). At last, the streamer then starts to collapse. The surface
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Figure 3.1. First mode negative streamer propagating along mineral-oil/kraft paper interface.

Figure 3.2. Charge recordings of first mode negative streamer propagating along mineral-oil/kraft
paper interface.

of the gaseous cavity furthest from the kraft paper surface is observed to collapse
towards the solid surface inducing a disconnection of the streamer from the tip and
its subsequent fragmentation. Few gaseous cavities remain on the kraft paper surface
until they dissolve in the liquid (Figures 3.1e, 3.1f, 3.1g and 3.1h). Due to the
similarities (dynamics, velocity, shape and charge recordings) of the streamer
observed in Figure 3.1 and the first mode negative streamer propagating free in the
liquid bulk [3], [14], [16], both are considered to be related to similar inception and
propagation mechanisms.
In order to study the effect of the physical and chemical properties of a dielectric
solid barrier on the inception and propagation of the first mode negative streamer,
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different solid materials have been tested in this experimental study. A kraft paper, a
paper made from cellulosic micro and nano fibrils and different polymeric films such
as low density polyethylene (LDPE), polyethylene terephthalate (PET),
polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) are used. The
permittivity of the used solids is reported in Table 2.1. The impregnated kraft paper
is taken as reference material since it is used in the electrical insulation systems of
power transformers. PET is selected as a polymer with the same permittivity as the
impregnated kraft paper but with different surface roughness and chemical
composition. The kraft fibril paper is selected as a material with the same chemical
composition as kraft paper but with different surface roughness and permittivity.
PTFE and LDPE are chosen as materials to match the permittivity of the oil. PVDF
is tested as a material with a large permittivity mismatch with mineral oil.

3.1

Inception of the first mode negative streamers

The inception process of the first mode negative streamer has been widely studied
with different tip curvature radius and different type of liquids [3], [8], [14], [11], [67],
[68]. At the inception condition, the point electrode reaches a threshold electric field
𝐸𝐸𝑠𝑠 and free electrons from the cathode are injected into the liquid starting an
electron avalanche [8]. The depth of penetration of the electron avalanche into the
liquid has been estimated to be of the same order of magnitude as the radius of
curvature (few micrometres) of the point electrode [8], [69]. The localized and rapid
dissipation of energy of the electron avalanche in the liquid induces a shockwave
(independent of pressure) correlated with the generation of a first gaseous cavity [8],
[16], [68], [70], [71].
Unfortunately, the inception process of the first mode negative streamer at
liquid/solid interfaces has not been as widely reported as in the case of streamers
initiated free in the liquid. In fact, it is still unclear whether the inception process at
the liquid/solid interfaces is influenced by the solid and if so, to what extent. Thus,
further experimental and theoretical effort is required for the better understanding of
the influence of the solid on the mechanisms involved in the streamer inception
process.
It is believed that the presence of the solid may affect the streamer inception
voltage by producing an enhancement of the electric field at the point electrode due
to permittivity mismatch and the surface roughness of the solid [35], [38], [72], [73],
by accumulating charges on the solid surface shielding the electric field at the point
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Table 3.1 Streamer inception voltage of first mode negative streamer incepted at
different mineral-oil/solid interfaces
Material
LDPE
PET
PTFE
PVDF
Kraft fibril paper
Kraft paper
Oil – without solid

Mean
𝑉𝑉𝑠𝑠 (kV)
14.69
13.23
15.48
13.48
13.31
13.29
13.02

Standard deviation
σ (kV)
0.94
0.59
0.64
1.45
1.30
1.41
0.74

electrode [35], [49], or by limiting the space where precursors of the streamer can take
place [74]. In order to contribute to the understanding of the streamer inception
process of the first mode negative streamer at mineral-oil/solid interfaces, an
experimental study has been reported in Paper I. The mineral-oil/solid interface is
inclined. The solid is in contact with the point electrode and assembled as shown in
section 2.1.4. The inception voltage is estimated by counting the number of streamers
detected by the charge measuring system (charge steps), the photomultiplier (light
pulses) and the shadowgraphic system at each voltage level. The inception voltage 𝑉𝑉𝑠𝑠
is defined as the 50 % of the inception frequency.

Figure 3.3 and Table 3.1 present the streamer inception probability and the
streamer inception voltage 𝑉𝑉𝑠𝑠 of the first mode negative streamer incepted at
different mineral-oil/solid interfaces. Notice that the case without solid barrier is also
included in Figure 3.3 and Table 3.1 as reference. Paper I shows that the inception
voltages of the cases with PVDF and PET films as well as with kraft fibril paper and
kraft paper are statistically similar to the case of the streamers initiated without a
solid barrier. It is interesting to observe that streamers initiated with solids with a
higher permittivity than mineral oil have an inception voltage similar to that of the
streamers incepted freely in the liquid. This suggests that neither the intensification
of the electric field at the point electrode tip due to the permittivity mismatch of the
interface nor the surface roughness of the solid, lead to any significant change in the
streamer inception process.
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Figure 3.3. Inception probability of first mode negative streamer incepted at different mineral-oil/solid
interfaces.

On the other hand, streamers incepted with solids with a permittivity similar to
that of the mineral oil (PTFE and LDPE) have a significantly higher inception
voltage than the case without a solid barrier, as shown in Figure 3.3. This
observation shows that the streamer inception voltage is not independent of the solid.
Notice that neither PTFE nor LDPE lead to any enhancement of the electric field at
the point electrode. Furthermore, unpublished results show that the accumulated
charge on the PTFE surface prior to streamer inception is very low as to produce an
electrostatic shielding of the tip influencing the streamer inception voltage. Thus, the
effect of the PTFE interface on the streamer inception voltage can be mainly
explained by the limitation of the volume in which precursors of the streamer take
place. This hypothesis suggests that no only high electric field at the point electrode
but also space between the point and the solid surface are necessary conditions to
increase the streamer inception frequency.
In order to further investigate the effect of the distance between the point and the
interface, a second experiment study is presented in Paper I. The streamer inception
frequency in a permittivity-matched interface of mineral-oil/PTFE is obtained for
different distances ℎ between the point electrode and the solid surface as shown in
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Table 3.2 Streamer inception voltage of the first mode negative streamer at the mineral-oil/PTFE
interface
Distance
(µm)
0
5
29
72
355

