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Abstract

Mineral oil is a dielectric liquid commonly used in high voltage equip-
ment such as power transformers. Interestingly, it has been experimen-
tally observed that the dielectric strength of the mineral oil is improved
when nanoparticles are added. However, the mechanisms behind these
improvements are not well understood, hindering the further innovation
process of these so-called nanofluids. This thesis aims to contribute to
the understanding of the mechanisms explaining the dielectric strength
improvement of the base oil when nanoparticles are added.

For this, several experiments and numerical simulations are per-
formed in this thesis. The initiation voltage of electric discharges in
five different kind of nanofluids was measured. The large data set ob-
tained allowed to cast experimental evidence on the existing hypotheses
that are used to explain the effect of nanoparticles. It is found that
hydrophilic nanoparticles hinder the electric discharge initiation from
anode electrodes. On the other hand, electric discharge initiation from
cathode electrodes was hindered by nanoparticles with low charge re-
laxation time.

The electric currents in mineral oil and nanofluids were also mea-
sured under intense electric fields (up to 2 GV/m). It is found that
the addition of certain nanoparticles increases the measured currents.
The possible physical mechanisms explaining the measured currents in
mineral oil with and without nanoparticles were thoroughly discussed
based on results of numerical simulations. Preliminary parameters used
in this thesis to model these mechanisms led to a good agreement be-
tween the measured and simulated electric currents.
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Sammanfattning

Mineralolja är en dielektrisk vätska som vanligen används i högspän-
ningstransformatorer. Intressant är att man experimentellt observerat
att de dielektriska egenskaperna förbättras då nanopartiklar tillsätts.
Emellertid är mekanismerna bakom förbättringen inte så väl kända,
vilket lägger hinder i vägen för att kunna vidareutveckla dessa så
kallade nanovätskor. Denna avhandling syftar till att bidra till förstå-
elsen av de mekanismer som förklarar förbättringen av den dielektriska
hållfastheten hos oljan när nanopartiklar tillsätts.

Ett flertal experiment och numeriska simuleringar ligger till grund
för denna avhandling. Till exempel har uppmätts vid vilken spän-
ning som elektriska urladdningar initieras streamers (från engelskan)
i fem olika typer av vätskor med nanopartiklar. Den stora erhållna
datamängden erbjuder experimentella bevis för hypoteser som möjli-
gen kan förklara effekten av nanopartiklar. Det har visat sig att hy-
grofila nanopartiklar motverkar initiering av elektriska urladdningar
från negativa elektroder. Å andra sidan hindras initiering från positiva
elektroder av nanopartiklar med kort laddningsrelaxationstid.

Strömmar i mineralolja och nanovätskor har uppmätts i starka
elektriska fält (upp till 2 GV/m). Det visar sig att vissa nanopar-
tiklar ökar bildandet av laddningar i mineraloljan. De tänkbara fy-
siska mekanismer som förklarar de uppmätta strömmarna diskuteras
grundligt baserat på ett flertal numeriska simuleringar. De preliminära
parametrar som använts i denna avhandling för att modellera dessa
mekanismer ledde till en god överensstämmelse mellan uppmätta och
simulerade strömmar.
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Chapter 1

Introduction

Most of the electric energy consumed today is delivered to users through
an electric power system. One of the most important and expensive
equipment of the power system is the power transformer, used to in-
crease the power transmission voltage up to 1000 kV. The main compo-
nents of power transformers are usually immersed in dielectric liquids,
such as mineral oil, in order to cool them down and to electrically in-
sulate parts held at high voltage. Electric breakdown in a power trans-
former can lead to deadly consequences, major power outages and high
economical losses. Therefore, it is very important that the dielectric
liquid has a high breakdown strength.

1.1 Streamers in dielectric liquids

When a sufficiently high voltage is applied on electrodes immersed in
a dielectric liquid, electric breakdown in the liquid occurs. The break-
down in the liquid is always preluded by the inception and develop-
ment of the so-called streamers [1]. In the literature, streamers are
commonly studied in needle-plane electrode configurations [1–3]. Since
the initiation of streamers depend on the electric field, they are always
initiated in the needle electrode [2,4]. Streamers initiated in the anode
or cathode needle are referred to as positive and negative streamers,
respectively.
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2 CHAPTER 1. INTRODUCTION

During the initiation of positive streamers, a transient electric cur-
rent and light emission can be measured while a gaseous phase of mi-
crometer size develops in the liquid phase [1, 3–5]. Interestingly, these
phenomena disappear at a sufficiently high pressure applied externally
to the liquid, suggesting that initiation of positive streamers requires
the previous formation of a low density cavity at the needle [6]. The
mechanism behind the formation of this cavity remains unknown. De-
spite electric currents have been measured before streamer inception,
the joule heating produced by them is insufficient as to boil the liquid
and form this low density region [5, 7].

On the other hand, negative streamers in dielectric liquids are pre-
luded by an electric current pulse and light emission, followed few
nanoseconds afterwards by the formation of a microscopic bubble at
the cathode [2,3,5,8,9]. This process is independent of the liquid’s pres-
sure, and therefore it is believed that negative streamers are initiated
by electronic processes in the liquid such as electron avalanches [5,6,10].

Positive and negative streamers can be classified in "modes" accord-
ing to their properties (e.g. shape, propagation velocity, intensity of
light emitted) [1]. Since mainly sharp needles (Rtip < 0.4 µm) are used
in this thesis, streamers reported in Paper I (Chapter 2 of this the-
sis) are first mode streamers [4, 11]. The other modes of streamers are
outside the scope of this thesis. First mode streamers have a irregu-
lar rounded shape and propagate from the needle towards the plane
electrode at subsonic velocities (below 1 km/h) [1].

1.2 Detection of first mode streamers

Three streamer detection techniques are used in the context of this
thesis: shadowgraphs, detection of emitted light, and measurement
of the conduction charge flowing through the needle electrode during
streamer inception and development. Photos of first mode streamers
can be taken using the shadowgraph technique. For this, the electrode
gap is illuminated with a strong light source. A camera is aligned
to the electrode gap and the light source, and focused on the needle
electrode. The camera is then exposed few microseconds after the
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Figure 1.1: Example of shadowgraphs of first mode streamers. A
photo of the needle without streamer is shown at the top-left corner.

150

streamer has initiated, capturing the shadow produced by the streamer.
Several examples of the images obtained with this technique are shown
in Figure 1.1 (unpublished results). The shape of early first mode
streamers is quasi-spherical (top images), and becomes "bush-like" as
the streamer develops (bottom images), as reported in the literature
(e.g. [1] and references therein). A photo of the needle in the absence
of streamers is shown in the top-left corner for comparison purposes.

The light emitted from first mode streamers is very weak and can-
not be recorded directly with a camera. However, it can be detected
directly with a photomultiplier [2,3]. This device converts the incident
photons emitted from the streamer into an electric signal. The electric
conduction charge flowing through the needle during the inception and
development of streamers can also be measured. For this, a charge
measuring device similar to that reported in [3, 5] is implemented in
this thesis. The needle is connected to ground through the device,
recording the electric charge flowing through the needle.

An example of the measured charge (blue line) and light signal (or-
ange line) recorded during the inception of a first mode negative stream-
er is shown in Figure 1.2 (unpublished results). Negative streamer in-
ception is observed as a charge step and as a light signal pulse. Both
signals can be used to estimate consistently the streamer inception
time, as shown in Figure 1.2. An example of the shape of a stray light
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Figure 1.2: Measured charge and light signal from a first mode nega-
tive streamer initiated with a high voltage step applied at t = 0. The
moment at which streamer inception takes place can be consistently
estimated with both measured charge and light signal recordings. The
EMI noise shown is caused by the sudden application of the high volt-
age rectangular pulse. An example of a stray light signal recorded by
the photomultiplier is shown at time t < 0.

signal is appreciated at t < 0. The noise shown is produced by electro-
magnetic interference (EMI) caused by the sudden application at time
t = 0 of the high voltage rectangular pulse used. In this experiment,
no streamer occurred during the EMI noise since the measured charge
afterwards is close to zero. This EMI noise is not significant when a
high voltage ramp is used instead of the high voltage rectangular pulse.
An example of a light signal recording in this case is shown in Figure
2.2.

1.3 Streamer inception voltage

When a high voltage rectangular pulse is applied repeatedly in a needle-
plane electrode configuration immersed in mineral oil, it is observed
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Figure 1.3: Probability of first mode negative streamer inception when
rectangular high voltage pulses are applied in mineral oil with 3 ppm
(blue stars) and 10 ppm (red circles) moisture content.

that streamers might not occur in all experiments. Instead, the prob-
ability of streamer inception increases with applied voltage, until a
streamer occurs with every single voltage pulse applied. An example
of this behaviour is shown in Figure 1.3. In this experiment (unpub-
lished results), first mode negative streamers are incepted by applying
high voltage rectangular pulses to the plane electrode. 20 voltage pulses
are applied per voltage step. In order to avoid artifacts, the voltage
pulses are applied randomly. Negative streamer inception is detected
using the charge measuring technique mentioned in the previous sec-
tion. The negative streamer inception probability at each voltage step
is calculated as the number of experiments where streamer occurred
divided by 20. The experiment is first performed in mineral oil with
moisture content of 3 ppm (blue stars) and then repeated in mineral
oil with moisture content of 10 ppm (red circles).

The probability of first mode negative streamer inception increases
monotonically with applied voltage, as observed in Figure 1.3. The
voltage at which there is a 50% probability of streamer inception is
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V50% ≈ 8.83 kV. Observe the negligible difference between the mea-
sured probability curves when the moisture content of mineral oil is
3 ppm and 10 ppm. In the course of experiments carried out in this
thesis, it is found that the inception probability of first mode nega-
tive streamers in the mineral oil used (Nytro 10X) is not affected by
variations of moisture content below 10 ppm1.

1.4 Breakdown and streamers in

nanofluids

The presence of micrometre sized particles in a mineral oil was identi-
fied as a potential threat to the electric insulating properties of power
transformers [12]. In some cases, filtration of the oil was recommended
in order to decrease the particle content in the mineral oil. Surpris-
ingly, an improvement upon the dielectric strength of mineral oil was
reported in [13] when nanometre sized magnetic particles were added.
This effect was attributed to the size and material of the particles [13].
Since then, the research interest in the novel application has increased
over time [14, 15] and even patents have been filed (e.g. [16]). These
nanometre sized solid particles are commonly called "nanoparticles",
and their diameter is lower than 100 nm. When nanoparticles are added
to a base liquid, the resulting colloid is referred to as a "nanofluid".

