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1. Introduction

Engineering liquid dielectric applications in electrical apparatus is a field of study that mostly
revolves around condition monitoring, performance analysis, aging, diagnostic, and prognostic studies.
Liquid dielectrics in the power engineering domain are used for filling and impregnation purposes in
various important electrical apparatus. The potential functionalities of these liquids include: Providing
electrical insulation, acting as a coolant, and serving as a diagnostic medium. Liquid dielectrics
in electrical apparatus have a significant history and have made a remarkable journey in serving
the electrical power industry. Their effective functioning over the years has ensured reliability and
efficiency in the smooth operation of electrical grids and in ensuring safety for the equipment and
personnel in operation.

Since the inception of liquid dielectrics, they have been subjected to rigorous research for ensuring
the effectiveness in serving their functions to the industry. Over the last few decades, numerous
liquids have been used in research, which only a few have survived in terms of serving the intended
purpose successfully and consistently. Mineral insulating oils extracted from crude petroleum stock
have been put in service for a long while. However, in recent years, mineral oils have been facing
industrial and environmental critiques owing to the developments in the high voltage sector and
environmental regulations.

Researchers are making extreme efforts in introducing an appropriate replicate for the existing
oils, while several researchers are placing emphasis on modifying the existing ones while including
nanotechnology and materials research. However, the contemporary scenario pertaining to the field of
liquid dielectrics is in a transit phase in shifting the technology to meaningful and better directions,
to meet industry’s needs. Numerous research records are positive towards the usage of ester-based
biodegradable fluids. Pertaining to all these issues, this Special Issue has been organized with the title
“Engineering Dielectric Liquid Applications”, while emphasizing on electrical apparatus.

This Special Issue was focused on theoretical and practical developments, with special emphasis
on engineering problems, in using dielectric liquids in electrical equipment. The applications of new
fluids and perspectives were also of particular interest. Listed below, among others, are some the
topics of interests considered:

• The application and performance of dielectric liquids;
• Electro–hydrodynamic phenomena and related applications;
• Breakdown and pre-breakdown phenomena;
• Electrostatic charging tendency;
• Insulating liquids efficiency improvement by chemical admixtures;
• Nanofluids and synthetic/vegetable dielectric liquids;
• Measurement, monitoring and diagnostic techniques;
• Fundamental investigations and basic properties.

Energies 2018, 11, 2756; doi:10.3390/en11102756 www.mdpi.com/journal/energies1
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The topics of the Special Issue aimed at improving the knowledge on existing and new insulating
oils in satisfying the requirements of the industry while meeting health and safety regulations.
This Special Issue also aims to contribute towards gearing up the research in the application of
ester dielectric fluids in oil-filled electrical apparatus.

2. An Outlook of the Special Issue

Engineering Liquid Dielectric Applications, a Special Issue from Energies, has been successfully
organized with the support extended from the Editorial team of the Journal and the MDPI publishing
team. The average processing time of the articles was noted to be 32.16 days; this is only possible
because of the time allocated by the reviewers in reviewing the articles. We would like to thank all
reviewers for their prompt response during reviewing and revising the manuscripts. This Special
Issue has received a good response from researchers, with a remarkable geographical distribution
of papers. From the 15 submissions, 10 were accepted. The accepted papers include research from
different countries, including Canada (2), China (4), the Czech Republic (1), Germany (1), Poland
(1), and Spain (1). Working with insulating oils in the laboratory requires a lot of patience and is
exhaustive, particularly for aging studies. We would also like to thank all the researchers who made
their contribution to this Special Issue.

At the outset, acceptance and rejection of manuscripts is attributable to several criteria, with major
factors including the novelty of the work, state of the art of study, and impact of the article on the
existing literature. Importantly, the level of innovation, presentation of the work in the manuscript,
hypothesis, and interpretations of results are other factors which make an impression on the reviewers
and which may determine the inclusion of an article. Manuscripts possessing the aforementioned
features will always be treated as successful and accepted for publication, to be shared with the
scientific community. The successful and accepted papers in this Special Issue include 9 research
articles and 1 review article in the allied areas of engineering liquid dielectrics. The summary of the
articles published in this issue is discussed in the subsequent sections of this editorial.

3. A Review of the Special Issue

Qin et al. [1] experimentally investigated the influence of bubbles on the breakdown voltages of
transformer oil and oil-impregnated pressboard under 50 Hz alternating current and direct current
(DC) voltages while considering cylinder-plan, sphere-plan electrodes, and cone-plan electrodes. It is
reported that, under the influence of bubble, the breakdown voltage of the cylinder-plan electrode
dropped the most and the breakdown voltage of the cone-plan electrode dropped the least. In DC,
the decrease of the breakdown voltages of the cone-plan and sphere-plan electrodes influenced by the
bubbles were much less than that in alternative current (AC). Additionally, for the oil-impregnated
pressboard, the decrease of the breakdown voltage under DC voltage was more than that under
AC voltage.

Articles [2,3] are in the lines of modifying the properties of insulating fluids using suitable
nanoparticles. In [2], an attempt has been made by Mentlik et al. to improve the properties of the
natural ester available in the Central European region that is a rapeseed (Brassica napus seed) oil.
Authors tried to modify the properties of natural esters through percolation treatment and oxidation
inhibition by a phenolic-type inhibitor and further using titanium dioxide (TiO2) nanoparticles with
a silica surface treatment. Authors reported and enumerated the dielectric properties, including
breakdown voltage, the dissipation factor, and resistivity of natural ester by varying the concentration
of the nanoparticles. Velasco et al. [3] focused on the comparison of positive streamers in three different
systems: Mineral oil, nanofluids, and immersed dielectric solids in mineral oil. The challenges for the
simulation of the streamer in liquid dielectrics with finite-element software have been also discussed.
It is observed that the dielectric solid blocks the propagation of the streamer when it is submerged
with a horizontal orientation, thus perpendicular to the applied electric field.
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A mathematical model describing the kinetics of drying according to temperature, initial moisture,
paper weight, final moisture, and extraction rate is proposed by Betie et al. [4], based on thermogravity
analyses. The impact of moisture, weight, and temperature on the drying process has been investigated.
Authors reported a mathematical model to describe the kinetics of drying according to temperature,
initial moisture, paper weight, final moisture, and extraction rate. The amount of moisture removed at
the end of the drying process has been also demonstrated by the authors, using the proposed model.
In article [5], the effect of three different carboxylic acids on the aging of oil/paper insulation used
in power transformers has been investigated experimentally. The observations have been correlated
to the degree of polymerization. Authors concluded that present diagnostic techniques consisting of
monitoring insulation oil conditions based on the total acid number (which is used as reclamation
criterion) does not provide a true picture of the transformer condition, since this procedure cannot
distinguish between different acid types and their influences.

Experimental investigations dedicated towards the performance of natural esters have been
presented in [6,7]. Haegele et al. [6] reported the degree of inhomogeneity differences in breakdown
voltage between natural ester and mineral oils while using lightning impulses at different electrode
arrangements representing different fields in homogeneity factors and different gap distances. Authors
also envisaged different electrode and conductor arrangements reported in the literature for oil
breakdown voltage studies. Wang et al. [7] discussed the mechanisms characterizing fast and slow
streamers in vegetable oil and mineral oil, based on their calculations. The electronic properties of
typical molecules were calculated using the quantum chemistry method (B3LYP/6-31G*), based on
the density function theory. It was reported that the insulation characteristics of triolein and tristearin
are more likely to be degraded under an external electric field than those of 1-methylnaphthalene
and eicosane.

Rozga et al. [8] presented the results of the studies on negative streamer propagation in a
point-to-sphere electrode system with a pressboard barrier placed between them. Experimental
investigations have been carried out on two synthetic esters and two natural esters in comparison
to mineral oils. Based on the study, it was reported that the intensity of the discharge processes,
comparing the same voltage levels, was mostly higher when streamers developed in ester liquids.
Zhang et al. [9] studied the performance of new alternative insulating oil/paper systems based on
ester/Nomex, respectively, for high temperature applications, based on a typical loading curve on
the China Southern Power Grid. Authors evaluated the physiochemical and mechanical properties
along with the thermal index of the oil paper insulation system and reported that the considered new
oil/paper insulation system is a promising one for high thermal applications compared to mineral
oil/kraft paper insulation systems.