Mean 𝑉𝑉𝑠𝑠
(kV)

Standard deviation
σ (kV)

15.48
15.16
14.44
13.73
13.27

0.64
0.78
0.82
0.51
0.70

Figure 3.4. The streamer inception voltage is summarized in Table 3.2. It is found
that the streamer inception voltage increases when the distance between the solid
surface and the point electrode is decreased. The maximum streamer inception
voltage is obtained when the PTFE surface is in contact with the point electrode
(15.5 kV). When the solid surface is sufficiently far from the point electrode (~350
µm) the inception voltage is minimum (13.27 kV) and statistically similar to the case
without solid barrier.
The experimental results show that the presence of a solid with a permittivity
similar to that of the mineral oil, limiting the volume in which precursors of the
streamer take place, can influence the streamer inception voltage. However, it is still
unclear which mechanism of the streamer inception process is affected by the volume
limitation due to the presence of the solid. It may be speculated that the solid surface
can limit the development of the electron avalanche in the liquid phase which
initiates the streamer. Nevertheless, Table 3.2 shows that the interface can influence
𝑉𝑉𝑠𝑠 even at a distance ℎ greater than the depth of penetration of the first electron
avalanche (the penetration depth is in the same order of magnitude as 𝑟𝑟𝑝𝑝 [8]). Since
the interface at those distances cannot affect the development of the avalanche, the
geometrical limitation appears to influence mainly the subsequent formation of the
initial gaseous cavity (Paper I).

3.1.1 Streamer inception criterion
Experimental studies have shown that the initiation of the first mode negative
streamers is a consequence of the energy dissipated by an electron avalanche of
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Figure 3.4. Streamer inception probability of first mode negative streamer incepted at mineraloil/PTFE interface at different distances between the point electrode and the solid surface.

nanosecond duration in the liquid phase. This dissipation of energy results in a
shock-wave and the creation of gaseous phase (cavitation bubble) which is the
precursor of the streamer [3], [14], [16], [68]. Based on these observations, models in
the literature have applied the Townsend-Meek criterion derived for discharges in
gases to predict the streamer inception voltage in liquid hydrocarbons [69], [75].
Therefore, the streamer inception criterion introduced in [69], [75] is related only to a
specific threshold condition in the liquid, namely the formation of an electron
avalanche sufficiently large to initiate a streamer. Since the streamer inception
criterion reported in [69] depends only on the liquid, it could be used to predict the
inception voltage of the streamer initiated at the mineral-oil/solid interfaces reported
in Tables 3.1 and 3.2.
According to [8], [76], the electron avalanche process in a hydrocarbon liquid can be
described as:
𝑥𝑥𝑥𝑥

𝑛𝑛𝑒𝑒 = 𝑛𝑛0 𝑒𝑒𝑒𝑒𝑒𝑒 �� 𝛼𝛼(𝐸𝐸(𝑥𝑥), 𝜌𝜌𝑙𝑙 )𝑑𝑑𝑑𝑑 �
0

(3.1)

where, 𝑛𝑛𝑒𝑒 is the number of electrons generated during the development of the
avalanche, 𝑛𝑛0 is the initial number of electrons injected from the point electrode, 𝑥𝑥𝑥𝑥
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is the penetration depth of the avalanche, 𝛼𝛼 is the ionization coefficient of the liquid
which depends on the fluid density 𝜌𝜌𝑙𝑙 and the electric field 𝐸𝐸(𝑥𝑥), where 𝐸𝐸𝑐𝑐 < 𝐸𝐸(𝑥𝑥) <
𝐸𝐸𝑠𝑠 . Here 𝐸𝐸𝑠𝑠 is the threshold electric field at the tip required voltage to initiate a
streamer and 𝐸𝐸𝑐𝑐 is the lowest electric field at which charge multiplication can still
occur.
The ionization coefficient 𝛼𝛼 can be expressed as [36]:
𝛼𝛼 = 𝐴𝐴𝑙𝑙 𝜌𝜌𝑙𝑙 𝑒𝑒𝑒𝑒𝑒𝑒(𝐵𝐵𝑙𝑙 𝜌𝜌𝑙𝑙 ⁄𝐸𝐸(𝑥𝑥))

(3.2)

where the coefficients 𝐴𝐴𝑙𝑙 𝜌𝜌𝑙𝑙 and 𝐵𝐵𝑙𝑙 𝜌𝜌𝑙𝑙 are characteristic constants of the liquid.

From equation (3.1) and in accordance with [75], the critical electron concentration
𝑁𝑁𝑐𝑐𝑐𝑐 of an electron avalanche to initiate a streamer is related to a constant 𝐾𝐾𝑐𝑐𝑐𝑐 as:
𝑥𝑥𝑥𝑥

� 𝛼𝛼(𝐸𝐸(𝑥𝑥), 𝜌𝜌𝑙𝑙 )𝑑𝑑𝑑𝑑 = 𝑙𝑙𝑙𝑙(𝑁𝑁𝑐𝑐𝑐𝑐 ) = 𝐾𝐾𝑐𝑐𝑐𝑐
0

(3.3)

The integral of the ionization coefficient 𝐾𝐾𝑐𝑐𝑐𝑐 is dimensionless and typically ranges
between 5 and 20 [75]. Equation (3.3) represents the criterion for the streamer
inception according to [75].
Finite element calculations [78] of the electric field 𝐸𝐸𝑠𝑠 and the inception voltage 𝑉𝑉𝑠𝑠
using the streamer inception criteria (3.3) for each mineral-oil/solid case are
summarized in Tables 3.3 and 3.4. The detailed description of these calculations is
presented in Paper I. Notice that the obtained experimental values of 𝐸𝐸𝑠𝑠 and 𝑉𝑉𝑠𝑠 are
also included for comparison.