Materials and techniques used for synthesising

nanofluids

In the literature, the positive effect caused by nanoparticles has also
been reported for non-magnetic materials. Most commonly studied
nanoparticles for power transformer applications are Al2O3 [17–25],
TiO2 [15, 18, 23, 25–33], ZnO [15, 20, 21, 34], SiO2 [15, 17, 21–23, 34–41],
C60 [15, 37, 39], Fe3O4 [13, 17, 18, 21, 34, 41–48] and Fe2O3 [21, 22].

1In the context of this thesis, the effect of moisture content in mineral oil was
not studied directly. However, Chapter 3 presents experimental evidence suggesting
that moisture has a deleterious effect in the dielectric strength of the mineral oil
used.
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Power transformers are commonly filled with mineral oil, and there-
fore most studies of nanofluids reported in the literature use it as base
liquid [13,18,20–25,27–31,34,35,37,39–41,45,49]. However, mineral oil
is a non-biodegradable, flammable and toxic liquid [33]. This motivates
the need of potential substitutes such as vegetable oils and synthetic
oils for power transformer applications. As a result, some studies on
nanofluids use also these oils as base liquids [17, 32, 33, 42,46, 47].

The preparation of nanofluids is by no means trivial. In most
studies, powder made of nanoparticles is added directly to the base
oil. There seems to be an optimal amount of nanoparticles for a
desired effect [17, 20, 27, 33, 34], which is usually very low (∼ 1 wt%
and below). Since nanofluids should be a stable colloid, the nano-
particles are dispersed evenly in the liquid by applying ultrasonica-
tion [17,18,20,22–25,27,30,31,34,35,37,39–41,44,46–48] and mechan-
ic/magnetic stirring [17,20,25,34,35,37,39,44]. Once initially dispersed,
Brownian motion of liquid molecules might suffice to keep the nanopar-
ticles dispersed. However, the intermolecular forces between nanopar-
ticles can be strong enough as to bring them together and form micro
metre sized clusters, which sediment due to their weight. In such a case,
stabilization of the nanofluid can be achieved by treating the surface of
the nanoparticle. This is commonly done by adding surfactants to the
nanofluid [18,20–22,25,31,34,41,42,44,46,48] or by chemically bound-
ing other materials to the surface of the nanoparticles [35]. In any of
these ways, a protective layer is added to the surface of the nanoparti-
cles, preventing them to cluster under the action of the intermolecular
forces.

Dielectric strength measuring techniques

In the literature, the positive effects on the dielectric strength of the
host liquid caused by the presence of nanoparticles have been experi-
mentally demonstrated under very different conditions. For instance,
the dielectric strength has been commonly measured by applying AC
voltage waveforms [17,20,23,25,27–30,32–35,40–42,45,48,49]. However,
a power transformer is also subject to other kind of electrical stresses,
such as impulse over voltages caused by a lightning striking the power
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line connected to the power transformer. For this reason, in other stud-
ies the dielectric strength is measured using a lightning impulse voltage
waveform [13,18,21,23,24,27–33,42,44,46–48]. Furthermore, there is an
increasing interest on using high voltage DC components in the power
grids. The electrical stress produced on power transformers by a high
voltage DC waveform is different to that produced by a AC voltage
waveform [50]. Therefore, in some studies a DC voltage waveform is
used to measure the dielectric strength of nanofluids [37, 39].

Most investigations measure the voltage at which breakdown takes
place [13, 17, 18, 20–25, 27–32, 34, 35, 40–42, 44–49, 51]. However, the
breakdown in a dielectric liquid is the consequence of the initiation and
propagation of the streamers, as discussed in section 1.1. Therefore,
other studies measure the streamers characteristics in nanofluids [18,
21, 47]. Partial discharges are also measured in order to study the
insulating properties of nanofluids [13,30,37,39,41]. Partial discharges
are streamer events quantified in number and strength along the time
or the phase angle of the AC voltage waveform.

For several reasons, breakdown, streamers and partial discharges
are studied in different electrode configurations. AC breakdown is com-
monly measured in semi-spherical electrode configuration [17,20,23,25,
27,29,30,32,34,35,44,45,48,49,51], following standards such as ASTM
D1816 or IEC 60156. Needle-sphere electrode configuration has also
been used in order to measure the impulse breakdown voltage of nano-
fluids [13, 18, 21, 24, 27, 29–32, 42], following standards such as ASTM
D3300 and IEC 60897. Also, needle-plane electrode configuration has
also been used to measure partial discharges, streamers characteristics,
and other non-standard tests [22, 37, 39, 41, 47]. Finally, different elec-
trode materials has been used in the experimental studies. Most of the
studies use brass [17, 21, 27, 29–31, 34, 35, 45, 49], copper [32], stainless
steel [41], steel [21, 42] and tungsten [18, 31, 41, 47].

Most publications report improvements on the dielectric strength of
base oils when nanoparticles are added, despite the experimental con-
ditions used for testing it were widely different. Streamer inception and
development studies show clear improvements when using nanoparti-
cles, and as a natural consequence, the partial discharges are reduced
and the breakdown strength is improved. These improvements are re-
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ported with different kind of nanoparticles, different base oil, different
testing procedures, different voltage waveforms, different electrode con-
figuration and materials. Therefore, nanofluids are usually proposed as
possible substitutes of dielectric liquids in AC and DC industrial ap-
plications.

1.5 Potential benefits of using nanofluids

in power transformers

The oil used in power transformers has two very important roles: to
cool down the windings of the transformer and to electrically insulate
the parts held at high voltage. A nanofluid is thus expected to exhibit
enhanced heat transfer and dielectric strength properties relative to
those of the base oil. In this way, nanofluids are potentially useful to
improve the overall performance and design of power transformers. For
instance, the loadability of power transformers can be increased when
the heat transfer properties of their dielectric liquids is improved [52].
This means that power transformers can be repowered by replacing
their insulating liquids with nanofluids, enabling a larger electric power
transfer through them. This can lead ultimately to increments in the
capability of the power grid. In the context of this thesis, the effect of
nanoparticles on the heat transfer properties is not studied.

In a similar way, improvements in the insulating properties of the
base oil can lead to improvements on transformers performance. Since
nanoparticles increase the dielectric strength of the host oil, high volt-
age parts of a power transformer can be closer to grounded parts when
nanofluids are used. Due to this, transformers could be designed in
smaller sizes without compromising the electrical insulation of the high
voltage components. This leads to reductions in transformers weight,
size and cost related to manufacturing, transportation and maintenance
of these apparatuses.

Even though there are potential benefits on using nanofluids for
power transformers, there are still many challenges to overcome. For
instance, there are currently well developed condition monitoring tech-
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niques for transformers immersed in mineral oil, such as the dissolved
gas analysis (DGA) [53]. This technique can be used to detect ini-
tiation of insulation failures in the transformer by measuring the gas
by-products of decomposition process of oil and paper. If nanofluids are
used instead of mineral oil, nanoparticles may affect the gases produced
by the oil decomposition or they may interfere with the gas measuring
techniques used during a DGA test. This could cause a misinterpreta-
tion of the transformer condition and lead to unnecessary maintenance
activity on transformers or even lack of required maintenance.

A very important challenge for the industrial application of nano-
fluids in transformers is the lack of understanding of the mechanisms
by which nanoparticles improve the dielectric strength of the base oil.
Most of the literature showcase nanofluids that outperform their base
oil, but few research aims at offering explanations to the improvements.
As a consequence, there is a lack of design criteria for engineering op-
timal nanofluids. Several hypothesis explaining most of these improve-
ments have been postulated in the literature. They are experimentally
discussed in Paper I. The results of this investigation is summarized
in the next chapter.

1.6 Aim and outline of this thesis

This thesis aims to investigate the physical mechanisms causing the
dielectric strength improvement of mineral oil when nanoparicles are
added. In order to achieve this, the validity of the hypotheses pre-
sented in the literature offering an explanation to this improvement is
first experimentally investigated in Paper I (Chapter 2). The electric
conduction process of the base oil is a key element in the discussion of
these hypotheses. However, this process is poorly understood. For this
reason, the conduction processes in mineral oil are thoroughly investi-
gated numerically and experimentally in Paper II (Chapter 3). With
the obtained results of Paper II, the effect of nanoparticles in the con-
duction processes of mineral oil are finally investigated in Paper III
(Chapter 4).



Chapter 2

On the effect of nanoparticles

in streamer inception

As mentioned in the introduction chapter, some nanoparticles can im-
prove the dielectric strength of the host liquid. There are three hy-
potheses postulated in the literature that offer an explanation to this
improvement: nanoparticles scavenge fast quasi-free electrons slowing
them down (electron scavenging hypothesis), nanoparticles adsorb wa-
ter on their surface (hydrophilicity hypothesis), and nanoparticles in-
crease the trapping and de-trapping process of electrons in the liquid
phase (shallow trap hypothesis).

2.1 Electron scavenging hypothesis

In order to understand the effects of nanoparticles in the streamer in-
ception and development processes, it is first important to understand
the electrodynamics of a nanoparticle stressed with an externally ap-
plied electric field. Under the presence of a suddenly applied electric
field, a nanoparticle polarizes and its free electrons drift to the surface.
This process is called "charge relaxation". Once equilibrium is reached,
the nanoparticle is said to be relaxed. The time scale of this process is
characterized by the "relaxation time constant". The relaxation time
constant τr of a spheric nanoparticle immersed in a dielectric liquid

11
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is [54, 55]

τr =
2ǫliq + ǫnp

2σliq + σnp

, (2.1)

where ǫ and σ are the electric permittivity and conductivity, and sub-
scripts liq and np refer to the liquid and to the nanoparticle, respec-
tively. In the vicinity of the relaxed nanoparticle, the electric field lines
converge towards the nanoparticle’s surface [54]. Quasi-free electrons in
the liquid move along these lines and drift towards the nanoparticle. On
reaching the nanoparticle, electrons get attached to it. In [54,55], this
attachment process is referred to as "scavenging" of electrons. Nano-
particles would then develop a negative charge as they attach electrons.