As discussed earlier, this Special Issue also reports on a comprehensive survey by Wang et al. [10],
considering 132 citations on existing and new insulating oils for transformer insulation technology. In
this survey, authors emphasized and highlighted the basis properties, variation in electrical properties
with aging, nanomodified insulating oils, and recent studies on the performance of mineral oil (molecular
and atomic levels). Finally, future research hotspots and notable research topics are also discussed for
the benefit of researchers.

4. Closing Remarks

Insulating materials are still the Achilles’ heel of power equipment. When this type of equipment
fails, the cause can generally be traced to insulation degradation/aging. A wide variety of types of
insulation is available, spanning all three forms of matter (solid, liquid, and gas), with sometimes
a single form involved, but often a combination of forms, such as the solid/liquid or solid/gas
forms. Liquid dielectrics are used in a wide range of power equipment, including transformers,
reactors, capacitors, etc. The contributions in this Special Issue discuss a wide range of liquid dielectric
applications relevant to engineering. Even though very interesting results have been reported,
there are still many challenges to be solved in order to meet industrial requirements. Fundamental
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studies are still needed to improve our basic understanding of the mechanisms involved in insulation
system degradation and biodegradable fluid applications in various power components connected to
power grids.

In the actual grid components, the insulation system was mostly designed to operate at normal
power frequency voltages, with occasional lightning and/or switching transients. However, in today’s
grids, with the large penetration of renewable energy sources/plug-in vehicles, the reliability of
insulation systems has to be improved. Nanotechnology is poised to play an important role in the
insulating fluid industry by enhancing the physicochemical properties.
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Abstract: In November 2017, the first ±1100 kV high-voltage direct-current power transformer in
the world, which was made by Siemens in Nurnberg, passed its type test. Meanwhile, in early
2017, a ±1000 kV ultra-high voltage (UHV) substation was officially put into operation in Tianjin,
China. These examples illustrate that the era of UHV power transmission is coming. With the
rapid increase in power transmission voltage, the performance requirements for the insulation of
power transformers are getting higher and higher. The traditional mineral oils used inside power
transformers as insulating and cooling agents are thus facing a serious challenge to meet these
requirements. In this review, the basic properties of traditional mineral insulating oil are first
introduced. Then, the variation of electrical properties such as breakdown strength, permittivity,
and conductivity during transformer operation and aging is summarized. Next, the modification of
mineral insulating oil is investigated with a focus on the influence of nanoparticles on the electrical
properties of nano-modified insulating oil. Recent studies on the performance of mineral oil at
molecular and atomic levels by molecular dynamics simulations are then described. Finally, future
research hotspots and notable research topics are discussed.

Keywords: mineral insulating oil; electrical properties; power transformer; molecular
dynamics simulation

1. Introduction

Insulating oil is widely used as an insulating medium in oil-immersed transformers, allowing the
safe and reliable transmission of electrical energy. The first insulating oil applied to transformers was
mineral oil extracted from petroleum [1]. Since the 1940s, mineral insulating oil has been widely used
in power equipment like transformers, capacitors, cables, and bushings [2].

With the development of science and technology, more and more types of transformer oil
have been developed, but mineral insulating oil is still used widely because of its low cost, good
insulating properties, low condensation point, and low viscosity. At present, the main raw materials of
mineral insulating oil are paraffin-based and naphthenic-based crude oils [3], which are composed
of hydrocarbons. The hydrocarbon components include alkanes, cycloalkanes (one-, two-, three-,
and four-membered rings), and aromatic hydrocarbons. The two main components are alkanes and
cycloalkanes [4], and the only difference between crude oils is the proportion of each component.
The specific charts showing the classification and an introduction about different types of insulating
oils can be found in reference [2].

Energies 2018, 11, 487; doi:10.3390/en11030487 www.mdpi.com/journal/energies5
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1.1. Characteristics of Naphthenic-Based Mineral Insulating Oil

The molecular structures of the main components of the naphthenic-based oils are shown in
Figure 1. Important features of naphthenic-based mineral insulating oil are summarized as follows.

 

Figure 1. Main components of naphthenic mineral insulating oil.

1.1.1. Suitable Solubility

Naphthenic-based insulating oil has moderate solubility, and can not only dissolve the oil
sludge generated from the compound actions of high temperature, electric field, moisture, and metal
catalysts, but also prevent the insulating varnish of the transformer from dissolving [5]. Because
the naphthenic-base oil can dissolve the oil sludge, it prevents the oil sludge from sticking onto the
insulating material and depositing on the circulating oil ducts and cooling fins, helping to avoid the
local overheating of the transformer winding and the rise of the transformer operation temperature,
prolonging the service life of the transformer.

1.1.2. Good Low-Temperature Properties

The low-temperature environment suitable for the use of transformer oil can be estimated from its
pour point. Because paraffinic-based oil contains more paraffin hydrocarbons, which readily crystallize
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at low temperature, than naphthenic mineral insulating oil, the fluidity of the oil decreases. If the
pour point of paraffinic-based oil is lowered through dewaxing, its cost is comparatively high, and the
pour point cannot be very low because of the restriction of degree of dewaxing. Compared with that
of paraffinic-based oil, the content of paraffin hydrocarbons in naphthenic-based transformer oil is
low, and its pour point is low without dewaxing [3]. Therefore, naphthenic-based transformer oil is
endowed with good low-temperature properties. In the case of an extreme climate with temperatures as
low as −40 ◦C, naphthenic-based transformer oil still works normally without affecting the insulation
properties of the equipment.

1.1.3. Favorable Heat Dissipation

Generally, the high-temperature viscosity of transformer oil needs to be as low as possible to
maximize the fluidity and aid heat emission. Some research data show that the kinematic viscosities
of naphthenic-based and paraffin-based transformer oils at 40 ◦C are similar. However, when the
temperature reaches 100 ◦C, the kinematic viscosity of naphthenic-based transformer oil is obviously
lower than that of the paraffin-based transformer oil. Therefore, when naphthenic-based oil is used,
the heat dissipation and cooling properties of the transformer will be better. QS2598A paraffinic-based
oil and V-35 standard naphthenic-based oil have been researched [6]. It was found that the viscosity of
naphthenic oil is much lower than that of paraffin-based crude oil when the temperature is −20–50 ◦C.
This shows that normal starting with naphthenic transformer oil is easier than that with paraffinic
transformer oil in winter after stopping [3]. Although naphthenic crude oil possesses a variety of good
performance parameters, naphthenic-based crude oil is a rare resource and only accounts for 2–3% of
the total amount of crude oil [7]. Since the petroleum crisis in the 1970s, the naphthenic-based crude oil
resource has gradually decreased [8]. In the 1980s, production of naphthenic-based crude oil rapidly
lowered to only 20% of that in 1970s [9].

1.2. Characteristics of Paraffinic-Based Transformer Oil

The molecular structures of the main components of paraffin-based oil are shown in Figure 2.
Important features of paraffin-based transformer oils are summarized as follows.

Figure 2. Main components of paraffin-based transformer oil.
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1.2.1. Suitable Density

When a transformer operates at extremely low temperature, liquid water will be generated when
any ice melts, and the breakdown voltage will be markedly lowered if liquid water flows into the
electrode region, so the emergence of floating ice should be prevented as much as possible. Data have
shown that the actual density of pure ice changes within the range of 880–920 kg/m3 at 0 ◦C and
0.1 MPa [10], therefore, the large difference between densities of the transformer oil and floating ice
can readily control the emergence of ice. The density of paraffinic oil is lower than that of naphthenic
oil at 0 and 20 ◦C [3], so paraffinic-based oil is more effective at controlling the emergence of floating
ice than naphthenic-based oil.

1.2.2. Favorable Electrical Properties

Electrical performance is an important performance index of transformer oil, and mainly includes
the breakdown voltage and dielectric loss. These two parameters are mostly affected by the moisture
content of the transformer oil, because even a small amount of moisture strongly influences the
breakdown voltage and dielectric loss. The breakdown voltages and dielectric losses of paraffinic-based
and naphthenic-based oils are almost identical, and there is no obvious difference between their
electrical properties under anhydrous conditions [3,11].

1.2.3. High Antioxidation Stability

Antioxidation stability is an important parameter reflecting the oxidation resistance of transformer
oil. The antioxidation stability of paraffinic-based oil is higher than that of naphthenic-based oil [3,12],
which means that paraffinic-based oil has a longer service life during long-term operation than
naphthenic-based oil.