For the shown cases in Table 3.3 (solids in contact with the point electrode), 𝐸𝐸𝑠𝑠
and 𝑉𝑉𝑠𝑠 estimated by the streamer inception criterion (3.3) do not correctly predict
the experimental results. For cases with solids with a higher permittivity than
mineral-oil, the inception criterion (3.3) predicts a decrease of the streamer inception
voltage due to the enhancement of the electric field at the tip by the interface.
Contrary to the predictions of the inception criterion, the experimental results show
that permittivity-mismatched interfaces do not lead to a lower inception voltage.
This can be easily observed by comparing the cases with PVDF and without solid
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Table 3.3. Comparison of the streamer inception electric field and voltage obtained by
measurements and the estimated with the criterion (3.3) for different mineral-oil/solid
interfaces
Theoretical estimations
with (3) with 𝐾𝐾𝑐𝑐𝑐𝑐 =5.3
- (without solid)
PTFE
LDPE
PET
Kraft paper
Kraft fibril paper
PVDF

𝑉𝑉𝑠𝑠
(kV)
13.0
13.1
13.1
12.6
12.4
11.4
7.75

𝐸𝐸𝑠𝑠
(MV/cm)
11.0
11.0
11.1
12.3
12.8
15.9
19.2

Experimental value
𝑉𝑉𝑠𝑠
(kV)

13.02
15.48
14.69
13.23
13.29
13.31
13.48

𝐸𝐸𝑠𝑠
(MV/cm)
11.0
13.0
12.5
13.0
13.7
18.6
33.4

Table 3.4. Comparison of the streamer inception electric field and voltage obtained by
measurements and estimated with the criterion (3.3) for a permittivity-matched interface
of mineral-oil/PTFE
Distance h
(µm)
- (without solid)
355
72
29
5
0

Theoretical estimations
with (3) with 𝐾𝐾𝑐𝑐𝑐𝑐 =5.3
𝑉𝑉𝑠𝑠
(kV)
13.0
13.0
13.0
13.0
13.1
13.1

𝐸𝐸𝑠𝑠
(MV/cm)
11.0
11.0
11.0
11.0
11.0
11.0

Experimental value
𝑉𝑉𝑠𝑠
(kV)

13.02
13.27
13.73
14.44
15.16
15.48

𝐸𝐸𝑠𝑠
(MV/cm)
11.0
11.3
11.6
12.2
12.8
13.0

barrier. The case with PVDF has an inception electric field 𝐸𝐸𝑠𝑠 of 33.4 MV/cm which
is about three times larger than the case without solid barrier. Nevertheless, both
cases have the same inception voltage.
On the other hand, the inception criterion (3.3) does not predict any change in 𝐸𝐸𝑠𝑠
and 𝑉𝑉𝑠𝑠 in the presence of a solid with a permittivity similar to that of mineral-oil
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(PTFE and LDPE). In contrast to the inception criterion, the experimental results
show a dependence of 𝑉𝑉𝑠𝑠 and the distance between the point electrode and the solid
surface h.

Tables 3.3 and 3.4 show that the criterion (3.3) is no able to predict the streamer
inception condition (𝐸𝐸𝑠𝑠 and 𝑉𝑉𝑠𝑠 ) for the first mode negative streamer initiated at
mineral-oil/solid interfaces. Since criterion (3.3) only considers a specific dissipation
of energy in the liquid, it neglects the formation of the first gaseous cavity as a
necessary condition for the generation of a streamer [8]. The expansion of this first
cavity is dominated by inertial forces [79] which can be influenced by the surface
energies of the liquid-gas-solid system [80]. Thus, the inception of first mode negative
streamer at mineral-oil/solid interfaces does not depend only on the liquid, but also
on the properties of the interface and the distance between the solid surface and the
point electrode.

Propagation of first mode negative streamers along
mineral-oil/solid interfaces
3.2

In absence of an interface, the propagation of first mode streamers is characterized
by low velocity typically between 0.1 km/s and 0.5 km/s [8]. The streamer
propagation mechanism consists of the generation of partial discharges in the gaseous
phase and the successive generation of cavities ahead of the preceding ones [3], [16].
The lateral expansion velocity is similar in the axial direction as reported by several
authors [3], [8]. Thus, the shape of this type of streamer is an irregular rounded
gaseous cavity [3], as it is shown for a first mode negative streamer in Figure 3.5e.
The first phase of the cavity growth can be described with the classical Rayleigh
model of cavitation [16], [68], [81]. Even though the initial expansion of the cavity is
attributed to inertial forces [79], [81], the charge injected into the gaseous phase due
to the successive partial discharges inside of the cavity can exert an electrostatic
pressure (electrical forces) contributing to the expansion of the streamer as shown in
[81], [82].
The first mode negative streamers propagating along liquid/solid interfaces have
not been studied as widely as the streamers propagating free in the liquid. Since the
study of streamers propagating along liquid/solid interfaces have been mainly
dedicated to faster propagation modes (2 km/s ≤) that can lead to a breakdown [26],
[41], [49], [83], [84], further experimentation and theoretical effort is needed to better
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Figure 3.5. Shadowgraph of first mode negative streamers propagating in mineral-oil and along
different combinations of mineral-oil/solid interfaces with: (a) PVDF, (b) PET, (c) PTFE, (d) LDPE,
(e) No solid barrier, (f) kraft paper and (g) kraft fibril paper. The solid surface is inclined at an angle
of 60 degrees to the plane electrode. d = 5 mm, tr = 35 ns, rp = 2.9 μm.