The effect of electron scavenging was tested in [54, 55] with a nu-
merical model for positive streamer initiation and development in a
needle-sphere electrode configuration. In the absence of nanoparticles,
the liquid molecules were assumed to be ionized under the presence of
a sufficiently intense electric field. This process starts at the tip of the
positive needle electrode, where the electric field is the highest. Neu-
tral molecules that are ionized release one electron each and become
positive ions. Some produced electrons are attached by neutral liquid
molecules, turning them into negative ions. The velocity of electrons is
higher than the velocity of ions, thus electrons drift towards the pos-
itive needle and get absorbed there, whilst positive and negative ions
are left behind within the liquid bulk. Since the travelling distance of
the electrons is very short, the rate of production of positive ions is
higher than the rate of production of negative ions [54,55]. Therefore,
a mainly positive space charge accumulate in the liquid and produce an
electric field sufficiently intense as to further ionize the liquid in regions
away from the needle electrode. The ionizing process propagates then
from the needle towards the sphere electrode. In [54,55], the streamer
initiation and development is considered to be the consequence of this
ionization process of the liquid. The time scale of this process lies
between nanoseconds to microseconds.

The positive streamer development in the presence of nanoparti-
cles can be then qualitatively explained in the following way. Under a
sufficiently intense electric field, liquid molecules are ionized and pro-
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duce electrons and positive ions. If the charge relaxation time of the
nanoparticles is sufficiently small compared to the time scale of the
local changes of the electric field, nanoparticles relax and scavenge
electrons. Since the velocity of nanoparticles and positive ions is or-
ders of magnitude lower than the velocity of electrons [54,55], electrons
drift to the positive needle leaving behind positive ions and negatively
charged nanoparticles. Negatively charged nanoparticles reduce the
electric field produced by positive ions in regions away from the nee-
dle. In this way, negatively charged nanoparticles hinder the further
ionization of liquid molecules.

The scavenging hypothesis proposes then a criterion to predict if a
nanoparticle improves the dielectric strength of the host liquid. If the
time constant τr of the nanoparticle-liquid system is relatively small
compared to the nanosecond to microseconds time scale of the streamer
development (as modelled in [55]), nanoparticles will then hinder the
streamer initiation and propagation. As an example, the relaxation
time constant of Fe3O4 as calculated in [55] is 1 × 10−14 s. Since it is
several orders of magnitude lower than nanoseconds, then the scaveng-
ing hypothesis predicts that Fe3O4 nanoparticles improve the dielectric
strength of the host liquid.

2.2 Hydrophilicity hypothesis

It has been experimentally observed that moisture content has deleteri-
ous effects on the dielectric strength of insulating oils [56–58]. Accord-
ing to the hydrophilicity hypothesis suggested in [35,37–39], hydrophilic
nanoparticles improve the dielectric strength of the host liquid by ad-
sorbing the moisture content of the host liquid. A strong experimen-
tal evidence of the water adsorption hypothesis is given in [35] where
the dielectric strength of nanofluids with coated and uncoated SiO2

nanoparticles was measured under AC high voltage conditions. Since
the coating rendered hydrophobic the initially hydrophilic SiO2 nano-
particles, the differences in the measured dielectric strengths could be
attributed exclusively to the hydrophilicity of the tested nanoparticles.
It was found that uncoated hydrophilic SiO2 nanoparticles increased
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the dielectric strength of the host liquid, whilst coated hydrophobic
SiO2 nanoparticles decreased the dielectric strength of the host liq-
uid. It was then postulated that water adsorption at the surface of the
nanoparticles was the cause of the dielectric strength improvements.

2.3 Shallow trap hypothesis

A recent publication on this hypothesis is found in [18], where several
streamer characteristics in transformer oil and nanofluids were studied
under positive impulse lightning voltage waveforms. The nanofluids
were prepared with Al2O3, TiO2 and Fe3O4 nanoparticles. These nano-
particles were found to hinder the streamer initiation and propagation
in the host liquid. The shallow trap density of the studied liquids was
also measured. It was found that the dielectric strength of the studied
liquids increased with the density of shallow traps. The mobility of
electrons in a material decreases with the density of traps. In [18], it is
estimated that the electron mobility of Fe3O4, TiO2, and Al2O3 nano-
fluids is 0.576, 0.584 and 0.713 times the electron mobility of the host
liquid, respectively. It was then suggested that the reduction of electron
mobility due to the presence of nanoparticles improves the dielectric
strength of the liquids. Additional publications on this hypothesis can
be found in [28, 29, 59, 60].

2.4 Discussion of the hypotheses

The hypotheses presented in the previous sections have been intro-
duced in the literature based on experiments carried out under very
different experimental conditions. For instance, the hydrophilicity hy-
pothesis is based on experimental results on SiO2 nanoparticles [35],
whilst the shallow traps hypothesis is based on results with Al2O3, TiO2

and Fe3O4 nanoparticles [18]. Also, the experiments in [35] measures
the breakdown voltage with an AC voltage waveform. On the other
hand, the experiments in [18] only considers measurements with needle
held under impulse lightning voltage of positive polarity. The dielec-
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tric strength testing procedures include breakdown [28,29,35,38,59,60],
partial discharges [29,37,39], streamer inception [18] and streamer prop-
agation [18,54,55]. Furthermore, very different electrode configurations
have also been used throughout these references.

In order to discuss these hypotheses under the same experimen-
tal conditions, Paper I presents measurements of the voltage V50% at
which the 50% probability of streamer inception occurs in several nano-
fluids. For this, five different kind of nanofluids are synthesized with
ZnO–C18, SiO2, Al2O3, TiO2 and C60 nanoparticles at several mass
fraction concentrations. The set of nanoparticles are chosen in order
to have different relaxation time constants, hydrophilicity, and density
of shallow traps.

The streamer inception voltages are measured in all nanofluids in
the needle-sphere electrode configuration shown in Figure 2.1. For
this, a voltage ramp is applied to one of the electrodes whilst the op-
posite electrode is held to ground. Negative and positive streamers are
initiated when the needle is held to ground or to the voltage ramp,
respectively. A photomultiplier is used to measure the light emission
from the streamer. The streamer inception voltage is estimated as the
voltage at which the first light signal is detected. Figure 2.2 shows an
example of the voltage and light waveforms measured during an exper-
iment. The V50% is estimated as the median of the inception voltages
measured during each experiment.

It is observed that hydrophilic nanoparticles SiO2 and TiO2 in-
crease the V50% of positive streamers, but they render no appreciable
effects upon the V50% of negative streamers. Therefore, the hydrophilic-
ity hypothesis is consistent only with the results of positive streamers.
Furthermore, the hydrophobic ZnO–C18 nanoparticles effectively in-
creases the V50% of both positive and negative streamers. This finding
suggests that water adsorption is not the only mechanism by which
nanoparticles increase the dielectric strength of the host liquid.

Since moisture content does not affect the negative streamer in-
ception process in mineral oil (as observed in Figure 1.3), the scav-
enging hypothesis is better discussed with results obtained with neg-
ative needles. It is observed that nanoparticles with large relaxation
time constant render no appreciable effect upon the V50% of negative
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Figure 2.1: Experimental set-up used in the streamer inception exper-
iments in mineral oil with and without ZnO–C18, SiO2, Al2O3, TiO2

and C60 nanoparticles.
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Figure 2.2: Example of the applied voltage and light signal measured
during a streamer inception experiment.
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streamers. Furthermore, hydrophobic ZnO–C18 nanoparticles with low
relaxation time constant improves the V50% of both negative and posi-
tive streamers. Therefore, the scavenging hypothesis is consistent with
the obtained results.

Finally, the shallow trap hypothesis is discussed. In [18], reductions
of the effective electron mobility due to the presence of TiO2 nano-
particles are hypothesised to be the cause of the measured dielectric
strength improvements. Since negative streamers are initiated by elec-
tronic processes (as discussed in the introduction), it is then expected
that reductions of the electron mobility also suppress negative streamer
initiation. However, in Paper I it is observed that TiO2 nanoparticles
increase the V50% of positive streamers, but render no effects upon neg-
ative streamer initiation. Therefore, the shallow trap hypothesis is
found inconsistent with the experimental results and the state of the
art understanding of streamer initiation in hydrocarbons. Moreover,
the experimental results obtained in [18] supporting the shallow trap
hypothesis can be readily explained by the hydrophilicity and scaveng-
ing hypotheses instead. For instance, the improvements on the positive
streamer initiation due to Fe3O4 nanoparticles can be explained by the
electron scavenging hypothesis. Also, improvements due to TiO2 and
Al2O3 nanoparticles are explained by the hydrophilicity hypothesis.

It is important to observe that there seems to be at least two mech-
anisms that explain the dielectric strength improvement of dielectric
liquids caused by the presence of nanoparticles: the hydrophilicity of
the nanoparticles and the relaxation time constant of the nanoparticle-
liquid system. A highly hydrophilic nanoparticle seems to suppress the
initiation of positive streamers only, whilst a nanoparticle with an as-
sociated low relaxation time constant seems to suppress the initiation
of both positive and negative streamers. Most experimental findings
reported in the literature are consistent with these conclusions. It is
also important to observe that certain experimental conditions must be
met in order successfully improve the dielectric strength of liquids by
using nanoparticles. For instance, some nanofluids have an optimum
concentration of nanoparticles (Paper I). Also, the size of the nano-
particles and clusters of nanoparticles in the liquid play an important
role [20, 34].
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2.5 Further remarks on the electron

scavenging hypothesis

The scavenging hypothesis was numerically tested in [54, 55] with a
electrodynamic model of streamer inception and propagation. How-
ever, serious doubts have been cast on the validity of such a numerical
model. For instance, the results of this model were found to be is
disagreement with most experimental results [1] since they neglect the
effect of the liquid/gas phase on the streamer development. In a similar
way, the parameters used in [54, 55] to model the generation and at-
tachment of electrons in the mineral oil lead to overestimated electron
densities [61]. Since the rate at which nanoparticles scavenge electrons
is proportional to the electron density [55], an overestimated electron
density leads to an overestimation of the electron scavenging process
due to nanoparticles. If more consistent models for the generation and
attachment of electrons in the mineral oil are used instead of those
of [54, 55], the electron scavenging model proposed in [55] would pre-
dict no effects on the electronic processes of the host liquid due to the
presence of the nanoparticles (as shown in Paper IV). Consequently,
the simulations of streamer initiation and propagation in dielectric liq-
uids proposed in [54, 55] seem unrealistic as to numerically test the
implications of the electron scavenging of nanoparticles.