The density and antioxidation stability of paraffin-based transformer oil are better than those
of naphthenic-based transformer oil. However, the solubility, low-temperature performance, and
kinematic viscosity of naphthenic-based transformer oil are better than those of paraffin-based
transformer oil. Meanwhile, there is little difference between the electrical properties of both oil
types. Overall, these two kinds of transformer oil have their own advantages and disadvantages.
However, naphthenic-based oil has superior low-temperature properties, a reasonable proportion of
alkanes, cycloalkanes, and arenes, low wax content (generally below 3%), and a complex, expensive
dewaxing process is not required. Thus, transformer insulating oil [3] has mainly been refined from
naphthenic-based crude oil.

In 2014, the State Grid Corporation of China started the ultra-high voltage (UHV) projects with
four alternating current (AC) lines and six direct current (DC) lines (ten lines in all) with a total
investment of RMB 220 billion Yuan (about 35 billion US dollars) and total length of 16,000 km.
This project passes through 16 provinces and creates a new record in the history of global power
construction. China, along with the rest of the world, is rapidly entering a UHV era. As the properties
of insulating oil and its aging by-product were proved to have close relation to the operation life of
power transformers [13–17]. The continuous rise of the voltage level of power grids and continuous
increase of loads mean that insulating materials now face unprecedented challenges.

Therefore, for power transformer oil to meet the insulation performance requirements for
UHV power transmission, scholars all over the globe are conducting numerous studies on the
modification of transformer insulating oil. In this review, studies of naphthenic mineral insulating oil
for power transformers conducted in recent decades are analyzed, and some perspectives on the new
developments of mineral insulating oil are discussed.

2. Properties of Mineral Insulating Oil

In a mineral oil-immersed transformer, the insulation system of the transformer consists of
mineral insulating oil and insulating paper. In normal operation of such a transformer, the oil-paper

8
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insulation system can be influenced by factors such as the electric field, thermal field, and force field.
The physicochemical properties of the oil-paper insulation system gradually deteriorate over time.
Therefore, these parameters can directly reflect the electrical properties of mineral insulating oil, such as
the breakdown strength, dielectric constant, and conductivity. The changes of the above parameters of
mineral insulating oil during operation of the transformer are analyzed in this section.

2.1. Breakdown Voltage of Mineral Insulating Oil

The electrical properties and thermal stability of insulating materials are closely correlated, and
the electrical properties will deteriorate as the thermal stability of the insulating material decreases.
Therefore, it is necessary to study the thermal stability of oil-paper insulation when researching
its breakdown voltage. Moisture and temperature both strongly influence the aging process of the
oil-paper insulation of transformers. Moisture severely affects the electrical properties of oil-paper
insulation, accelerating its aging and shortening its service life [18–20].

For years, a large number of scholars have investigated the formation pathway of water in
transformers and its influence on transformer performance. There are basically three states of moisture
in insulating liquids, which are the dissolved state, emulsified state, and dispersed state. The moisture
content in insulating oil can largely influence the electrical properties, that is, increase the electrical
conductivity and dissipation factor and lower the electric strength of transformer oil [21].

In 2004, Liu [22] studied the source of moisture in the transformer, evaluated the amount of water
generated through aging of the oil-paper insulation system, and derived a mathematical expression
for the relationship between the aging life and moisture content of oil-paper insulation. Chen [23]
developed an online calculation model to monitor the moisture content of mineral insulating oil based
on the neural network for online monitoring. This model can be used to determine not only the
change of the moisture content of the transformer, but also can obtain the cause of abnormal changes
of moisture content of mineral insulating oil.

In 2005, Yang [24] researched the identification of the aging degree of oil-paper insulating materials
by multivariate analysis of the statistics for diagnosis of the aging of oil-paper insulation. The aging
characteristics were measured, such as the degree of polymerization of insulation paper, furfural
content of oil, CO and CO2 contents of mineral insulating oil, acid value of mineral insulating oil,
and moisture content. The aging properties of different insulation combinations were systematically
compared and analyzed, and the correlation between the aging results for different insulating materials
were explored. This research showed that the insulation state of new samples can be reasonably judged
using the discrimination function.

In 2012, Liao [25] studied the effect of water on the thermal aging rate and characteristic parameters
of mineral oil-paper insulation. It was found that the moisture content and its variation affected the
furfural and acid contents in the insulation during the aging process. These results indicated that the
influence of water should be taken into account in the condition assessment and fault diagnosis of
mineral oil-paper insulation according to the traditional aging characteristic parameters of oil, such as
furfural and acid content.

Temperature and moisture synergistically act on the mineral oil-paper insulation system of
a transformer. Zhou et al. [26] derived an equation for moisture diffusion in mineral oil-paper
insulation considering Fick’s second law of diffusion, and established relevant models to characterize
the relationship between the aging state of mineral oil-paper insulation and the moisture content.
They then studied the effect of various moisture contents on mineral oil-paper insulation at different
temperatures. Distribution curves of the change of the moisture concentration with the thickness of the
insulating paper at different times were measured, and the average moisture concentration in insulation
paper was obtained through an integral computation of these distribution curves. The relationship
between the breakdown voltage and water content of mineral insulating oil is shown in Figure 3.
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Figure 3. Relationship between the breakdown strength and moisture content of mineral insulating oil.

The thermal aging rate of mineral oil-paper insulation with different temperatures and moisture
contents has been studied [25]. A strong positive correlation was found for the fluctuation amplitudes
of moisture in oil and moisture in paper, and the relationship between overall fluctuation trends of
these two parameters was consistent with the initial moisture content. The moisture content and its
changes can affect the variation of the contents of furfural, acid, and other products during aging. When
accelerated thermal aging was carried out for oil-paper insulation samples at different temperatures,
it was found that the oil type was the main factor affecting the moisture content of the mineral oil.

When the mineral oil-paper insulation system is affected by moisture, the insulating material will
degrade over time, the dielectric loss of the oil paper will be increased, the insulation resistance will be
lowered, and the operation life of the equipment will be seriously affected. As the moisture content
of mineral oil increases, its breakdown voltage rapidly decreases. Over time, the breakdown voltage
of the insulating oil will lower, and especially after medium-term aging, the rate of the breakdown
voltage decrease accelerates [27–33].

The power frequency breakdown voltage of the Karamay No. 25 transformer oil from the
China Petroleum Chemical Co. was tested according to a standard insulation oil breakdown voltage
measurement method [34]. This test revealed that the breakdown voltage of No. 25 transformer oil
decreased obviously with increasing water content of the transformer oil. When the water content was
more than 40 mg/kg, the breakdown voltage of the Karamay No. 25 transformer oil was close to 35 kV,
which is the minimum national standard requirement for transformer oil in China.

Besides moisture, the acid generated during aging of insulating paper will enter into the insulating
oil, and affect its properties. The acid has a negative influence on the safe operation of the transformer.
The acid in the transformer oil may erode the metal parts in the transformer, and then the new material
generated can accelerate the oxidation of the insulating oil [35,36].

Research has shown that oil type is the main factor affecting the acid content during oil aging, and
the acid content of a mixture of vegetable and mineral oils is greater than that of ordinary transformer
oil. When plenty of acid and water have accumulated in an insulation system, a synergistic effect of
acid and water accelerates the aging of mineral oil-paper insulation. The accelerated aging effect of
the acid on the insulating paper is more obvious for acids with lower molecular weight. Therefore,
the acid content of the mineral oil-paper insulation is an important indicator to judge whether the
operation status of a transformer is normal or not.

Based on the above analysis, on one hand, the properties of mineral insulating oil are degraded
through oxidative degradation over time. On the other hand, moisture, small acid molecules, and
gases like CO and CO2 generated during thermal aging of the insulating paper will enter the mineral
insulating oil [37–40]. The structures of water, gas, and acid dissolved in the oil are shown in Figure 4.
Moisture and impurities in the oil can form a “small bridge” in a certain direction under the action
of the electric field. When the positive and negative electrodes are connected with the small bridge,
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the leakage current flowing through the small bridge will increase because of the high electrical
conductivity of water and impurities, which will lead to local overheating, vaporization of water,
and formation of air bubbles. Gases have lower relative dielectric constants and higher withstand
voltages than those of liquids, so electrical discharge will occur first in the gas in air bubbles. More
gas will be decomposed when the charged particles collide with the oil molecules, the bubble volume
will continue to increase, and the bubbles will be arranged to form small air bridges that connect the
electrodes under the action of an electric field. Oil breakdown occurs at the moment when the bridge
breaks through both electrodes [41–43].