understand the interaction between the first mode negative streamers and the
interface.
The propagation of first mode negative streamers along different mineral-oil/solid
interfaces is characterized with different type of solids in Paper II. It has been found
that the shape of a streamer is strongly affected as it propagates along the mineraloil/solid interface. The lateral expansion of the gaseous cavity is reduced, and its
propagation takes place mainly along the interface having a filamentary appearance
as shown in Figure 3.5 (possible expansion of the streamer in the same plane of the
solid surface should also be considered). Thus, the electric field is enhanced due to
differences in permittivity at the points where the gaseous, liquid and solid phases
join during propagation at the streamer head [85]. This implies a redistribution of the
charges and electric field inside the gaseous phase as shown in Paper II. The
redistribution of charges inside the cavity leads to a redistribution of the electrical
forces involved in the growth of the gaseous cavity [80], [85]. This could contribute to
the filamentary appearance of the cavity.
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3.2.1

Streamer stopping length and potential gradient

Paper II shows that the average of the stopping length of the first mode negative
streamer depends on the properties of the liquid/solid interface such as the
permittivity and the surface roughness. It is shown that the streamer propagation is
longer along interfaces with PVDF, PET and kraft fibril paper which have both, a
high permittivity and a low surface roughness as shown in Table 2.1. In contrast, the
propagation of the streamer along interfaces with solids with a lower permittivity
(PTFE and LDPE) and kraft paper with very high surface roughness have shorter
propagation length as shown in Figure 3.6.
Figure 3.6 also shows the calculated average potential gradient 𝐸𝐸𝑙𝑙 of the streamers
propagating along each mineral-oil/solid interface and the case without solid barrier
as reference case. Notice that there is not a clear correlation between the potential
gradient 𝐸𝐸𝑙𝑙 and the permittivity of the solid. Even though, solids with high
permittivity increase the capacitive coupling of the streamer to the opposite electrode
and also produce intensification of the electric field at the streamer head [86], Figure
3.6 shows that a high permittivity solid does not lead to a low potential gradient 𝐸𝐸𝑙𝑙 .
Other observations based in Figure 3.6 showing that permittivity is not the only
parameter of the solid that can influence the streamer propagation are:
1.

The potential gradient in the case with kraft paper is 49 kV/mm which is
about twice than with PET (24.9 kV/mm) although kraft paper has a
permittivity (3.2) similar to that of PET (3.0).

2.

There is not significant difference in the stopping length between the cases
with PVDF and PET or the kraft fibril paper which have significantly
lower permittivity than PVDF.

3.

The streamer potential gradient is 26.7 kV/mm with PTFE while it is 42.4
kV/mm with LDPE. However, both polymers have a similar permittivity to
that of mineral oil with no intensification of the electric field due to
permittivity mismatch. Furthermore, the capacitive coupling of the
streamer to the opposite electrode is similar with PTFE and LDPE (lower
than in the other solid cases).

4.

The potential gradient with PTFE is similar to the cases with high
permittivity such as with PVDF (27.1 kV/mm).

There is no clear explanation of the differences in the streamer potential gradient
between PTFE and LDPE or the corresponding similarities in the cases with PTFE
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Figure 3.6. Streamer stopping length of first mode negative streamer in mineral oil and along different
mineral-oil/solid interfaces. The solid surface is inclined at an angle of 60 degrees to the plane
electrode. d = 5 mm, tr = 35 ns, rp = 2.9 μm.

and PVDF. Thus, further information and experimentation on the different
phenomena that can take place in the streamer propagation such as influence of the
tangential electric stress on the instability and deformation of the gaseous cavity that
can produce the collapse and fragmentation of the streamer ([35], [87], [88]) are
needed for a better understanding of these observations. Additionally, further
information is required regarding other properties of the interface, such as surface
roughness [89] and surface energies of the liquid-gas-solid system [68], that can affect
the streamer propagation.
Paper II also presents a comparison between the kraft paper and the kraft fibril
paper showing the influence of the surface roughness on the streamer propagation.
Kraft fibril paper has the same chemical composition as kraft paper but has different
surface roughness as shown in Table 2.1. The comparison of the propagation length
presented in Figure 3.6 shows that the high surface roughness of the kraft paper can
be correlated to the short streamer propagation length. As a first hypothesis, it is
thought that the physical obstruction to the gaseous cavities due to surface
irregularities on the kraft paper could be responsible for the short propagation of the
streamer.
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Figure 3.7. Charge and light recordings of the first mode negative streamers propagating along
different mineral-oil/solid interfaces.
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3.2.2

Streamer charge

Paper II shows that the rate of discharges inside the cavity and the total injection
of charge of the streamer are influenced by the permittivity and surface roughness of
the solid. The number of charge steps and re-illuminations vary stochastically for a
fixed voltage and also increases by increasing the applied voltage. However, the
detected charge and light recordings for the studied mineral-oil/solid interfaces and
the case without solid barrier can be grouped into three main types of signals.
The first signal group, referred to as type 1, correspond to charge and light
recordings having a well-defined charge step in the early stage of the streamer
propagation. After the first injection of charge, few charge steps separated by some
hundreds of nanoseconds are also detected. This type occurs in the case without a
solid barrier (reference case) and the case with a kraft paper (high surface roughness
and permittivity). Each charge steps is correlated with a pulse of light as shown in
Figure 3.7a and 3.7b.
The second signal group, referred to as type 2, show a first injection of charge
consisting of a sequence of small charge steps separated by few tens of nanoseconds
in between. This sequence defines a quasi-continuous injection of charge during the
early stage of the streamer propagation. This type of charge and light recordings are
detected for streamers propagating along interfaces with kraft fibril paper, PVDF
and PET (solids with high permittivity and low surface roughness) as shown in
Figure 3.7c, 3.7d and 3.7e. Notice that each charge steps is also correlated with a
pulse of light.
The third signal group, referred to as type 3, consist of several charge steps
(correlated to a pulse of light) separated by some hundreds of nanoseconds. A weak
injection of charge is also detected during the early stage of the streamer propagation.
Nevertheless, there is neither a well-defined step of charge nor a quasi-continuous
injection of charge in the early stage of the streamer propagation. This is the case for
the PTFE and LDPE (solids with a permittivity similar to that of mineral oil and a
low surface roughness).
It is interesting that the charge and light recordings of the kraft paper case is
similar to the case without solid barrier. Paper II attributes this similarity as a
condition of the mineral-oil/kraft paper interface. Since the surface roughness and
porosity of the kraft paper are high (Table 2.1), the transition between the bulk oil
and the bulk impregnated kraft paper composite is not well-defined [38]. This means
that the propagation of a streamer along mineral-oil/kraft paper interface is
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Figure 3.8. Average injection of charge of first mode negative streamers in mineral oil and mineral oilsolid interfaces.