On the other hand, a self-consistent numerical simulation of elec-
trical conduction in needle-plane electrode configuration was recently
reported in [62]. There, the generation, drift and loss of charge carriers
(electrons, positive ions and negative ions) in a dielectric liquid was
modelled under intense electric fields. The current voltage characteris-
tics estimated with this model were in very good agreement with the
measurements of electric current reported in [9]. This kind of mod-
els could be used in order to test the model of electron scavenging
of nanoparticles in a more realistic situation. For this, the electrical
conduction in a mineral oil should be properly assessed experimentally
and numerically. This is done in Paper II and summarized in the next
chapter. Then, the possible effects on the conduction processes due to
the electron scavenging on nanoparticles can be measured, simulated
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and discussed. This is done in Paper III and summarized in Chapter
4.





Chapter 3

Conduction in mineral oil

Nytro 10X

When a DC voltage is applied on electrodes immersed in a dielectric
liquid, an electric current flows through the electrical circuit. Since
charge does not accumulate at the electrodes, there are charge injec-
tion mechanisms at the liquid-electrode interface and further charge
generation mechanisms taking place within the liquid. A review of the
relevance of these mechanisms on the conduction processes under sev-
eral experimental conditions can be found in [6] and references therein.

Within the framework of this thesis, the base dielectric liquid stud-
ied is Nytro 10X produced by Nynas. Nytro 10X is a dielectric, non-
polar mineral oil composed by a complex combination of hydrocarbons.
In the course of experiments reported in this thesis, Nytro 10X is elec-
trically stressed with electric fields up to ∼ 50 × 108 V/m. Under such
intense electric fields, several charge transport and generation mecha-
nisms reported in the literature can explain the electrical conduction
process. In this thesis, they are referred to as: ohmic conduction, field
emission, field ionization, Zener molecular ionization and electron im-
pact ionization.

These mechanisms are discussed in this chapter using some exper-
imental results presented in Paper II for a needle-plane configuration.
The gap distance between electrodes is dgap = 750 µm, and the tip
radius of the needle is Rtip = 0.4 µm. Observe also that the analysis

21
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presented in this chapter is based on the electric fields at the tip of the
needle, in contrast to the analysis presented in Paper II based on the
applied voltages.

3.1 Ohmic conduction

When Nytro 10X is electrically stressed with electric fields lower than
∼ 4 × 108 V/m, the measured current I flowing through the electric
circuit increases linearly with the applied voltage Vapp. An example of
this is shown in Figure 3.1, where the ohmic conduction is appreciated
for Vapp < 800 V. The associated electric resistance R in this specific
electrode configuration is R = Vapp/I ≈ 5 × 1015

Ω (estimated as the
slope of the black line of Figure 3.1). The electric field E at each
Vapp is numerically estimated with the finite element method using
the proprietary software Comsol Multiphysics. For this, the geometry
of the system is replicated and the Laplace equation is solved1. The
calculated E at the tip of the needle is shown as a secondary x-axis at
the top of the Figure 3.1.

The electric conductivity σ of Nytro 10X can be estimated using
the current-voltage characteristics of Figure 3.1 in the following way.
Under steady state conditions, the measured electric current I can be
defined as I =

∫

J dS, where J is the current density on the surface S
of the needle. At the surface of the needle, J = σE, where E is the
surface electric field of the needle. Therefore,

σ =
I

∫

E dS
. (3.1)

The electric currents reported in Figure 3.1 for E < 4 × 108 V/m are
used to evaluate equation 3.1. The value of σ estimated with this
procedure is σ ≈ 5 × 10−14 S/m. This value is in good agreement with
other results reported in the literature [6, 63].

As the voltage is further increased, the currents cannot be explained
by ohmic conduction. This happens at electric fields E > 4 × 108 V/m

1The effects of the space charge can be neglected, as will be described later in
this chapter.
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Figure 3.1: Example of measured currents in Nytro 10X in a needle-
plane electrode configuration with negatively charged needle. The
electric resistance of the system R ≈ 5 × 1015

Ω is estimated through
the slope of the dashed fitting line. The gap distance between elec-
trodes is 750 µm. The tip radius of the tungsten needle is 0.4 µm.

where the currents increase exponentially with voltage, as observed in
Figure 3.1. At these intense electric fields, the measured currents are
explained by other charge injection/generation mechanisms.

3.2 Is electron field emission relevant in

Nytro 10X?

When an negatively charged electrode has a sufficiently high electric
field at its surface, electrons are emitted from it. This process is gen-
erally called electron field emission. The electron field emission is a
quantum mechanic effect by which electrons tunnel through their po-
tential barrier at the surface of the electrode [64].
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Field emission formulae

The current density Je at the surface of the electrode caused by electron
field emission into vacuum is defined in the literature as [65]

Je = λL

aF NE2

φ
exp

(

−
ν(f)bF N φ1.5

E

)

, (3.2)

where aF N = 1.54 × 10−6 A eV/V2, bF N = 6.83 × 109 eV−1.5V/m, E
is the electric field and φ is the work function of the electrode. λL is
a correction factor for certain theoretical uncertainties with estimated
value between 0.005 and 11 [65] . ν(f) and f are defined as

ν(f) = 1 − f + 0.166f ln(f), (3.3)

f =
e3

4πǫ0

E

φ2
, (3.4)

where e is the elementary charge and ǫ0 is the vacuum permittivity.
When field emission takes place into a dielectric liquid, the vacuum

permittivity in equation (3.4) is replaced by the liquid’s permittivity.
The measured relative permittivity of Nytro 10X measured at frequen-
cies below 500 kHz is ǫr = 2.2±0.1. Also, the electrode’s work function
φ used in equations (3.2) and (3.4) is replaced by the apparent work
function φliq given by [66]

φliq = φ + ∆φ, (3.5)

where ∆φ is the energy of the bottom of the conduction band of the
liquid. The lowest value of ∆φ reported in the literature for a non
polar liquid is -0.75 eV [67]. Since the used needles in the context of
this work were electro-etched from tungsten wires, the work function
used is φ = 4.5 eV. Similarly, since ∆φ is not known for Nytro 10X,
the lowest value −0.75 eV reported in the literature is used in order
to estimate the largest possible injection current IF E. For the same
reason, λL is set to 11 when evaluating equation 3.2 in the following
subsection.
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Relevance of field emission in Nytro 10X

Under steady state conditions, there is a simple way to calculate the
electric current IF E produced by field emission. Since the current den-
sity Je due to field emission is well defined by equation 3.2, then

IF E =
∫

Je dS , (3.6)

where S is the surface of the negatively charged electrode. In order to
evaluate equation 3.6, the Laplace equation is first numerically solved
and the electric field E is retrieved everywhere. Then, equation 3.2 is
evaluated on the surface S of the negatively charged electrode using
E. Finally, the integral of equation 3.6 is numerically computed over
S and IF E is retrieved.

Observe that the negative charges produced in the liquid due to
field emission may develop a space charge sufficiently large as to elec-
trically shield the needle. In such a case, the actual electric field is
lower than the laplacian electric field. The actual electric field must
be thus calculated by solving Poisson’s equation instead of the Laplace
equation, as done in Paper II. However, under steady state conditions
and for currents below 1 pA in Nytro 10X, the laplacian electric field
will render a very good approximation of the electric field at the surface
of the needle. At these low currents, IF E can be accurately estimated
by solving equation 3.6. At larger currents, the estimation of IF E using
the laplacian field defines an upper bound for the possible amount of
current produced exclusively by field emission.

Figure 3.2 shows the expected IF E and the measured current in
Nytro 10X under the needle-plane electrode configuration discussed in
this chapter (dgap = 750 µm, and Rtip = 0.4 µm). Observe that the
measured currents are at least ten orders of magnitude larger than the
expected currents IF E produced by field emission.

In the literature, it has been stated that surface defects or changes
in the chemical composition of the needle can lead to increments in the
field emission [68]. However, Paper II presents evidence showing that
increments in field emission due to surface defects of the needles cannot
explain the measured currents in Nytro 10X. For this, currents due to
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Figure 3.2: Measured currents with negatively charged needle and
expected currents from field emission IF E in Nytro 10X. The gap
distance to the plane electrode is 750 µm. The tip radius of the needle
is 0.4 µm.

field emission were first characterized in vacuum for several needles.
In this way, the possible contribution to field emission due to surface
defects of the used needles is measured. Then, currents in Nytro 10X
are measured under the same electrode configurations as those used in
vacuum. The results showed that field emission does not contribute to
the measured currents in Nytro 10X with sharp needles. Also, Paper II
presents evidence showing that there is no chemical changes on the used
needles. For this, EDS analysis (Energy-dispersive X-ray spectroscopy)
performed on the used needles showed that the chemical composition
of the needles remained unchanged before and after the experiments in
Nytro 10X.

Consequently, it can be boldly concluded that field emission does
not contribute to the electric currents in Nytro 10X under negative
needle. Other charge generation mechanisms must be responsible of
the measured electric currents.
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3.3 Is field ionization relevant in Nytro

10X?

In the context of this thesis, field ionization in liquids is the tunnelling
of electrons from a liquid molecule into a positively charged electrode
[69]. As a result of the field ionization process, a neutral molecule
losses an electron and becomes a positive ion. The electron tunnels
directly to the positively charge electrode where it is absorbed, whilst
the positive ion is left behind in very close proximity of the needle.

When the band effects of the liquid are ignored, field ionization can
be modelled as a current density Jion of positive ions defined at the
surface of the electrode by using the following expression (Paper II):

Jion =
2Bion exp (−AionE−1 (∆1.5 − φ1.5))

3Aionφ0.5
, (3.7)

where Aion = 6.8 × 109 V m−1eV−1.5, φ is the work function of the
electrode, E is the electric field at the surface of the electrode, ∆ is
the ionization potential of the liquid, and Bion is the molecular density
of the liquid times the frequency at which the electrons of the liquid
arrive at their potential barrier. In the case of Nytro 10X, the values
of ∆ and Bion are unknown. However, several values of ∆ for other
non-polar liquids can be found in the literature [70–75].