 

Figure 4. The water, gases, acids, etc. dissolved in mineral insulating oil of transformer.

2.2. Dielectric Constant of Mineral Insulating Oil

During the actual operation of mineral insulating oil, the molecules of the mineral insulating oil
undergo physical and chemical reactions because of the influence of light, electricity, and magnetism,
to form a series of products, which strongly affect the dielectric properties of the mineral insulating oil.
Experiments using the return voltage measurement method [44], depolarizing current method [45,46],
and frequency domain dielectric spectroscopy [47–49] have revealed that the free radical chain reaction
process of autoxidation will occur in the mineral insulating oil during aging, which increases the acid
content of the mineral insulating oil. Resinous substances, oligomers, and viscous substances with
high molecular weight will be generated through further condensation reactions between acid and
alcohol species. The moisture content will increase with the amount of compounds generated by this
process, eventually leading to increased contents of oxides, alcohols, aldehydes, ketones, and acidic
compounds along with water. These species intensify intermolecular thermal motion; increase the
number of equivalent dipoles; disconnect molecular chains; weaken the cross-linking force; increase
the polarization capacity of mineral insulating oil [50]; increase kinematic viscosity, dielectric constant,
and the dielectric dissipation factor, and decrease recovery voltage. The change of these parameters
affects the dielectric properties of the mineral insulating oil.

Zhou et al. [51] developed a modified Coelho model, which introduced the current density
in the external circuit to modify the space charge polarization theory of Coelho. It brings a better
understanding of the low-frequency response in mineral insulating oil. It can also be used to explain
the dielectric behavior of traditional mineral insulating oil.
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2.3. Electrical Conductivity of Mineral Insulating Oil

Zaengl [52] and Saha [53] conducted the first research on the electrical conductivity of mineral
insulating oil. Their tests showed that the higher the electrical conductivity of mineral insulating
oil, the higher the initial value of polarization current, and the lower the electrical conductivity of
mineral insulating oil, the smaller the initial current value, which can considerably prolong the current
time decayed by index. In 2010, Ma [54] and Yang [55] measured the DC electrical conductivity of
mineral insulating oil at 90 ◦C according to the standard ‘Determination of Volume Resistivity of
Power Oils’ [56]. They found that the DC electrical conductivity of the mineral insulating oil gradually
increased during the aging process. According to their analysis, this was caused by the dissolution
of the organic acids and other substances generated through oxidative degradation of the mineral
insulating oil during the aging process. By analyzing the change of the acid content of mineral
insulating oil, Hao [49] concluded that an increased acid content of mineral insulating oil will raise the
electrical conductivity of oil products and decrease the insulation properties of the oil. During aging,
if the acid content of mineral insulating oil gradually increases, the electrical conductivity also rises,
especially during the later stage of aging. A large number of reports indicate that the conductivity of
oil increases during the aging of mineral oil-paper insulation [49,54–57].

Zhou and co-workers suggested to the characterize charge carriers in mineral insulating oil
by using the polarization and depolarization currents, and simulate the frequency response by the
calculated insulating oil conductivity [58,59].

The increase of the electrical conductivity of mineral insulating oil over time is mainly caused by
the increasing content of aging products dissolved in the mineral insulating oil, such as water, acid,
and furan compounds, during aging [60]. In addition, small particles, such as electrically insulating
particles (silica and paper), semiconducting particles (carbon), and conducting particles (copper), have
been found to have a direct relationship with the electrical conductivity of mineral insulating oil [61–63].
For example, semiconducting particles such as carbon led to markedly increased conductivity.

Our team measured the relationship between the acid content of mineral insulating oil and
electrical conductivity of the mineral oil-paper insulating system. The experimental samples were
composed of No. 25 transformer oil produced in Karamay, Xinjiang, and the insulation winding was
provided by Chongqing ABB Transformer Co., Ltd. (Chongqing, China) Both sides of the copper strip
of the winding were covered with ten layers of cellulose insulating paper with a thickness of 75 μm,
and the length and width of the winding were 12 and 2.8 cm, respectively.

The results of the experiment are presented in Figure 5. During the aging process of the mineral
oil-paper insulating system, the oleic acid content and electrical conductivity of the mineral insulating
oil increased, especially during the later stage of aging. The increase of the acid content of mineral
insulating oil will raise its conductivity and degrade its insulation performance.
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Figure 5. Relationships between the acid value, DC conductivity, and aging time of mineral
insulating oil.
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3. Modification of Mineral Insulating Oil

The above analysis reveals that temperature, moisture, and small acid molecules are the most
important factors affecting the electrical performance of mineral insulating oil. Next, methods to
improve the performance of mineral insulating oil based on the main factors leading to the decrease of
the properties of mineral insulating oil are introduced.

3.1. Modification with Nanoparticles

In 1994, the concept of a “nano-dielectric” was proposed by Lewis [64], which considers that the
properties of nanoscale dielectrics are determined by the interface between the nanoscale dielectric
and substrate material. The interface effect is an important characteristic of a nanoscale dielectric that
determines its electrical properties. In 1995, the concept of nanofluids was proposed by Choi [65].
Nanoscale additives do not easily settle in a liquid medium, their surface area is large, and their
thermal conductivity is high. As a result, these studies opened a new chapter in the modification
of mineral insulating oil. Nanoparticles are now widely used to modify mineral insulating oil and
represent a new type of material.

3.1.1. Effect of Nanoparticles on the Breakdown Voltage of Mineral Insulating Oil

The decrease of the breakdown voltage is one of the most prominent problems during the aging
of mineral insulating oil. Dariusz and Aksamit [66,67] modified new and aged mineral insulating oil
with fullerene (C60) (Figure 6), and then measured the breakdown voltage of the modified mineral
insulating oil samples. They found that the dielectric loss of the modified oil was lower, and its
breakdown voltage remained higher during the aging process.

The water content measurements of the mineral insulating oil samples showed that all the
C60-doped samples had lower water contents than those of the samples without added C60.
With increasing C60 content, the water absorption by the mineral insulating oil samples decreased.

Figure 6. Molecular structure of fullerene (C60).

Prasath et al. [68] modified mineral insulating oil with CaCu3Ti4O12 (CCTO) nanoparticles, which
have a high dielectric constant. Nano-fluids containing mineral oils with of different CCTO contents
were prepared using the ultrasonic effect. Important parameters of these nanomaterial-modified
mineral insulating oil samples (also called nanofluids) were measured according to the procedures
of ASTM (American Society for Testing and Materials) and IEC (International Electrotechnical
Commission) standards. The results showed that the AC breakdown voltage increased with the
content of CCTO nanoparticles in the mineral insulating oil. The breakdown voltages of mineral
insulating oil modified with C60 and CCTO nanoparticles are listed in Table 1.

As a semiconductor material, nano-TiO2 is widely used in the modified mineral insulating oil,
thereby increasing the breakdown voltage of the mineral insulating oil, and the molecular model of
nano-TiO2 is shown in Figure 7. When the mineral insulating oil is modified the nano-TiO2 of the
content 1% [69], the value of breakdown voltage of nano-modified mineral insulating oil rises by
1.15 and 1.43 times. For the lightning breakdown voltage, the nano-modified oil was 13.3 kV higher
than that of the mineral insulating oil. On this basis, the surfaces of the nano-TiO2 shall be modified
with octadecanoic acid [70], and then added into the mineral insulating oil, which can improve the
dialectical property of insulating oil and the breakdown voltage in AC state.
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Figure 7. The molecular model of nano-TiO2.

Wang and Raffia [71] modified mineral insulating oil with 5–40 wt % nano-TiO2, and measured
the impulse breakdown voltage of the oil samples before and after modification according to an
IEC standard. Under positive pulse conditions, at a certain concentration, the breakdown strength
increased to the maximum value firstly, and then, it began to decrease. Under negative pulse conditions,
the breakdown voltage of the samples with different nano-TiO2 concentrations was lower than that
of the unmodified mineral insulating oil. This indicates that when the content of nanoparticles is too
high, they will aggregate in the mineral insulating oil, which causes degradation of performance.