influenced mainly by the liquid. Additionally, the comparison between the results for
the cases with kraft paper and kraft fibril paper shows that structural changes in the
material can result in a different type of charge injection. Since the kraft fibril paper
has the same chemical composition as the kraft paper, the differences in the
recordings between these two interfaces are mainly attributable to their structural
differences. This means that a transition between signals type 1 and type 2 exist by
decreasing the surface roughness and increasing the density (low porosity) of the
paper. This is an indication that not only high permittivity but also low surface
roughness and low porosity are necessary conditions of the solid for the quasicontinuous injection of charge to take place.
Notice that the total injection of charge for the case with kraft paper is higher than
with the case without solid barrier as shown in Figure 3.8. It is proposed in Paper II
that dimples and individual fibers on the kraft paper surface can enhance the electric
field at the streamer enhancing the injection of charge. Furthermore, the presence of
the solid also increases the capacitive coupling of the streamer to the opposite
electrode contributing to the injection of charge. This is also observed for all cases
with solids with higher permittivity than mineral oil. The cases with kraft paper,
kraft fibril paper, PVDF and PET have a larger injection of charge than the
reference case without solid. In agreement with this observation, the cases with solids
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Figure 3.9. Streamer velocity of the first mode negative streamers propagating in mineral oil and
mineral-oil/solid interfaces.

with similar permittivity as mineral oil such as PTFE and LDPE have the lowest
injection of charge as shown in Figure 3.8.

3.2.3 Streamer velocity and propagation mechanism
As it is shown in section 3.2.2, each charge step and light pulse detected is
correlated to a short current pulse with low amplitude. These current pulses are
estimated from the charge recordings to have peak values lower than 2 mA. Thus,
the magnitude of the current pulses, the low frequency of appearance of the charge
steps and the high mean propagation field 𝐸𝐸𝑙𝑙 (shown in Figure 3.6), imply a low
electron density in the discharge region for all the studied cases [90]. Additionally,
the presence of the solid influences the propagation mechanism by limiting or
enhancing the injection of charge to the streamer.
According with the streamer propagation mechanism described in [90], the electron
drift velocity 𝑤𝑤𝑒𝑒 𝐸𝐸𝑙𝑙 in the discharge region ( 𝑤𝑤𝑒𝑒 is the electron mobility in a
hydrocarbon gas) can be in the order of 100 km/s at atmospheric pressure [90], [91].
This is much higher than the axial expansion velocity of the gas-liquid interface in
streamers propagating without solid barrier and along mineral-oil/solid interfaces as
reported in Figure 3.9. Thus, it is expected that high-speed electrons propagating
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inside the gaseous phase during each detected charge step can enter into the liquid
phase [90]. This localized dissipation of energy generates a new gaseous cavity
contributing to the expansion of the streamer [90]. This process is repeated until the
last injection of charge is detected. At that point, the streamer reaches its maximum
length and the voltage across the cavity cannot initiate any further discharge [90].
This means that the streamer reaches a final condition where the electric field inside
of the cavity is lower than a critical value required for triggering a new discharge.
Figure 3.6 shows that the electric field across the gaseous cavity 𝐸𝐸𝑙𝑙 needed to create
a new segment of the streamer varies by changing the mineral-oil/solid interface.
Thus, streamers propagating along interfaces with solids such as kraft fibril paper,
PVDF and PET have low 𝐸𝐸𝑙𝑙 due to a larger number of discharges in the gaseous
cavity during the early stage of the streamer propagation. This leads to a quasicontinuous injection of charge that contributes to the rapid propagation of the
streamer along the interface, leading to the largest streamer stopping length and
velocity as shown in Figure 3.6 and 3.9. In contrast, the cases with kraft paper,
LDPE and without solid barrier have high 𝐸𝐸𝑙𝑙 . These cases do not have a quasicontinuous injection of charge and consequently their streamer propagation length is
short and their velocity is low. It is important to note that intensification of the
electric field at the streamer head due to permittivity mismatch and enhancement of
the capacitive coupling of the streamer to the opposite electrode also influences the
streamer propagation mechanism by influencing the parameter 𝐸𝐸𝑙𝑙 as shown in section
3.2.1.
The case with PTFE has a 𝐸𝐸𝑙𝑙 comparable to the cases with kraft fibril paper,
PVDF and PET. Nevertheless, it has shorter propagation length and the lowest
average charge injection. Furthermore, section 3.1 shows that the development of
electron avalanches along mineral-oil/PTFE are influenced by the solid. Thus, a
propagation mechanism based on electron avalanches should also be influenced by
the presence of PTFE. These observation shows that further information is required
to clarify the streamer propagation mechanism along this interface.
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CHAPTER 4

Shadowgraph of a positive streamer

Second mode positive streamers at
mineral-oil/solid interfaces
This chapter is dedicated to the study of the inception and propagation of the
second mode positive streamers at mineral-oil/solid interfaces. This chapter is based
on Paper III and Paper IV and unpublished results.