Paper II presents measurements of currents in Nytro 10X when
the needle is positively charged. The expected current due to field
ionization is compared to the measurements. Since Bion is unknown, it
was varied for each ∆ used until the best agreement with the measured
currents was achieved. Despite of this fitting procedure, the result
showed that field ionization cannot explain the rate of change of current
as a function of voltage in Nytro 10X.

Under steady state conditions, the electric currents Iion can be es-
timated in the same way as the currents IF E (as shown in section 3.2):

Iion =
∫

JiondS . (3.8)

This time, the integral of equation 3.8 is numerically evaluated on the
surface S of the positively charged electrode. However, positive ions
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are several orders of magnitude slower than electrons, thus developing
larger space charges than those electrons develop (Paper II). The ac-
tual electric field will thus be lower than the laplacian electric field for
electric currents well below 1 pA. Consequently, the estimation of Iion

with equation 3.8 using the laplacian electric field will define only the
upper bound for the possible currents produced by field ionization.

3.4 Zener molecular ionization and

electron impact ionization in Nytro

10X

In the previous sections, it is reported that neither field emission nor
field ionization can explain the electrical conduction in Nytro 10X from
the sharp needles here tested. In Paper II, it was shown that Zener
molecular ionization together with electron impact ionization can ex-
plain the conduction currents in Nytro 10X.

Zener molecular ionization is the tunnelling of an electron from
the valence band to the conduction band of a molecule [54, 76]. As
a consequence of this ionizing process, a neutral molecule looses an
electron and becomes a positive ion. The rate of production of volume
charge density of electrons and positive ions GI due to Zener molecular
ionization can be expressed as (Paper II)

GI = AIE exp (−BI/E) , (3.9)

where E is the local electric field. AI and BI depend on the properties
of the liquid. The procedure of estimation of their values for Nytro
10X is presented in Paper II, leading to preliminary values of AI =
1.74 × 105 S m−2 and BI = 7 × 109 V/m.

Once an electron is produced in the liquid phase, it moves under
the action of the applied electric field and collides with the molecules
of the liquid. A collision can be strong enough as to release an electron
from a neutral molecule. As a result, the molecule becomes a positive
ion and an extra electron is produced. If this ionization continues, the
two electrons produce four, and the four produce eight, and so on. This
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process is called electron impact ionization. Even though the validity
of impact ionization in dielectric liquids can be questioned [10], there
is experimental evidence supporting it [10,77]. The rate of production
of volume charge density of electrons and positive ions due to electron
impact ionization can be expressed as (Paper II)

EI = αimpρev , (3.10)

where ρe and v are the local volume charge density and velocity of elec-
trons. The electron impact ionization coefficient αimp can be defined
as

αimp = Aαnl exp(−Bαnl/E) , (3.11)

where nl is the liquid number density. Aα and Bα are liquid dependent
parameters with preliminary estimated values Aαnl = 5 × 106 m−1 and
Bαnl = 1 × 105 V/m for Nytro 10X (Paper II).

Electrons are also caught by liquid molecules in a process known
as electron attachment. In Nytro 10X, the rate of attachment SL per
unit volume with respect to time can be modelled as

SL = ηattneµeE , (3.12)

where ne is the electron number density and µe is the electron mobility.
ηatt is the attachment coefficient defined as a first approximation as

ηatt = mattE + batt , (3.13)

where matt and batt are liquid dependent parameters with preliminary
estimated values matt = −1 × 10−3V−1 and batt = 5.05 × 106m−1 for
Nytro 10X (Paper II).

3.5 On the electrical conduction of

Nytro 10X in the absence of

streamers

Considering the experimental and computational evidence shown in
previous sections and in Paper II, the electrical conduction in Nytro
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10X under the discussed needle-plane electrode configuration can be
hypothesized to take place in the following way. When Nytro 10X is
stressed with electric fields below 4×108 V/m, ohmic conduction takes
place. The measured currents are of the order of 0.1 pA. The electrical
conductivity of the liquid can be estimated provided the details of the
geometry of the electrode configuration are known (as described in
section 3.1).

As the electric fields increase, the measured electric currents in-
crease exponentially, and the liquid is said to be under the "charge
injection/generation" conduction regime (e.g. [9, 62, 68] and Papers II
and V). In this regime, Zener molecular ionization and electron im-
pact ionization take place. These processes start in front of the needle
electrode, where the electric field is highest.

These conduction processes are simulated with an electrohydrody-
namic model (EHD model) built on Comsol Multiphysics. For this,
Poisson equation is coupled with the Navier-Stokes equations for non-
compressible liquids. The generation, loss, drift and diffusion of charge
carriers is modelled by solving the continuity equation. In this way,
the electric field, liquid velocity, and number density of electrons, pos-
itive ions and negative ions are estimated by the model. This model
exploits the azimuthal symmetry of the needle-plane electrode configu-
ration reducing the simulation to a 2D axisymmetric problem. Further
details of the geometry, equations and parameters of the EHD model
are reported in Paper II. The last simulation reported in Paper II is
here used to describe the conduction processes of Nytro 10X.

Figure 3.3 shows the measured and calculated voltage-current char-
acteristics for the example discussed2. The laplacian electric field is
shown in the secondary x-axis added at the top of the figure. Ob-
serve the good agreement between measured and estimated currents
by the numerical model. The ranges of the ohmic conduction and in-

2The procedure used to calculate the currents is reported in Paper II. However,
the electric current under steady state conditions can also be directly calculated
as the surface integral of the total current density at the needle, as reported in
previous sections. This time, negative ions and electrons contribute to the total
current density at the positive needle, whilst only positive ions contribute to the
current density at the negative needle.
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Figure 3.3: Measured and calculated currents in Nytro 10X when a
needle-plane electrode configuration is used with positively and nega-
tively charged needle. The electrodes gap distance is 750 µm and the
needle tip radius is 0.4 µm. The ohmic conduction, injection/genera-
tion (Inj/.Gen.), and space charge limited regimes (SCLR) are shown.
The laplacian electric field Elap at the tip of the needle is shown as a
secondary horizontal axis.

jection/generation (Inj./Gen.) regimes are delimited in Figure 3.3 with
a vertical dashed line at Elap = 4 × 108 V/m (Vapp = 0.79 kV). A third
regime, the "space charge limited regime" (SCLR), will be introduced
in the following sections.

Charge generation and dynamics with negative

needle

When the needle is negatively charged, positive ions produced by Zener
molecular ionization drift to the needle and are neutralized there. On
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the other hand, electrons drift away from the needle and collide with
liquid molecules. These collisions trigger the electron impact ionization
process, and more electrons and positive ions are produced in regions
away from the needle. Therefore, the conduction processes with nega-
tively charged needle are mainly caused by electron impact ionization,
with Zener molecular ionization providing only the seed of electrons.
Electrons are also attached by neutral liquid molecules, producing neg-
ative ions. Finally, positive ions can be neutralized on colliding with
negative ions and electrons. This process is referred to as recombina-
tion (e.g. [54, 62]).

Figure 3.4 shows the density of negative ions nn (left) and posi-
tive ions np (right) when the electric field at the tip of the needle is
Etip = 6×108 V/m. Due to the large electric field gradients, the charge
generation mechanisms take place only within 7 µm in front of the nee-
dle. Positive ions accumulate close to the needle, whilst negative ions
accumulate several micrometers away from it.

Figure 3.5 shows the density of electrons ne (left) and the magni-
tude of the electric field E (right). Since the velocity of electrons is
five orders of magnitude larger than the velocity of liquid ions (Paper
II), the maximum electron density (∼ 1015 m−3) is much lower than
the maximum density of ions (∼ 1021 m−3, as observed in Figure 3.4).
Observe also the large electric field gradients. The higher value of the
electric field of the needle-plane system is always located at the tip of
the needle.

Charge generation and dynamics with positive

needle

The dynamics of the charges are different when the needle is positively
charged. In this case, electrons produced by Zener molecular ionization
drift towards the needle. Since the travelling distance to the needle is
very short, electrons do not collide significantly with liquid molecules,
and electron impact ionization and electron attachment are not rele-
vant. Therefore, electrons produced by Zener molecular ionization are
readily adsorbed by the needle, leaving behind mainly positive ions.
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Figure 3.4: Simulated number density of negative ions nn (left) and
positive ions np (right) in close proximity to the negatively charged
needle. The electric field at the tip of the needle is Etip = 6×108 V/m.
The distance between electrodes is 750 µm. The needle’s tip radius is
0.4 µm.

Since electron impact ionization is negligible, the electric currents in
Nytro 10X with positively charged needle are always lower than the cur-
rents with negatively charged needle at the injection/generation regime,
as observed in Figure 3.3.

Figure 3.6 shows the density of positive ions np when the electric
field at the tip of the needle is Etip = 6 × 108 V/m. Observe that np

with positively charged needle is one order of magnitude lower than np

with negatively charged needle (shown in Figure 3.4). This is caused
by the absence of relevant electron impact ionization when the needle
is positively charged. Consequently, the conduction processes under
positive needle are mainly caused by Zener molecular ionization. The
electric field distribution is the same of Figure 3.5, and therefore it is
not shown. Similarly, the densities of electrons and negative ions are
negligible and therefore they are not shown.
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Figure 3.5: Simulated number density of electrons ne (left) and electric
field magnitude E (right) in close proximity to the negatively charged
needle. The electric field at the tip of the needle is Etip = 6×108 V/m.
The distance between electrodes is 750 µm. The needle tip radius is
0.4 µm.