The mechanism behind the breakdown voltage increase of mineral insulating oil after nano-TiO2

modification is that the polarization of nano-TiO2 acts as an electronic trap in the electron transfer
process of electrically stressed nanofluids. In addition, the high specific surface area of the nanoparticles
have the effects of increasing the possibility of electron scattering, lowering the electronic impact energy,
and preventing oil ionization. The oil diffusion behavior and trap network are changed by the addition
of nano-TiO2, effectively lowering the mobility of carriers.

Du et al. [72] also studied the effect of nano-TiO2 on the aging performance of the mineral
insulating oil. They carried out accelerated aging testing of unmodified and nano-TiO2-modified
mineral insulating oil samples for 6 days, measuring the dielectric breakdown voltage and partial
discharge inception voltage of the samples. The partial discharge inception voltage of the modified
mineral insulating oil was 1.16 times that of the unmodified mineral insulating oil after aging, and
the breakdown voltage was up to 8 kV higher than that of the unmodified mineral insulating oil.
These results show that the dielectric breakdown voltage and partial discharge inception voltage of
mineral insulating oil can be effectively improved by modification with nano-TiO2. The above studies
illustrate that nano-TiO2 has a positive effect on the breakdown voltage of the mineral insulating oil.

SiO2 nanoparticles (denoted nano-SiO2), as shown in Figure 8, are also often used as
insulating nanoparticles to modify insulating oil. Muhammad and Li [73] added nano-SiO2 to
Karamay No. 25 mineral oil to give a volume fraction of nano-SiO2 of 20%. Their measurement
results showed that the AC breakdown voltage of the nano-SiO2-modified insulating oil was higher
than that of the unmodified mineral insulating oil, but the breakdown voltage decreased as the
humidity of samples increased.
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Figure 8. The molecular model of nano-SiO2.

Ma et al. [74] added 1 wt % nano-SiO2 to mineral insulating oil. The sample was aged of 35 days at
100 ◦C, and parameter testing was carried out every 7 days. They found that the addition of nano-SiO2

increased the breakdown voltage of mineral insulating oil during the aging process. The breakdown
voltages of mineral insulating oil modified with nano-SiO2 and nano-TiO2 are presented in Table 2.

Similarly, Al2O3 has been widely studied as an insulating nanomaterial. Ajay and Purbarun [75]
added Al2O3 particles with a size of 25–125 nm to mineral insulating oil. The effects of the concentration,
morphology, permittivity, and size of the nanoparticles on the breakdown characteristics of the
modified oil were studied.

For nonconductive nano-Al2O3, the polarization of the dielectric nanoparticles will produce a
potential trap under the influence of an external electric field, which slows down the fast-moving
electrons and converts them to negatively charged nanoparticles. Moreover, the higher mobility of
electrons will lead to the greater shielding effect of nanoparticles.

The performance of nano-Al2O3-modified insulating oil has been measured with different
electrode materials [76]. It was found that the breakdown voltage of nano-Al2O3-modified mineral
insulating oil was higher than that of the unmodified mineral insulating oil. The maximum breakdown
voltage was observed when concentration of nano-Al2O3 was 20 mg/L. The molecular structure of
nano-Al2O3 is depicted in Figure 9.

 

Figure 9. Molecular structure of nano-Al2O3.
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The average AC breakdown voltage of the Fe3O4 nanoparticle (nano-Fe3O4)-modified mineral
insulating oil with an optimal nano-Fe3O4 concentration is 1.26 times that of the unmodified oil [77],
and its average lightning breakdown voltage is 24% higher than that of the unmodified mineral
insulating oil. The performance of the natural ester and nano-Fe3O4-modified mineral insulating
oil was compared [78]. The experimental results showed that the nano-Fe3O4-modified mineral
oil exhibited better performance than a mixture of natural esters and mineral oil from the aspects
of dielectric properties and breakdown voltage. Therefore, nanofluids are considered as potential
alternatives to conventional dielectric fluids. The breakdown voltage parameters of mineral insulating
oil modified with nano-Fe3O4 and nano-Al2O3 are shown in Table 3. The molecular structure of
nano-Fe3O4 particles is illustrated in Figure 10.

The above studies show that the addition of nanomaterials to mineral insulating oil can effectively
increase its breakdown voltage. The mechanism behind this effect has been analyzed from the
angle of microelectronics. Most researchers believe that the interfacial characteristics between the
mineral insulating oil and nanoparticles play a dominant role in the space-charge transport during
the breakdown process in nanofluids [73]. The oil–nanoparticle interface contains a large number of
electronic traps, which repeatedly capture and release electrons. Such trapping lowers the electron
mobility and energy transformation, and hinders the further development of the streamer in the
electron capture and release process. In addition, both positive and negative pulse penetration tests
have revealed that the addition of nanoparticles increases the positive and negative pulse penetration
voltage of mineral insulating oil. The nanoparticles can absorb impurities in the mineral insulating oil,
which suppresses the bridging effect and increases the breakdown voltage of the mineral insulating oil.

 

Figure 10. Molecular structure of nano-Fe3O4.
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3.1.2. Effect of Nanoparticles on the Dielectric Properties of Mineral Insulating Oil

In addition to breakdown voltage, the dielectric properties are also important parameters that
reflect the electrical properties of mineral insulating oil. A study of mineral insulating oil modified
with the ceramic nanomaterials zirconia (ZrO2) and TiO2 showed that the dielectric dissipation factor
of the modified mineral insulating oil was lower than that of the unmodified mineral insulating
oil [79]. Compared with the dielectric dissipation factor of nano-ZrO2-modified mineral insulating oil,
the nano-TiO2-modified mineral insulating oil was higher. This may be because of the higher relative
permittivity of nano-TiO2 particles than that of nano-ZrO2 particles. The kinematic viscosities of the
nano-TiO2 fluids were higher than those of nano-ZrO2 because the particle size of the nano-TiO2 fillers
are larger than that of nano-ZrO2, so the fluid flow can be prevented more effectively. The molecular
structure of nano-ZrO2 is depicted in Figure 11.

 

Figure 11. The molecular model of nano-ZrO2.

A study of nano-TiO2-modified DB-No 25 mineral insulating oil showed that a new
low-frequency component (from 0.1 to 1 MHz) appeared in the dielectric frequency response of the
nano-TiO2-modified oil-paper insulating materials at different temperature and moisture contents [80].

In addition to nano-TiO2, the improvement of the dielectric properties of mineral insulating oil
induced by adding nano-SiO2 has been investigated [81]. For these nanofluids, the dielectric withstand
properties in a quasi-uniform field were enhanced when the nano-SiO2 concentration was kept at
about 0.2 g/L.

Ajay and Purbarun [75] modified mineral insulating oil with nano-Al2O3 with different particle
sizes, and then measured the electrical parameters of the samples. The results showed that the
dielectric properties increased by 69% when the content of nano-Al2O3 with a particle size of 23 nm
was 0.25 wt %.

The above experiments reveal that the smaller the radius of the nanoparticles, the more obvious
the improvement of the electrical properties of the modified mineral insulating oil. In addition,
the electrical properties of modified mineral insulating oil tend to improve with increasing
nanoparticle concentration.

3.1.3. Effect of Nanoparticles on the Thermal Stability of Mineral Insulating Oil

The internal temperature of a transformer during long-term operation is high. Therefore, mineral
insulating oil needs to possess high thermal stability. Mineral insulating oil has been modified through
the addition of boron nitride nanoparticles (nano-BN), as shown in Figure 12, to raise its thermal
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stability [82]. It was found that the thermal stability of the mineral oil modified with nano-BN was
higher than that of the unmodified mineral insulating oil. When the nano-BN content was 0.1 wt %,
the thermal conductivity of the modified oil increased continuously with rising temperature, and the
increase was more than 70% when the temperature reached 27 ◦C.

 

Figure 12. The molecular model of nano-BN.

Modification of mineral insulating oil with nanodiamond (ND) and subsequent measurements
revealed that the thermal conductivity of the mineral insulating oil modified with a ND mass fraction
of 0.12% was 14.5% higher than that of the unmodified insulating oil [83]. The change in the viscosity
of the base fluid with a ND loading of up to 1% was quite small. It is noteworthy that greater
enhancements of the thermal conductivity can be achieved by designing the ND covalent surface
modifications, and optimizing the ND/base fluid solvation.