The inception and propagation of second mode positive streamers at liquid/solid
interfaces have been widely studied and characterized [25], [27], [30], [74], [92].
Different electrode configurations, voltage waveforms, liquids and solid materials such
as glass, paper, polymers, etc. have been used for its characterization [9], [22]–[28],
[33], [47], [72], [84], [90]–[97]. These experimental studies report that thickness and
permittivity of the solid can influence the streamer stopping length, current, charge,
shape and branching [27], [29], [41]. Furthermore, studies have also reported that the
accumulation of multiple streamers on a liquid/solid interface can increase the
streamer length depending on the liquid used (i.e. mineral-oil, natural ester and
synthetic ester) and the solid (i.e. pressboard) [49], [74]. Also, experimental studies
show that second mode positive streamers propagating along liquid/solid interfaces
have similar characteristics (e.g. current, charge, electric field, velocity) to those
streamers propagating free in the liquid bulk without any solid barrier [24], [25], [92].
However, there is today no predictive model that can explain the influence of the
liquid/solid interface on the inception and propagation of second mode positive
streamers. Thus, the experimental study reported in Papers III and IV is intended
to contribute to the further understanding of the inception and propagation process
of the streamer at mineral-oil/solid interfaces.
The experimental study in Paper III is intended to investigate which properties of
the mineral-oil/solid interface (e.g. surface roughness, permittivity, wettability, etc.)
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can influence the inception and propagation of second mode positive streamers. Thus,
eight different impregnated solids with different physical and chemical characteristics
are tested: low density polyethylene (LDPE), polyethylene terephthalate (PET),
polytetrafluoroethylene (PTFE) polyvinylidene fluoride (PVDF), kraft paper, kraft
fibril paper, lignin-free paper and k107 kraft paper. The description of the solids, the
experimental procedure and preparations are explained in section 2.2 and in Paper
III. Note the each solid tested has a length of 100 mm, a width of 25 mm and a
thickness of 100 µm and is assembled at an angle of 20° to the plane electrode. Thus,
the streamer has a long propagation path along the interface before it reaches the
opposite electrode. The point-plane gap distance is 5 mm and the radius of the tip is
2.9 µm.
In Paper IV the propagation of second mode positive streamers is studied only
with interfaces of mineral-oil/kraft paper and mineral-oil/kraft fibril paper. This
experimental study is intended to investigate the influence of the surface roughness of
the solids on the streamer propagation. Kraft paper has a surface roughness of 2000
nm while kraft fibril paper has a surface roughness of 350 nm. As it has been
mentioned in the previous chapter, both papers have same chemistry but different
physical properties (i.e. surface roughness, porosity and permittivity). The
experimental procedure is explained in section 2.2 and it is performed under positive
polarity with the solid inclined at an angle of 60° to the plane electrode. Since
streamers may be influenced by the Laplacian electric field, this configuration has
been chosen such that the field lines converge towards the inclined interface touching
the point electrode. In this manner, streamers are expected to develop at the
interface instead of diverging from it.

Influence of the mineral-oil/solid interface on the
inception of second mode positive streamers
4.1

As it is described in Chapter 1, the inception voltage 𝑉𝑉2𝑖𝑖 and the threshold
propagation voltage 𝑉𝑉2 are parameters of the second mode positive streamers widely
characterized in point-plane configuration under step voltages [3], [21], [22]. Section
1.2.2. shows that for tips below a critical radius of curvature 𝑟𝑟𝑐𝑐 , the initiation voltage
𝑉𝑉2𝑖𝑖 is independent of 𝑟𝑟𝑝𝑝 and equal to the well-defined threshold 𝑉𝑉2 [3], [11]. For tips
with 𝑟𝑟𝑝𝑝 > 𝑟𝑟𝑐𝑐 the initiation voltage 𝑉𝑉2𝑖𝑖 increases with 𝑟𝑟𝑝𝑝 [21]. The critical curvature of
radius 𝑟𝑟𝑐𝑐 vary with the tested liquid (e.g. 3 µm for pentane and 6 µm for cyclohexane
[22]).
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Table 4.1 Inception voltage and electric field and threshold propagation voltage of second mode positive
streamer along mineral-oil/solid interfaces

Material

LDPE
PET
PTFE
PVDF
Kraft fibril paper
Kraft paper
Lignin free paper
κ107 K raft paper
Oil

Relative
permittivity
𝜖𝜖𝑟𝑟
2.21
3.01
2.0-2.11
8.41
4.52
3.22
2.52
3.02
2.22

𝑡𝑡𝑑𝑑
(ns)
max/min

𝑉𝑉2𝑖𝑖
(kV)

𝑉𝑉2
(kV)

210/155
230/140
330/146
260/139
330/133
240/137
250/135
230/151
-

17.10
15.10
17.50
16.30
14.90
17.60
16.70
17.20
-

16.2
15.6
16.0
15.6
15.6
16.0
15.6
16.0
-

From supplier

1
2

Measured by dielectric spectroscopy (procedure described in [104])

The continuity of curve of the initiation voltage of the first mode positive streamers
and the second mode positive streamer in Figure 1.2, suggest that both, first and
second mode positive streamers, are probably related to similar initiation mechanism
[21].
Currently, the mechanisms involved in the inception process of the positive
streamers are unclear [3]. Since high electric fields such as 8.4 MV/cm and 10.3
MV/cm are required for the streamer initiation in cyclohexane and pentane [21],
mechanisms such as impact ionization are suggested to be involved in the inception
process in dielectric liquids [21]. Nevertheless, the streamer initiation field is
depended on the hydrostatic pressure [3], [14]. This suggests the existence of a
gaseous phase (cavity) responsible of triggering the streamer inception process [3],
[22], [99]. However, the origin and formation of this gaseous phase (cavity) is unclear
and a new hypothesis based on mechanical cavitation have been postulated as
responsible of this cavity formation [99].
Furthermore, there is a lack of understanding on the influence of the interface on
the inception process. The experimental study reported in Paper III shows two
relevant observations of the inception process at mineral-oil/solid interfaces. First,
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the inception voltage 𝑉𝑉2𝑖𝑖 depends on the mineral-oil/solid interface as shown in
Paper III and summarized in Table 4.1.

Second, Paper III reports a well-defined time delay 𝑡𝑡𝑑𝑑 before the instantaneous
inception of the streamer. It is shown that 𝑡𝑡𝑑𝑑 decreases by increasing the voltage.
However, 𝑡𝑡𝑑𝑑 is always observed even under 100 % inception probability. Table 4.1
summarizes the maximum and minimum values of 𝑡𝑡𝑑𝑑 reported in Paper III. There
is not a clear understanding of the relationship between 𝑡𝑡𝑑𝑑 and the inception process.
However, recent works suggest that 𝑡𝑡𝑑𝑑 is probably related to the initiation of the
gaseous phase due to a process of mechanical-cavitation caused by violent electrohydrodynamic (EHD) motion of the liquid at the tip of the point electrode [99].
Since the presence of the solid can decrease the EHD motion of the liquid [48], the
solid may influence in a process of cavitation. Nevertheless, further information and
experimentation are required to validate this hypothesis.