Effect of space charge on the electric field

As the electric field increase further, space charge accumulates in front
of the needle and contribute to the total electric field. Under steady
state conditions, the polarity of the dominant space charge is the same
as the polarity of the needle. Consequently, the total electric fields
become lower than the laplacian Elap electric fields. This condition is
referred to in the literature as "space charge limited regime", shortened
"SCLR" (e.g. [9, 62, 68] and Papers II and V). Figure 3.7 shows the
electric field magnitude Etip at the tip of the positively charged (red
line) and negatively charged (blue line) needle. The laplacian electric
field at the tip of the needle is shown also for comparison purposes.
Observe that the SCLR becomes evident at about Etip = 7 × 108 V/m
under positive needle, and at Etip = 9 × 108 V/m under negative nee-
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Figure 3.6: Simulated density of positive ions np in close proximity
to the positively charged needle. The electric field at the tip of the
needle is Etip = 6 × 108 V/m. The distance between electrodes is
750 µm. The needle tip radius is 0.4 µm.

dle. In the latter case, electron impact ionization produces positive
ions in close proximity to the negatively charged needle. These pos-
itive ions partially counteracts the decrements on Etip caused by the
negative space charge located several micrometers away from the nega-
tively charged needle. For this reason, the SCLR under negative needle
starts at higher electric fields than the SCLR under positive needle in
Nytro 10X.

The limit between the injection/generation regime and the SCLR
in voltage-current characteristics is marked in Figure 3.3 with a verti-
cal dashed line at Elap = 8 × 108 V/m (Vapp = 1.57 kV). The rate of
change of the produced current with respect to the applied voltage is
decreased when the SCLR starts, as clearly observed in the case of neg-
ative needle. The shielding of electric fields caused by the dense space
charges hinders the charge generation with same voltage increments.
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Figure 3.7: Magnitude of electric fields at the tip of the positively
charged (red line) and negatively charged (blue line) needle. The
laplacian electric field Elap at the tip of the needle is also shown for
comparison purposes.

Motion of the liquid due to Coulomb forces

At sufficiently large charges densities, the Coulomb forces acting on
the electric charges set the liquid into a motion that contributes sig-
nificantly to the drift of the positive and negative ions. The motion of
liquids under coulomb forces is a process referred to as electrohydro-
dynamic (EHD) motion. An example of the estimated velocities under
positive needle up and negative needle un when Etip = 11.2 × 108 V/m
is shown in Figures 3.8a and 3.8b, respectively. Observe that the max-
imum value of up is five times larger than the maximum value of un.
However, up is very intense in close proximity to the needle, but de-
creases quickly within several micrometers away from the needle. On
the other hand, the spatial distribution of un is smoothed within tens
of micrometers away from the needle.

The direction of the liquid velocity with positive and negative needle
is depicted by grey arrows in 3.8a and 3.8b. Since the polarity of the
dominant space charge is the same as the polarity of the needle, the
liquid is set into motion towards the plane electrode regardless of the
polarity of the needle. The dominant space charge is neutralized in the
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(a) Positive needle. (b) Negative needle.

Figure 3.8: Magnitude of liquid velocity with (a) positively charged
needle and (b) negatively charged needle when the electric field at
the tip is Etip = 11.2 × 108 V/m. The direction of the velocities is
indicated by grey arrows.

plane electrode. However, the inertial forces of the liquid set a vortex
ring that recirculates the liquid from the plane electrode back to the
needle electrode. As a consequence of the vortex ring, the liquid is
subject to a large force radially inwards along the electrode gap. This
force renders negligible the radial component of the liquid velocity, as
depicted by the grey arrows in Figures 3.8a and 3.8b. These findings
are consistent with previously reported in the literature (e.g. [62, 78]).

Charge generation previous to the streamer

inception

In Paper I, it was observed that streamer inception takes place in Nytro
10X at laplacian electric fields at the tip of the needle of the order of
Elap > 20×108 V/m. Interestingly, the charge generation is very intense
at such electric fields, as observed in Figure 3.3. Therefore, it can be
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concluded that streamer inception in Nytro 10X as reported in Paper
I took place under a very intense charge generation within the liquid
phase.

In order to have a negligible charge generation in Nytro 10X, Elap

should be lower than 4 × 108 V/m, as observed in Figure 3.3. Since
Elap required for streamer inception depends on the tip radius Rtip of
the used needle (Paper I), streamer inception with negligible charge
generation (i.e. Elap < 4 × 108 V/m) can only be achieved by using
a needle with Rtip > 3.5 µm. In Nytro 10X, streamers inception with
sharper needles will always occur under a significant ionization of the
liquid.



Chapter 4

Conduction in ZnO–C18

nanofluids

The electrical conduction processes in mineral oil Nytro 10X electrically
stressed with needle-plane electrode configuration were summarized in
the previous chapter (section 3.5). Under a sufficiently intense electric
field, electrons and positive ions are generated by Zener molecular ion-
ization of the mineral oil. The electrons drift under the action of the
electric field and collide with liquid molecules. These collisions trigger
electron impact ionization of the liquid, generating additional electrons
and positive ions. Electrons are also caught by neutral liquid molecules
in a process known as electron attachment, generating negative ions.

When the needle is negatively charged, the electric current circulat-
ing through the electrodes is explained by electron impact ionization
and electron attachment processes, with Zener molecular ionization
providing only seed electrons. If electron scavenging nanoparticles are
added to the mineral oil, it would be expected that they hinder the elec-
tron multiplication process by decreasing the electron density number
in the liquid. As a result, the electric current flowing through the
negative needle should decrease.

This hypothesis is studied in Paper III and the results summarized
in this chapter. Among the five kinds of nanoparticles studied in Pa-
per I, the electron scavenging process is better studied when ZnO–C18

nanoparticles are added to the mineral oil (as shown in section 2.4).

39
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Therefore, the analysis presented here is focused on the electric con-
duction of ZnO–C18 nanofluids with negative needle. Unless otherwise
noticed, the experimental and simulation results summarized in this
chapter are taken from Paper III.

4.1 Currents measured in ZnO–C18

nanofluids

Figure 4.1 shows the measured currents in mineral oil and ZnO–C18

nanofluids under steady state conditions when the needle is negatively
charged. The tip radius of the used needle is Rtip = 550 nm. The gap
distance between electrodes is dgap = 830 µm. ZnO–C18 nanofluids
are synthesized at 0.01 wt% (NFa) and 0.05 wt% (NFb) mass fraction
concentrations. Further experimental details can be found in Paper
III.

Surprisingly, the measured currents in ZnO−C18 nanofluids with
negative needle are more than one order of magnitude larger than the
currents without nanoparticles, as observed in Figure 4.1. Further-
more, the measured currents do not depend on concentration used of
the nanoparticles. These two observations were present in previous (un-
reported) experiments with ZnO–C18 nanofluids. Within the context
of this thesis, a very similar result was obtained also with MgO–C18

nanoparticles, as reported in Paper IV.

Since the measured currents reported in Figure 4.1 increase expo-
nentially with applied voltage, the conduction process in all experi-
ments is on the injection/generation and space charge limited (SCLR)
regimes (as discussed in Chapter 3). Therefore, the observed incre-
ments of the currents when nanoparticles are used cannot be explained
by the overall increment in the electrical conductivity of the liquid pro-
posed in [79, 80]. Furthermore, the ionization mechanisms of the min-
eral oil depend on the intrinsic properties of the liquid, as discussed in
Chapter 3.
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Figure 4.1: Measured and simulated currents with negative needle in
Nytro 10X and ZnO–C18 nanofluids synthesized with mass fraction
concentrations of 0.01 wt% (NFa) and 0.01 wt% (NFb). The gap dis-
tance between electrodes was dgap = 830 µm and the tip radius of the
needle was Rtip = 550 nm.

4.2 Numerical model of the conduction

currents in mineral oil and ZnO–C18

nanofluids

The electrohydrodynamic numerical model (EHD model) of Paper II
is first used to simulate the conduction processes of the mineral oil.
Figure 4.1 shows the simulated current (dashed line). Next, the EHD
model is used to simulate the conduction processes in the studied nano-
fluid. Based on these simulations, the currents measured in ZnO–C18

nanofluids are likely produced by intensified electron field emission tak-
ing place from ZnO–C18 nanoparticles attached to the needle surface.
This can be justified by the fact that ZnO–C18 nanoparticles have an
effective work function of φ = 3 eV due to the C18 ligands on their
surface [81]. The surface of the tip of the needle is then assumed to
be completely covered by nanoparticles. Further details on the simu-
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lations, assumptions and results can be found in Paper III. Figure 4.1
shows the current predicted by the EHD model under these assump-
tions (dash-dot line). Observe the good agreement obtained with the
measured currents (triangle and x markers).

The electron attachment in mineral oil and ZnO–C18 nanofluids is
modelled in these simulations using equation 3.13. For this, parameters
matt and batt of equation 3.13 are tuned until a good agreement with the
measurements is obtained. It is found that the value of the coefficient
matt for both mineral oil and ZnO–C18 nanofluids is −1×10−3 V−1. On
the other hand, the value of the coefficient batt for mineral oil is 4.95 ×

106 m−1 whilst it is 6 × 106 m−1 for ZnO–C18 nanofluids. The larger
value of batt used for ZnO–C18 nanofluids suggests that the electron
attachment in ZnO–C18 nanofluids is larger than in the base mineral
oil.

The obtained increment of batt when ZnO–C18 nanoparticles are
present should be explained by the mathematical model of the nano-
particle electron scavenging presented in [54,55]. In order to investigate
this, the next section revisits that mathematical model for the case of
ZnO–C18 nanoparticles. The electron scavenging rate predicted by
that model is compared with the electron attachment rate here mod-
elled through equation 3.13.