Cadena-dela et al. [84] studied the thermal properties of mineral oil-based nanofluids containing
dispersed aluminum nitride nanoparticles (nano-AlN) and nano-TiO2. Their results indicated that
the thermal transfer coefficient of mineral insulating oil can be improved and the internal heat of the
transformer can be easily dissipated through the addition of nanoparticles. When the of nano-TiO2

content was 0.01 wt %, the kinematic viscosity was the lowest (15.80 m2/s at 24 ◦C). A nano-AlN
content of was 0.01 wt % gave the lowest kinematic viscosity of 15.82 m2/s at 24 ◦C. At 40 ◦C,
the same nano-TiO2 and nano-AlN-modified samples displayed lowest kinematic viscosities of 7.21
and 7.32 m2/s, respectively. In general, the viscosity of mineral insulating oil modified with nano-TiO2

was lower than that with nano-AlN, and nano-TiO2 also improved the thermal stability of the mineral
insulating oil more than nano-AlN.

When Lv et al. [85] added nano-TiO2 to mineral insulating oil, they found that the diameter of
impurities was decreased, and the sample fluidity under a low electric field was greatly improved.
The charged nanoparticles became the major transmission factors and slowly floated with increasing
electrical stress because the mineral insulating molecules provided high viscous resistance.

The above analysis illustrates that the modification of mineral insulating oil with nanomaterials
can obviously enhance the three properties of power frequency breakdown, partial discharge voltage,
and positive impulse breakdown voltage. The strengthening the negative-polarity impulse breakdown
voltage is affected by the surface modification method of nanoparticles, original oil samples, and testing
method. Analysis has revealed that the addition of nanoparticles will decrease the resistivity of
mineral insulating oil and increase its dielectric loss angle [86]. Typical dielectric properties of mineral
insulating oil and nanofluids are listed in Table 4.
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Table 4. Typical dielectric properties of mineral insulating oil and nanofluids.

Oils Resistivity (Ω·m) tan δ Relative Permittivity (εr)

Pure oil 1.41 × 1012 0.008 2.19
Fe3O4 nanofluids 2.05 × 1010 0.360 2.35
TiO2 nanofluids 2.53 × 1010 0.488 2.90

Al2O3 nanofluids 2.56 × 1011 0.046 2.27

3.2. Modification of Non-Nanoparticles

The limited availability of petroleum resources and increasingly serious environmental problems
drive the search for alternatives to mineral insulating oil. Natural esters are considered an attractive
green alternative to mineral insulating oil [1,87], and mixtures composed of natural esters and mineral
insulating oil have become a research interest. In 2002, Fofana et al. [21] studied the electrical and
physicochemical properties of mixtures of natural esters and mineral insulating oil with different
proportions. They found that when the natural ester content was less than 20%, all the electrical
and physical properties of the mixtures were better than those of the traditional transformer mineral
insulating oil. When the ester content exceeded 50%, the density and viscosity exceeded the standard
limits. During determination of the mass of mineral insulating oil, the density is generally not
important; however, it does become important at lower temperature. Addition of natural esters to
mineral insulating oil helps to suppress gasification under local thermal stress. In 2009, Liao et al. [30]
found that natural esters display high water saturation, and can help to restrain oxidation reactions of
the mixed oil when added to mineral insulating oil. However, the viscosity of natural esters is high,
so an excessive content of natural esters will enhance the viscosity of the mixed oil. This conclusion is
consistent with the results of Fofana et al. [21], who also researched the electrical, physicochemical,
and degradation properties of mixtures of mineral insulating oil with natural esters (olive oil) with
different components. They found that hydrolysis of the natural esters increased the acid content of the
mineral insulating oil and decreased the breakdown voltage of the mixed oil. The oxidation stability of
mineral insulating oil can be effectively improved by using an appropriate proportion of natural esters
to mineral insulating oil and adding an antioxidant.

Test results have indicated that the biodegradability of mixed insulating oils is higher than that of
mineral insulating oil and more environmentally benign. For example, Yusnida et al. [88] added palm
oil to mineral insulating oil and researched the breakdown characteristics of the mixtures with different
contents of palm oil. It was found that when the content of palm oil was less than 20%, the breakdown
strength of the mixed oil decreased with increasing palm oil content. When the palm oil content was
more than 20%, the breakdown strength of mixed oil increased with the palm oil content. When the
content of palm oil was 80%, the maximum breakdown strength of 87 kV was observed. Moreover,
the kinematic viscosity of the mixed oil at 40 ◦C rose with increasing palm oil content.

Rapp et al. [89] found that natural esters have a high affinity for water, and will allow more water
to be transferred from the cellulose paper to the natural ester liquid. At the same time, the natural
esters will consume the moisture in the fluid through hydrolysis and allow the moisture to reach
a steady dynamic equilibrium between the cellulose paper and esters. However, free fatty acids
are produced as secondary reactants of ester exchange reactions during the hydrolysis, which can
change the structure of cellulose and degrade the electrical properties of the cellulose paper. In 2010,
Liao et al. [90] found that the anti-aging ability of mixed oil-paper insulation with natural esters added
to the mineral insulating oil was superior to that of mineral oil-paper insulation. The reason for this is
that the natural esters in the mixed oil-paper insulation form stable hydrogen bonds with moisture and
acid molecules, and weaken the synergistic hazardous effect of moisture and acid on the insulating
paper. At the same time, the esterification of hydroxyl and fatty acids in insulating paper cellulose
can inhibit the aging of the insulation paper [91]. In addition, the thermal cracking rate of the mixed
oil-paper insulation was lower than that of mineral insulating oil-paper insulation.
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In 2011, Liao et al. [92] pointed out that the main reason for the considerable inhibitory effect of
mixed oil on the aging rate of oil-paper insulation is that the aged insulation paper generates new ester
groups. These ester groups inhibit insulating paper thermal aging. The content of aldehyde groups
generated during aging of mixed oil-paper insulation is lower than that generated in the mineral
oil-paper insulation. It was found that the mixed oil can restrain its own oxidation and the degradation
rate of the insulating paper, and also improve the thermal stability of mineral insulating oil-paper
insulation systems [93]. Studies on the thermal aging of mixed oils with natural esters have revealed
that the water and acid values of the mixed oil-paper insulation are higher than those of the mineral
insulating oil-paper insulation, and the mixed oil-paper insulation has a higher breakdown voltage
than that of the mineral oil-paper insulation [94].

In summary, natural esters possess the advantages of high flash point and ignition point, good
electrical properties, high biodegradability, and high abundance and have thus been widely used as
insulating materials. However, the kinematic viscosity of most natural ester fluids is high, which will
adversely affect the heat emission of a transformer when used as insulating oil. In addition, the acid
content of natural esters after aging is higher than that of traditional mineral insulating oil, affecting
the performance of mineral insulating oil-paper insulation. When natural esters are added to mineral
insulating oil, the natural esters and the aged insulation paper undergo chemical reactions to form
ester groups, and restrain the aging of the oil-paper insulation system and prolongs the service life
of the mineral insulating oil-paper insulation. Therefore, the appropriate proportions of mineral
insulating oil and natural esters can realize mixed oils that possess the complementary advantages of
both materials.

4. Application of Computer Simulation Technology

In 1901, Gibbs introduced the concept of an ensemble [95], which led to a big step forward in
molecular calculations based on statistical mechanics. In 1947, the creation of electronic computers
made large-scale scientific calculation possible. Since then, computational molecular science has
developed rapidly and is now widely used in many fields, like chemical engineering, material
engineering, pharmaceutical engineering, and life sciences, because of its great potential and
strength [96]. Computer-based molecular simulations are usually conducted by one of two methods:
the Monte Carlo method (MC) [97] or the molecular dynamics (MD) method [98], although quantum
mechanics and molecular mechanics methods also exist [99–103]. Although there has been almost
no change of the central algorithm of molecular simulation since the 1950s, the constant update of
optimization algorithms means that the efficiency of molecular simulation is continuously improving.

The dynamic properties simulated by MD calculations have been widely used in materials and
life sciences. The interaction modes and energies of molecules, atoms, or ions; energy components
like bond energy and angle energy; gyration radius; tension; pressure; volume; and cell parameters
can be calculated for multimolecular, macromolecular, and solution systems. Through the analysis
of MD calculation results, the radial distribution function (RDF), mean square displacement (MSD)
and fluctuation analysis results can be obtained. As a result, the stacking properties, orientation,
compression properties, and phase transition properties of materials and systems can be acquired.