Influence of the mineral-oil/solid interface on the
propagation of second mode positive streamers
4.2

The propagation of second mode positive streamers requires a continuous formation
of a gaseous phase. Due to the gaseous nature of the streamers, parameters such as
propagation time and stopping length depend on hydrostatic pressure [59], [100].
Increasing the hydrostatic pressure increases the potential gradient along the filament
while decreasing its stopping length [100]. The streamer dynamics has been shown to
be in agreement with the dynamics of a cavitation bubble described by Rayleigh
theory [3], [101]. This dynamics comprises creation, expansion, implosion and collapse
of the streamer filament, followed by the presence of rebounds [3], [59].
The capacitive coupling of the streamer to the opposite electrode can be enhanced
due to the permittivity of the solid [27]. The higher the dielectric constant of the
solid, the longer the streamer propagates [26]. The increase of the capacitive coupling
of the streamer enhances its current. This decreases the voltage drop along the
streamer filament enhancing its stopping length [3].
The experimental study reported in Paper III shows a comparison of the streamer
stopping length at different mineral-oil/solid interfaces. It is found that the cases
with PTFE (𝜖𝜖𝑟𝑟 =2.1) and LDPE (𝜖𝜖𝑟𝑟 =2.2) with similar permittivity have significant
differences in the streamer stopping length (see Figure 4.1). Additionally, cases with
solids such as PVDF with large permittivity (𝜖𝜖𝑟𝑟 =8.4) do not propagate longer than
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Figure 4.1 Stopping length of second mode positive streamers propagating along mineral-oil/solid
interfaces. a) cases with PTFE, PET, LDPE, PVDF and b) cases with kraft fibril paper, lignin free
paper, k107 kraft paper and kraft paper.

cases with lower permittivity. Furthermore, cases with PET, kraft fibril paper, kraft
paper, lignin free paper and k107 kraft paper have similar stopping length despite
their differences in permittivity. Notice that these results cannot be predicted by the
capacitive coupling effect described above. These observations show that capacitive
coupling (proportional to the permittivity of the solid) is not the parameter that
most influence the stopping length and the voltage drop along the streamer. This
means that other parameters of the interface such as surface energies may be
involved in the streamer propagation as suggested in Paper III.

4.2.1 Threshold propagation voltage V2 of second mode positive
streamers propagation along mineral-oil/solid interfaces
Experimental studies have shown that the threshold voltageV2 and the velocity of
2nd mode positive streamer do not depend on the hydrostatic pressure. This is an
indication that the phenomena occurring at the head of the streamer is probably in
the liquid phase (or in a high density phase) [3], [59], [100]. Thus, the threshold
propagation voltage V2 is probably correlated with a critical propagation field at the
head of the streamer [3]. This critical electric field depends on the liquid,typically
estimated as 7.8 MV/cm in pentane, 6.3 MV/cm in cyclohexane and 8.5 MV/cm in
mineral oil [3].
Paper III shows the estimation of the threshold propagation voltage V2 for second
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Figure 4.2. Shadowgraph of second mode positive streamer propagating along mineral-oil/solid
interfaces. a) propagation at the interface (case with PTFE), b) propagation at the interface with
some branches into the liquid (case with kraft fibril paper) and c) propagation mainly in the liquid
phase (case with kraft paper).

mode streamer propagating along mineral-oil/solid interfaces. The estimation of V2 is
summarized in Table 4.1. It is shown that V2 is approximately 15.9 kV for all the
cases. This is an indication that V2 is independent of the liquid/solid interface. Thus,
V2 is only related to the liquid. Since V2 remains roughly constant for all the reported
cases, possible intensification of the field at the streamer head due to permittivity
mismatch at the oil/solid interface [38] have insignificant influence in V2.