4.3 Evaluation of the electron

scavenging analytical model

Recall the electron scavenging process as detailed in the first paragraph
of section 2.1. Quasi-free electrons from the mineral oil drift towards
the nanoparticle under the action of the electric field E, electrically
charging the nanoparticle over time. The charging rate dQ(t)/dt of a
nanoparticle is modelled in [54, 55] as

dQ(t)
dt

=
3Qs

τpcA(t)

[

Q(t)
Qs

−
A(t)

3

]2

. (4.1)
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Qs is the electron saturation charge for the nanoparticle, and it is
defined as

Qs = 12πǫoilR
2E, (4.2)

where ǫoil is the electric permittivity of the mineral oil and R is the
radius of the nanoparticle. τpc is the time constant for nanoparticle
charging defined as

τpc =
4ǫoil

eneµe

, (4.3)

where e is the elementary charge, ne is the number density of quasi-free
electrons, and µe = 1 × 10−4 m2V−1s−1 is the mobility of electrons in
the mineral oil. The variable A(t) is defined as

A(t) = 1 + 2
ǫnp − ǫoil

2ǫoil + ǫnp

exp
(

−
t

tr

)

+ 2
σnp − σoil

2σoil + σnp

[

1 − exp
(

−
t

tr

)]

,

(4.4)
where ǫnp is the electric permittivity of the nanoparticle. σoil and σnp

are the electric conductivity of the oil and the nanoparticle, respec-
tively. τr is the charge relaxation time constant defined as:

τr =
2ǫoil + ǫnp

2σoil + σnp

. (4.5)

In the case of a ZnO nanoparticle, τr ≈ 10 ps [55], which is signifi-
cantly lower than the time scales relevant to the electric conduction pro-
cesses in mineral oil (as reported in Paper II), rendering exp (−t/tr) ≈ 0
in equation 4.4. Furthermore, the electrical conductivity σnp of ZnO
is more than 10 orders of magnitude larger than σoil [55], rendering
A(t) = 3. According to [54, 55], these values indicate that the charg-
ing dynamics of a ZnO nanoparticle in mineral oil can be treated as
that of a perfectly conductive nanoparticle. In such case, a nanopar-
ticle charges over time with an associated attachment time constant
τnp = 2 ns.

Finally, the rate of electron scavenging from the base oil caused by
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conductive nanoparticles modelled in [54, 55] can be written1 as

Sscv =
ne

τnp

[

1 − H
(

Qs

Voil

− e nnp

)]

, (4.6)

where Voil is the volume of the liquid that contains one nanoparti-
cle, nnp is the number density of charged nanoparticles, and H is the
Heaviside step function. Consequently, the maximum rate of electron
scavenging according to [54, 55] is ne/τnp. This maximum rate of elec-
tron scavenging can be directly compared to the rate of electron at-
tachment (mattE + batt)µeEne used here in the EHD model (equation
3.12). Since these rates depend linearly on ne, the comparison is made
between 1/τnp and (mattE + batt)µeE. Figure 4.2 shows these rates as
a function of electric field2. Observe that the rate used in the EHD
model for ZnO–C18 nanofluids is larger than the rate for mineral oil.
However, the rate 1/τnp is negligible compared to the rates used in the
EHD model. Therefore, the electron scavenging as proposed in [54,55]
cannot explain the increments on the attachment rate introduced by
the nanoparticles as observed in the measured conduction currents in
the nanofluid. Moreover, the model of [54,55] would predict that nano-
particles have no effect at all on the electric conduction of Nytro 10X,
since the rate 1/τnp there used is negligible compared to the rate of
mineral oil, as observed in Figure 4.2.

Interestingly, numerical models described in the literature predict a
significant effect on the conduction processes when the nanoparticles’
electron scavenging rate ne/τnp is used (e.g. [54,55,82]). In those mod-
els, the electron attachment rate of the base oil is modelled as ne/τatt,
where τatt is the attachment time constant defined as τatt = 200 ns.
Under such assumption, the scavenging rate ne/τnp = ne/(2 ns) is
two orders of magnitude larger than the attachment rate ne/τatt =

1In [54, 55], nnp is the concentration of nanoparticles per unit volume. In con-
trast, nnp is here used as the number density of charged nanoparticles.

2The lower limit of E is set to 1 × 108 V/m since the electrons are not likely
to be generated in the mineral oil with lower electric fields (Papers II and III).
Similarly, the upper limit of E is set to 50×108 V/m since streamer inception takes
place at lower electric field with the needle used (Paper I).
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Figure 4.2: Rate of electron attachment as represented in the EHD
model used in this thesis for ZnO–C18 nanofluids (EHD model of
nanofluids) and for mineral oil (EHD model of mineral oil), compared
with the rate of electron scavenging (1/τnp) as suggested in [54, 55].

ne/(200 ns). It follows that the electron scavenging due to nanoparti-
cles dominate over the electron attachment process of the base oil, and
the conduction processes are greatly affected [54, 55]. However, the
attachment rate ne/τatt is an unrealistic representation of the electron
attachment in the base oil, as discussed in Paper II and in [61]. When
equation 3.12 is used instead, the electron attachment rate of mineral
oil is at least four orders of magnitude larger than ne/τatt, render-
ing negligible the electron scavenging rate ne/τnp proposed in [54, 55].
Since the EHD model predicts accurately the currents measured with
and without nanoparticles (Papers II and III), there is more confidence
on the estimation of the attachment processes with equation 3.12 than
with ne/τatt or ne/τnp.
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4.4 What’s wrong with the existing

scavenging model for nanoparticles?

ZnO–C18 nanoparticles scavenge electrons, but the analytical model
proposed in [54, 55] fails to explain the results obtained in Paper III.
In [54, 55], the analytical solution of the charging dynamics of a nano-
particle was downgraded to a time constant τnp, loosing its natural de-
pendence upon the parameters of the mineral oil and the nanoparticles.
As a consequence, the electron scavenging rate ne/τnp used in [54, 55]
does not depend on critical parameters of the nanofluids, such as the
concentration and composition of the nanoparticles. A more appropri-
ate expression can be derived in the following way.

Recall the charging rate dQ(t)/dt of a nanoparticle defined in equa-
tion 4.1. Since the variable A(t) = 3 for a ZnO nanoparticle,

dQ(t)
dt

=
Qs

τpc

(

Q

Qs

− 1

)2

. (4.7)

This is the charging rate of a single nanoparticle [54,55]. The electron
charging rate of nanoparticles in the mineral oil per unit volume is then
[dQ(t)/dt] /Voil, where Voil is the volume of the liquid that contains only
one nanoparticle. Voil can be defined as Voil = (4/3)πR3/kv, where R is
the radius of the nanoparticle, and kv is the volumetric concentration
of nanoparticles in the mineral oil. kv can be defined as kv = kmρoilρ

−1
np ,

where km is the mass fraction of nanoparticles and ρoil and ρnp are the
volumetric mass densities of mineral oil and nanoparticles.

Therefore, the number density of electrons scavenged by nanopar-
ticles per unit time Snp is

Snp =
1

eVoil

dQ(t)
dt

=
3Qskmρoil

4πeR3ρnpτpc

(

Q

Qs

− 1

)2

. (4.8)

Observe that this expression depends on the charge Q of a single
nanoparticle. However, the number density of charged nanoparticles
nnp is defined as

nnp =
1
e

Q

Voil

, (4.9)
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and therefore

Q =
4πeR3ρnpnnp

3kmρoil

. (4.10)

Substituting equations 4.10, 4.2 and 4.3 in equation 4.8, it is found
that

Snp =
9 km ρoil ne µe E

4 R ρnp

(

eR ρnp nnp

9 km ρoil ǫoilE
− 1

)2

. (4.11)

The expression between parenthesis in 4.11 sets a condition of the max-
imum value nnp, i.e.

nnp ≤
9 km ρoil ǫoil E

R e ρnp

. (4.12)

When nnp reaches its maximum value, Snp = 0 and no further attach-
ment occurs3.

The electron attachment rate in a ZnO–C18 nanofluid is then the
result of adding Snp to the attachment rate of the base oil. Figure 4.3
shows the electron attachment rate calculated in this way (Snp + EHD
model of mineral oil) compared to the rate used in the EHD model
for ZnO–C18 nanofluid (EHD model of nanofluid)4. Observe the good
agreement between the rates when Snp is used. In order to obtain these
results, R = 10 nm, ǫoil = 2.2ǫr, ρnp = 5610 kg/m3, km = 3%, and nnp

is assumed to be well below its limit defined by equation 4.12. Observe
that nanoparticles are assumed to be heavily concentrated in front of
the tip (km = 3.7 wt%), as assumed also in section 4.2. Even though
this assumption leads to good agreement between the simulation and
the measurements, its validity has to be further investigated.

3This is equivalent to say that once a nanoparticle is charged, it cannot scavenge
more electrons. This is mathematically written as Q(t) < Qs, which leads again to
equation 4.12.

4Since these expressions depend linearly on ne, they are evaluated when ne = 1,
as done in the previous section.
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Figure 4.3: Rate of electron attachment as represented in the EHD
model used in this thesis for ZnO–C18 nanofluids (EHD model of
nanofluids), compared with the total electron attachment rate caused
by electron scavenging of nanoparticles according to equation 4.11
summed with the electron attachment for mineral oil used in the EHD
model (Snp + EHD model of mineral oil).

4.5 Conduction just before negative

streamer inception in ZnO–C18

nanofluids

In the previous sections, the EHD model has been used to reproduce
the steady state conduction processes of ZnO–C18 nanofluids in the
absence of streamers. The EHD model is here used in this section
to reproduce the conduction processes in mineral oil and ZnO–C18

nanofluids that take place during the negative streamer inception ex-
periments presented in Paper I (Paper III). For this, the experimental
conditions described in Paper I are simulated in the EHD model. The
needle-sphere electrode configuration of Figure 2.1 is modelled with
an electrode gap distance dgap = 4.5 mm and a needle with tip radius
Rtip = 225 nm. Also, the parameters used in previous sections to model
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the conduction processes in mineral oil and ZnO–C18 nanofluids are
here used. In Paper I, it was observed that there is no appreciable dif-
ference in the V50% between the ZnO–C18nanofluids with respect to the
mass fraction concentration of nanoparticles. Therefore, the analysis is
here made only for one of the nanofluids. Finally, the high voltage mi-
crosecond ramp shown in Figure 2.2 is applied to the sphere electrode
and the needle electrode is held to ground. The simulation is run until
the applied voltage reaches the voltage V50% at which there is a 50%
probability of negative streamer inception5. The simulations results
just before streamer inception are used to discuss the electric fields at
the tip of the needle, the electric conduction currents predicted by the
model, and the possibility of liquid boiling.

Effect of ZnO–C18 nanoparticles on the electric

field at the tip of the needle

In the literature, the electric field is generally used as a criterion of
streamer inception and development in dielectric liquids [2, 4]. Figure
4.4 shows the simulated laplacian and total electric fields at the tip
of the needle for mineral oil and ZnO–C18 nanofluids. A secondary
axis at the top of the figure reports the simulation time. The V50% of
mineral oil and ZnO–C18 are also shown.