In recent years, the concept of high-voltage engineering calculations has been developed. In this
research category, the quantitative analytical techniques used in many interdisciplinary subjects
including electrical science, quantum mechanics, material physics, and computational chemistry are
integrated. Numerical simulation and analysis can be carried out to investigate scientific and technical
problems in high voltage engineering using electronic computers and the discrete numerical method,
forming new interdisciplinary branches [104].

Molecular simulation technology can provide basic methodology and quantitative analysis
methods to reveal the microphysical and chemical properties of electrical insulation, resolving the
insulation degradation and destruction mechanism of power equipment. According to the development
status of high-voltage and insulation technology, the computer simulation methods of multiphysics
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numerical simulation and electromagnetic transient analysis are combined to achieve effective
theoretical support for high-voltage engineering practice. In recent years, great success has been
obtained in the study of the performance of mineral oil-paper insulation systems at molecular and
atomic levels using molecular simulation.

4.1. Molecular Simulation of Water and Acid in Oil Paper Insulation System

In 2007, Lu [105] studied the effects of water and acid on mineral oil-paper insulation systems by
simulations using the Condensed-phase Optimized Molecular Potential for Atomistic Simulation
Studies (COMPASS) force field. In 2009, Liang [29] researched the anti-aging performance of
transformer oil and the effect of the insulating paper on thermal aging. It was found that the
ester exchange reaction between the polymer acid and cellulose in the mixed oil and hydrogen
bonds generated between the ketonic oxygen atoms of the esters and water molecules provided joint
anti-aging ability. The degradation rate of the insulating paper in the mixed oil was obviously
slower than that of the insulating paper in mineral insulating oil. The biological degradability
of environmentally friendly anti-aging transformer oil and thermal aging properties of oil-paper
insulation have been researched [106]. The binding of environmentally friendly anti-aging oil with
water molecules is stronger than that of mineral oil, the aging of mixed oil is obviously slower than
that of mineral insulating oil, and the polymerization degree of mixed oil-impregnated insulating
paper is obviously higher than that mineral oil-impregnated insulating paper.

In 2010, Liao et al. [90] investigated the effects of water and acid on thermal aging of mineral
insulating oil-cellulose insulating paper and mixed oil–cellulose insulating paper. Their results showed
that the anti-aging ability of the mixed oil–insulation paper was superior to that of the mineral
insulating oil-paper; the natural esters in the mixed oil-paper system containing water and acid can
form stable hydrogen bonds, which suppress the synergistic hazardous effect of moisture and acid
on the insulating paper. In the mixed oil-paper insulation system, the esterification of hydroxyl and
fatty acids in the insulating paper cellulose inhibited the aging of the insulation paper. The group
found that the molecular conformations of oil on different surfaces of the cellulose were varied through
analysis of the mutual interactions between the mineral insulating oil-paper insulation materials.
The conformation of oil molecules and cellulose molecules at the interface of an amorphous region is
shown in Figure 13. The diffusion of moisture in the paper was obstructed because of the change of
mineral insulating oil density at the surface of the cellulose crystal; this phenomenon will accelerate the
diffusion of moisture in the paper [107]. Then same group then researched the effect of initial moisture
content on the thermal properties of mineral oil-paper insulation [108]. Their results showed that the
diffusion capacity of furfural and small acid molecules obviously decreased with increasing moisture
content. This is because moisture, furfural, and small acid molecules generate stable hydrogen bonds.
At the same time, the interaction energy is changed because of the polarity of these species.

 

Figure 13. Simulated conformation of oil and cellulose molecules in the cellulose amorphous region at
an oil-paper interface.
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4.2. Molecular Simulation of Thermal Cracking

The pyrolysis of mineral insulating oil is one of its main types of degradation when internal
insulation defects occur in transformers. Molecular simulation is an important tool to study microscopic
mechanisms. The pyrolysis mechanism of mineral oil-paper insulation systems has been studied by
molecular simulation in recent years. The results provide potential guiding value to further understand
the cracking process of oil-paper insulation systems and evaluate the insulation life of the transformer
after overheating defects form.

In order to research the generative mechanisms associated with the pyrolysis of triglycerides,
Zhang et al. [109] carried out 500 ps MD simulations on a tripalmitin model by using a reactive force
field (ReaxFF) at 1500 and 2000 K. In 2016, Zhang [110] used a molecular simulation method based on
ReaxFF to study the microcosmic mechanism of the pyrolysis process of mineral oil-paper insulation,
and clarified the initial cracking mechanism of the insulating paper and the formation mechanism
of the main products through the mutual verification of theories and experiments; meanwhile, the
micro dynamic mechanism of the thermal cracking of insulating paper was studied at the atomic level.
In 2016, Lin et al. [111] studied the reaction mechanism of thermal cracking of transformer oil through
molecular simulation, established a simulation model of mineral insulating oil molecules at different
temperatures, and studied the generation rules of gas molecules in oil during transformer pyrolysis.
The micro cracking mechanism of the three typical components of alkanes, cycloalkanes, and aromatic
hydrocarbons in transformer oil was studied using ReaxFF to determine the relationship between
temperature and the pyrolysis process. The proposed kinetic mechanism of thermal decomposition
of mineral insulating oil at the atomic level was consistent with the pyrolysis results obtained
from experiments.

In 2017, Wang et al. [4] tried to reveal the dynamic reaction mechanism at an atomic level using
the ReaxFF to simulate reactive MD of mineral insulating oil pyrolysis at high temperature and the
influence of acid in the mineral insulating oil on pyrolysis. It was found that as the temperature
rises, the cracking rate of all three reactants considered in the paper will speed up markedly and the
pyrolysis products are mainly small molecules and radicals. The reaction paths revealed that under
acidic conditions, H atom is mainly produced by the reaction between hydroxyl H in formic acid
and H in hydrocarbons, which is found to be the reason for the acceleration of pyrolysis of mineral
insulating oil by formic acid.

4.3. Molecular Simulation of Small Molecular Diffusion

The diffusion behavior of soluble materials in mineral insulating oil (including moisture
and gas molecules) and its effect on the properties of mineral oil-paper insulation has been
investigated. In particular, the diffusion behavior of small molecules in oil-paper insulation has
been considered [105,112,113]. The free volume theory has been proposed to explain the diffusion
and mass transfer phenomenon for gas in mineral insulating oil on the basis of the diffusion of gas
produced by the aging of mineral oil-paper insulation systems [105]. The free volume theory is of
great important to understand the diffusion behavior of small gas molecules in mineral insulating
oil. In other work, a microcosmic model of insulating paper and oil paper was created based on the
molecular simulation method [112]. The movement trajectory and diffusion coefficient of moisture
in this model at different temperatures was calculated through MD. The relationship between the
diffusion coefficient, free volume in the model, and movement trajectory of water molecules was
examined. The diffusion coefficient of the water molecules was obtained experimentally, which verified
the calculation results. The results obtained by the molecular simulation were 84–222% of the values of
experimental data. The microscopic mechanism of gas molecular diffusion has been analyzed through
diffusion coefficients, displacement characteristics, free volumes, and interactions [114]. The differences
in the diffusion characteristics of different gas molecules were discussed, and the factors that influence
gas molecules diffusion were compared; these results are summarized in Tables 5 and 6 (D is the
diffusion coefficient, a is the slope of the curve, R2 is the goodness of fit). Studies show that the
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diffusion coefficient of gas molecules in cellulose is lower than that in oil by one order of magnitude,
and the diffusion coefficients of the gas molecules in two insulating media are of different orders.
The free volume is the main factor that influences the gas diffusion behavior in oils, whereas the
intermolecular interaction is the main factor that influences the diffusion behavior of celluloses.

Table 5. Diffusion coefficients of gas molecules in oil (Å2/s) [114].

Parameter H2 CH4 C2H4 C2H2 C2H6 CO CO2

a 10.886 1.3875 2.7873 2.2322 2.0577 3.4631 1.6641
R2 0.9898 0.9640 0.9976 0.9848 0.9933 0.9729 0.9822
D 1.8143 0.4645 0.2773 0.3720 0.2313 0.5772 0.3429

Table 6. Diffusion coefficients of gas molecules in cellulose (Å2/s) [114].