4.2.2 Influence of the interface on the streamer branching
Papers III reports shadowgraphs of the second mode streamer propagating along
different mineral-oil/solid interfaces. Three scenarios are observed to occur during the
streamer propagation. First, the development of the streamer can take place at the
interface (i.e. cases with PTFE, PVDF). Second, the streamer can propagate along
the interface with some branches into the liquid (i.e. cases with PET, LDPE and
kraft fibril paper) and/or third, the streamer propagates close to the solid surface but
mainly in the liquid phase (i.e. kraft paper, lignin free paper and k107 kraft paper).
Figure 4.2 shows one example of each scenario.
For streamers propagating along solids with higher permittivity than mineral oil
and low surface roughness, continuous intensification of the electric field at the head
of the streamer can occur as shown in Paper IV. This electric field intensification
can promote the propagation of the streamer in close contact with the surface of the
solid as the case with kraft fibril paper (second scenario). In contrast, the dimples
and individual fibers on the surface of solids such as kraft paper (third scenario) do
not produce a constant intensification of the electric field at the streamer head. The
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high surface roughness can produce a physical obstruction to the streamer
propagation and as consequence the streamer can branch into the liquid phase as it is
reported in Paper IV. The experimental results show that surface roughness is a
parameter of the interface correlated to the branching of the streamer and its
possibility to propagate in contact with the solid surface. Thus, the surface roughness
of the solid is influencing the streamer propagation time and charge by influencing its
branching as shown in Paper IV.
However, the three scenarios cannot be only attributed to an effect of
intensification of electric field at the head of the streamer. In the first scenario, the
preference of the streamer to propagate at the interface for the case with PTFE
(permittivity matched interface) shows that this observation is caused by a property
of the interface other than permittivity (e.g. surface energy) and not by an effect of
intensification of the electric field at the streamer head. Additionally, since the
spatial limitation on the streamer branching is the same in all scenarios, these
differences of the streamer branching cannot be only attributed to the spatial
restriction of the streamer by the presence of the interface [32].
Unfortunately, there is a lack of the understanding of the mechanism involved in
the propagation of second mode positive streamers along liquid/solid interfaces and
many questions on the three observed scenarios remain unanswered. As a first
attempt, Papers III suggests that the surface roughness and the wettability of the
solid may be correlated to the preference of the streamer to propagate at the
interface. Thus, considering that typical estimations of the electric field at the head
of the streamer is approximately 8.5 MV/cm in mineral-oil [3], impact ionization can
occur in front of the streamer, creating charges and leading to the superheating of
the liquid [3], [59]. The rapid dissipation of energy at the head of the streamer
produces a shockwave and the continuous generation of the gaseous phase behind the
filament head [59]. The energy required to generate a gaseous phase in a liquid/solid
interface is related to the surface tension of the liquid and the work of adhesion of
the liquid/solid interface (wettability of the solid) [102], [103]. Thus, it is suggested
that the continuous development of a vapour phase at the streamer head due to
superheating of the liquid and/or cavitation [59], is most likely to happen at the
interface (and not into the liquid) if the solid is not perfectly wet. However, further
analysis and experimentation is required to find a clear correlation between the
wettability of the solid and streamer propagation.
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Conclusions
The experimental study reported in this thesis has contributed to the better
understanding of the inception and propagation of positive and negative streamers
along different mineral-oil/solids interfaces. The main conclusions of this work can be
summarized as follows:
Paper I has shown that the inception of negative streamers at different mineraloil/solid interfaces is influenced by the nature of the solid. Thus, it is shown that the
streamers initiated in contact with solids with permittivity higher than mineral oil
(kraft paper, kraft fibril paper, PVDF and PET) have similar inception voltage as
streamers incepted without solid barrier. This result shows that the intensification of
the electric field at the point electrode tip due to the permittivity mismatch of the
interface do not lead to a significant change of the streamer inception voltage. In
contrast, streamers initiated in contact with PTFE and LDPE films (with
permittivity similar to that of the mineral oil) have higher inception voltage than in
the case without a solid barrier. Furthermore, it is shown that the inception voltage
of streamers close to a mineral-oil/PTFE interface increases by decreasing the
distance between the solid surface and the point electrode. Thus, the geometrical
limitation (given by the distance between the solid surface and the point electrode) of
the volume where processes leading to the streamer formation occur, can affect the
inception process.
Paper I shows that the existing streamer inception criteria based only on a critical
charge multiplication number are unsuitable to predict the conditions for the
initiation of streamers in contact with or close to mineral-oil/solid interfaces.
Additionally, the observations suggest that not only high field at the point electrode,
but also enough space between the solid surface and the tip are necessary conditions
to initiate streamers.
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Paper II shows that streamers propagating along different mineral-oil/solid
interfaces are influenced by different parameters of the solid such as permittivity and
surface roughness. It is found that the injection of charge of streamers propagating
along interfaces with PVDF and PET films and kraft fibril paper (with high
permittivity and low surface roughness) have a quasi-continuous injection of charge
during their early propagation. This contributes to the increment of the average
length and velocity of streamers. This observation is an indication that high
permittivity and low surface roughness can be correlated to a higher streamer length
and velocity. In contrast, streamers propagating along interfaces with kraft paper
with high surface roughness are short and do not show a quasi-continuous injection
of charge. Instead, the injection of charge during the early stage of the streamer
propagation shows a well-defined charge step. Paper II also shows that solids with
permittivity similar to that of the mineral oil such as PTFE and LDPE can increase
the stopping voltage condition compared with streamers creeping along solids with
higher permittivity and propagating free into the liquid without any solid barrier.
Paper III shows that the streamer inception voltage of the second mode positive
streamers at mineral-oil/solid interfaces is conditioned by the interface. A time delay
probably correlated with the inception process and the generation of a gaseous phase
is observed in all the cases studied. It is also shown that the capacitive coupling
effect cannot fully explain the measured average streamer current, charge, velocity
and propagation time. Thus, cases with solids with same dielectric permittivity are
shown to have different injection current, propagation time and velocity. The
threshold propagation voltage of the second mode positive streamers is shown to be
independent of the liquid/solid interface. The obtained shadowgraphs indicate three
different scenarios of streamer propagation. In the first scenario, the streamer can
propagate exactly at the interface while the streamer propagates at the interface with
some branches into the liquid in the second scenario. In the third scenario, the
streamer propagates close to the solid surface but mainly in the liquid phase. The
tendency of the streamer to propagate exactly at the interface is suggested to be
correlated with the wettability of the solid and the surface roughness.
Paper IV shows that physical parameters of the kraft paper and kraft fibril paper
such as surface roughness can influence the streamer propagation. It is found that the
surface roughness of the solid is strongly correlated to the branching of creeping
streamers. Thus, streamers creeping along kraft paper (with high surface roughness
and lower permittivity than kraft fibril paper) branch more than those creeping along
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kraft fibril paper. It is shown that the surface roughness of the solid influences the
streamer propagation by changing the propagation time and the average injected
charge by affecting branching.
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Future work
The experimental study reported in this thesis shows that different properties of the
solid can influence the inception and propagation process of streamers at liquid/solid
interfaces. Regarding the streamer initiation, it is recommended to further study of
the influence of the permittivity and the geometrical limitation of the solid to the
inception process. Thus, it is suggested to estimate the streamer inception voltage as
a function of the distance between the point electrode and the permittivitymismatched interfaces.
Regarding the streamer propagation, it has been shown in this thesis that the
streamer propagation can be influenced by surface roughness. In order to complement
this observation, it is suggested to compare the propagation of streamer along solids
with similar permittivity but different surface roughness.
Additionally, it is suggested in this thesis that the preference of the streamer to
propagate along a liquid/solid interface may be related to the wettability of the solid.
Thus, it is suggested to study the streamer propagation along interfaces with
different surface energies.
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