Observe in Figure 4.4 that just before streamer inception in min-
eral oil, the electric field at the tip of the needle Etip is larger than the
laplacian electric field. This field enhancement is caused by the electron
impact ionization that produces a positive space charge accumulating
in the close proximity to the negative tip. A similar situation occurs
only momentarily for ZnO–C18 nanofluids. At an applied voltage of
Vapp = 2 kV, positive ions produced by electron impact ionization ac-
cumulate in front of the needle, and thus Etip is enhanced compared
to the laplacian field. However, the ZnO–C18 nanoparticles scavenge
electrons producing a negative space charge that becomes dominant

5A brief presentation of the concept of V50% can be found in the introduction of
this thesis. The results of the measured V50% in mineral oil and ZnO–C18 nanofluids
are detailed in Paper I.
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Figure 4.4: Electric field Etip at the tip of the needle before negative
streamer inception in mineral oil with and without ZnO–C18 nano-
particles. Rtip = 225 nm and dgap = 4.5 mm.

within fractions of microseconds. This negative space charge shields
electrostatically the needle, and therefore Etip becomes lower than the
laplacian field during the remaining time of the experiment.

These findings suggest an additional explanation to the measured
improvements on the V50% of negative streamers when ZnO–C18 nano-
particles are used. The increments of both charge generation and
attachment processes under the presence of ZnO–C18 nanoparticles
(as discussed in sections 4.2 and 4.3) produce a dense negative space
charge that electrostatically shields the needle reducing its electric field.
Larger voltages are then required in order to incept streamers when
ZnO–C18 nanoparticles are present.

On the electric currents under microsecond

transient conditions

The electric currents predicted by the EHD model are next examined.
Figure 4.5 shows the simulated electric currents for mineral oil and
ZnO–C18 nanofluid before negative streamer inception. A strong el-
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bow on the estimated currents in the nanofluid is observed when the
voltage is about 1.7 kV. This bending on the currents is caused by the
negative space charge that shields the needle electrode, as discussed be-
fore. The V50% in mineral oil and ZnO–C18 nanofluids are also shown.
The estimated value of the currents at the V50% in mineral oil and
ZnO–C18 nanofluid are 5.14 × 10−8 A and 4.9 × 10−7 A, respectively.
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Figure 4.5: Electric conduction currents with negative needle in min-
eral oil and ZnO–C18 nanofluid. The V50% is shown with horizontal
dashed lines.

Observe that streamer inception in mineral oil and ZnO–C18 nano-
fluids occurs under large conduction currents relative to the measured
currents under steady state conditions (shown in Figure 4.1). Unfor-
tunately, these currents before streamer inception cannot be measured
accurately due to sensitivity limitations of the charge measuring device
used in this thesis. The accumulated electric charge as it would be mea-
sured by the charge measuring device is shown in Figure 4.6. Observe
that the expected charge in mineral oil is well below the 0.1 pC sen-
sitivity limit of the device. Similarly, the electric charge in ZnO–C18

nanofluids can be barely detected with the device. This limitation in-
hibits the measurement of the conduction currents under microsecond
transient conditions. In order to estimate the conduction processes un-
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der microsecond transients, it is therefore required to study first the
conduction processes at larger transients or under steady state condi-
tions, and then use the obtained parameters to simulate the conduction
processes during short transients, as done in this thesis.
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Figure 4.6: Electric charge with negative needle in mineral oil and
ZnO–C18 nanofluid. The voltage at which there is a 50% probability
of streamer inception V50% is shown.

Is it likely that the liquid boils during streamer

inception?

In [9], it has been stated that conduction currents before negative
streamer inception with sharp needles (Rtip < 0.5 µm) lead to local
heating of the liquid. Despite the maximum estimated temperatures
in close proximity to the needle were beyond the boiling point of the
liquid at atmospheric pressure, no phase change took place with sharp
needles in [9]. A more rigorous analysis of the heating problem is still
needed, as pointed out in [6]. The EHD model of this thesis is here
used to shed light upon this problem. Figure 4.7 shows the total pres-
sure before negative streamer inception at the tip of the sharp needle
discussed in this section. Observe that the liquid cannot be considered
to be at atmospheric pressure at the streamer inception point, as done
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in [9]. Instead, the liquid is subject to pressures up to several thousands
atmospheres. These pressures are caused by the dielectric forces acting
on dielectric liquids [83]. In the literature, there is no phase diagram
information of the used mineral oil at such intense pressures. However,
it can be concluded that the boiling point of the liquid must be eval-
uated at pressure larger than the atmospheric pressure, as observed in
Figure 4.7.

0 1 2 3 4 5 6 7 8

Voltage [kV]

1000

2000

3000

4000

5000

6000

7000

P
re

ss
ur

e 
at

 ti
p 

[a
tm

]

 ← V50%  = 5696 V

   0 0.28 0.58 0.92  1.3 1.72 2.22  2.8 3.52

Time [µs]

Figure 4.7: Pressure at the tip of the negative needle in mineral oil
before streamer inception. The voltage at which there is a 50% prob-
ability of streamer inception V50% is shown.





Chapter 5

Conclusions and future work

5.1 Conclusions

In this thesis, several experiments and numerical models were per-
formed in order to study the dielectric strength improvement caused by
nanoparticles when added to mineral oil. The dielectric strength was
discussed with the initiation of streamers (electric discharges prelud-
ing breakdown in dielectric liquids). Furthermore, the electrohydrody-
namic (EHD) response of the mineral oil and the so-called nanofluids
(mineral oil with nanoparticles) was measured and simulated. The
following conclusions can be drawn:

• Hydrophilic nanoparticles hinder the initiation of streamers from
anode needles. Since moisture content has deleterious effect on
the dielectric strength of mineral oil, water adsorption by hy-
drophilic nanoparticles seems to be the cause explaining this im-
provement. Interestingly, the initiation of streamers from cath-
ode needles in the used mineral oil is not affected by low moisture
content. Therefore, hydrophilic nanoparticles do not render any
effect on the initiation of streamers from cathode needles.

• ZnO–C18 and MgO–C18 nanoparticles increase the measured
electric currents flowing through the nanofluid. Changes in the
electrical conductivity cannot explain this increment. Instead,

55
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the currents were explained in Paper III by enhanced electron
field emission taking place from the nanoparticles attached to
the needle surface. Despite a good agreement was obtained be-
tween measurements and simulations, further work is required in
order to validate the assumptions made.

• ZnO–C18 nanoparticles scavenge quasi-free electrons from min-
eral oil. The state of the art electrodynamic models of electron
scavenging in nanoparticles fail to explain this effect. A new ana-
lytical expression modelling this effect is here derived, and a good
agreement with experimental results is obtained.

• The electron scavenging combined with the charge injection in
mineral oil due to the presence of ZnO–C18 nanoparticles, pro-
duces a dense space charge in front of the anode needle. This
space charge electrically shields the needle. Since streamer in-
ception depends on the surface electric field of the needle, it is
proposed that ZnO–C18 nanoparticles hinder the streamer initi-
ation process by producing a dense space charge that electrically
shields the needle.

• The electrical conduction currents measured in mineral oil can
be explained by ionization of the liquid molecules of the kind of
Zener molecular ionization and electron impact ionization. How-
ever, further work must be carried out to better validate the
parameters used to model these mechanisms.

• Electron field emission is not a relevant charge injection mecha-
nism in the mineral oil used with ultra-sharp needles, contrary to
what is commonly assumed in the literature. In order to validate
the relevance of electron field emission in a liquid, experiments
must be carried out in vacuum and the liquid under same elec-
trode configuration, as done in this thesis.
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5.2 Future work

Despite nanoparticles can increase the dielectric strength of the mineral
oil, their application in equipment such as power transformers requires
further investigation such as:

• Study of the initiation and propagation of 2nd, 3rd and 4th mode
streamers in nanofluids. In most cases, first mode streamers will
not produce breakdown. Instead, breakdown is often caused by
the propagation of higher-order streamers, specially 2nd mode
streamers. Therefore, it is important to evaluate the effect of
nanoparticles in the higher-order streamers.

• Study of the effect of nanoparticles in the electrical properties of
the pressboard. Pressboard is commonly used as an insulation
material in power transformers filled with mineral oil. If nano-
particles are added to the mineral oil, it would be important to
evaluate the effect of the interaction between the nanoparticles
and the pressboard.

• Assessment of the stability of nanofluids on real life conditions.
Mineral oil within power transformers is subject to temperature
cycles, electrical discharges, chemical changes, among other de-
teriorating conditions. If nanofluids are to be used instead of
mineral oil, it is important to evaluate their long-term stability
and dielectric properties under such harsh conditions.

• Impact of nanoparticles in the condition monitoring techniques
of the mineral oil. Well stablish condition monitoring techniques,
such as dissolved gas analysis, might be affected by the presence
of nanoparticles. It is therefore important to evaluate the effect
of nanoparticles in the results of these monitoring techniques.

The electrohydrodynamic (EHD) response of dielectric liquids is
numerically and experimentally studied in this thesis. The combination
of experiments with simulations offers a promising technique that can
be used to characterized the electronic and ionic properties of dielectric
liquids. This technique can be improved with the following future work:
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• Design and implementation of experimental set-ups to measure
several properties of the liquids. The EHD numerical model here
used requires information of several properties of the liquid not
given by the manufacturers, such as electric permittivity, mobility
of ions and electrons, viscosity as function of temperature, among
others. It is therefore important to measure these properties in
standardized ways.

• Study of transition from laminar to turbulent flow of dielectric
liquids electrically stressed under needle-plane electrode config-
urations. The EHD model used in this thesis assumes that the
flow of the liquid is laminar. However, it has been suggested
in the literature that there might be a transition from laminar
to turbulent flow. In order to simulate accurately the EHD re-
sponse of the liquid, it is relevant to assess if the flow is laminar
or turbulent.

• Measurements on the EHD response of dielectric liquids. The
EHD model used in this thesis was validated against electric cur-
rent measurements. Other variables of the EHD motion, such as
the liquid’s velocity, can also be measured to further improve the
EHD model.

• Characterization of ionization processes in dielectric liquids. This
thesis proposes preliminary values for the parameters of Zener
molecular ionization and electron impact ionization processes.
These parameters can be further investigated with experiments
specifically targeted to evaluate accurately their values.
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