Parameter H2 CH4 C2H4 C2H2 C2H6 CO CO2

a 0.3491 0.1893 0.0523 0.1297 0.1618 0.3158 0.2655
R2 0.8682 0.9230 0.5049 0.7766 0.8976 0.8628 0.9601
D 0.0582 0.0316 0.0087 0.0216 0.0270 0.0526 0.0443

4.4. Molecular Simulation of Nanoparticle Modification

In recent years, increasing attention has been paid to the use of nanomaterials in the oil-paper
insulation of transformers. Many studies have been conducted on nanoparticle modification as a
method to improve the performance of mineral oil-paper insulating systems, including their thermal,
mechanical, and insulating properties, and good results have been achieved.

In 2010, Christopher, A et al. [113] performed electrostatic field simulations to study the effect of
barium strontium titanate nanoparticle suspensions on the electric fields within synthetic insulating
oil. The simulations confirmed that, by adding high dielectric constant nanoparticles, the electric field
of insulating oil can be changed dramatically through charge polarization. The nanoparticles are able
to generate large electron extraction fields on the cathode surface and form paths of higher electric
field across the gap, which may help to minimize streamer propagation jitter.

Dai et al. [115] studied the dispersion stability of nanoparticles in mineral insulating oil through
MD simulation. Their results showed that nano-Al2O3 with a diameter of 18 nm forms a stable
dispersion in mineral insulating oil. In 2015, Shi et al. [116] studied the effect of nanoparticles on
the properties of mineral oil-paper composite insulation systems by conducting experiments and
simulation studies. They also compared the operating impulse breakdown voltages of the mineral
oil-paper composite insulation system with and without nanoparticles. The group developed a
model to describe fluid injection in the oil-paper system, and calculated the electric field in the
fluid injection channel along the surface, space charge, and distribution of surface charge along the
surface of the insulating paper. It was found that the voltage withstand properties of the modified
insulation paper were improved by about 10% compared with those of the unmodified insulation
paper. The surface charge density decreased from 0.020 to 0.016 C/m2 upon nanoparticle modification,
and the nanoparticles restricted the development of fluid injection in mineral insulating oil and fluid
injection along the surface, as well as improving the insulation properties of the insulating paper.
In 2015, Adil et al. [117] investigated the system’s rheological properties and diffusion coefficient, and
studied the nanocluster’s disperse and stability. The calculated viscosity of the CuO-alkane system
was 1.613 mPa s at 303 K.

Zhou et al. [118] studied the heat transfer characteristics of nanomodified mineral insulating oil.
To do this, they prepared tnano-SiO2-modified transformer oil with different nano-SiO2 concentrations,
and compared their thermal conductivity values. The results showed that the thermal conductivity
of modified mineral insulating oil will gradually increase with rising nano-SiO2 concentration.
Computational models of different kinds of nanoclusters (nano-SiO2, nano-Al2O3, and nano-ZnO) in
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mineral insulating oil fluidic systems have been constructed at the atomic molecular level to investigate
the effect of temperature on the system viscosity [119]. Simulation results showed that the viscosities
of the pure mineral insulating oil and nanofluids decrease as the increase of temperature, and the
relationship of viscosity with temperature does not change after adding nanoparticles. The viscosities
of nanofluids are higher than that of pure oil, and nano-SiO2 is the most suitable nanoparticle additive
to minimize the increase of viscosity. The viscosity of both pure and nanomodified mineral insulating
oil decreases with increasing temperature [120]. The molecular structure of nano-ZnO is shown in
Figure 14.

 

Figure 14. Molecular structure of nano-ZnO.

Moreover, the structural and dynamical properties at the water/oil interface in various systems
have been investigated by the dissipative particle dynamics simulations [121]. For all nanoparticles
used in literature, as expected, a transition from the liquid-like state to the solid-like state with the
surface density increases was observed. However, at the water/oil interface, different nanoparticles
have different contact angles, which made the results for systems containing mixtures of nanoparticles
more complex.

Shi et al. [122] performed MD simulations to study the microscopic behaviors of anionic, nonionic,
and zwitterion at an oil/water interface. Their results showed that these four kinds of surfactants
can form a stable monolayer at an oil/water interface. Possover et al. [123] pointed out that because
nanofluids have excellent thermal performance owing to their high thermal conductivity, they may
show promise as nanofluid coolants that are electrically insulating. By using equilibrium MD
simulations followed by the application of the Green-Kubo autocorrelation function, they investigated
the thermal conductivity of a BN suspension.

Riku et al. [124] performed a number of MD simulations on nonionic nanoparticle/surfactant
systems. Analysis of the results allowed the dispersive interactions of the nanoparticles and surfactants
to be related to their physical behaviors at the oil/water interfaces.

Our team studied the effect of nano-SiO2 on water diffusion and its mechanism in
naphthenic-based mineral insulating oil using the MD method. We established a model of mineral
insulating oil modified with nano-SiO2 and different moisture contents (denoted as the modified
model in Figure 15a and a model of mineral oil without nano-SiO2 (denoted as the unmodified
model, as shown in Figure 15b, and performed MD simulations to calculate the microparameters
of all the models after full relaxation. Figure 15c,d present the statistical results for the Connolly
surfaces of the modified and unmodified models, respectively. Preliminary findings indicate that in
the case of normal operation of a transformer, addition of nano-SiO2 will slow the diffusion of water
molecules in mineral insulating oil through the adsorption of water molecules in mineral oil, therefore
decreasing the probability that water molecules form a small bridge. This simulation revealed why
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the breakdown voltage of the mineral insulating oil is improved through the addition of nano-SiO2 in
macroscopic experiments.

  

  

Figure 15. Effect of water on the properties of mineral insulating oil: (a) Modified model;
(b) Unmodified model; (c) Statistical results for the Connolly surface of the model in (a); (d) Statistical
results for the Connolly surface of the model in (b).

The above examples illustrate that molecular simulation technology plays an important role in
the research of mineral insulating oil for transformers. On one hand, molecular simulation technology
can explain the appearance of macroscale phenomena, such as the influence of nanoparticles on the
viscosity of mineral insulating oil and the temperature dependence of water diffusion in mineral
insulating oil. On the other hand, molecular simulation technology provides powerful guidance on
how to further improve the performance of mineral insulating oil, such as the type of nanoparticle
added, determination of the amount added, and the components in the mixture.

5. Conclusions and Prospects

As research methods for traditional mineral oils have gradually matured, the composition, partial
aging, and cracking mechanism of mineral insulating oil were initially learned, and some factors that
affect its performance were then studied. On this basis, ways to improve the performance of mineral
insulating oil have been proposed. Even so, there are still many problems that are worth exploring,
which are summarized as follows:

(1) With the rise of the operating voltage of power grids, the requirements for the insulation,
mechanical, and heat resistance properties of transformers are also gradually increasing.
Therefore, it has become important to develop mineral oils with better performance.

(2) Because mineral insulating oil is a non-renewable resource, it will face shortage and exhaustion
issues. At the same time, in the face of growing environmental problems, the use of mineral
insulating oil will be further restricted because of its poor biodegradability and environmental
risk. Recent studies have shown that vegetable oils are completely biodegradable and
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pollution-free [125,126]. Treated plant insulating oil, such as sunflower oil, olive oil, and rapeseed
oil, has the advantages of high flash point and large dielectric permittivity, so it is a good substitute
for mineral insulating oil [127–129]. However, most vegetable oils possess high viscosity, pour
point, and acid content after aging compared with those of mineral oil. Thus, electrical and
mechanical equipment will be affected to a certain extent during long-term operation in vegetable
oil at high temperature and high pressure [130–132].

(3) The micromechanics of the discharge process of nanomodified mineral insulating oil is worth
studying. For example, the creeping process along the surface of paperboard immersed in mineral
insulating oil should be analyzed to reveal the effect of nanoparticles on the microstructure of
the mineral insulating oil-paper interface and explore the effect of nanoparticles on streamer
development at the mineral insulating oil-paper interface.

(4) The macroscopic adaptability of nanomodified mineral insulating oil needs to be investigated
further. The addition of different nanoparticles influences the improvement of the thermal
conductivity of the mineral insulating oil and its overall heat transfer efficiency. Because
the mineral oil is used as an insulating medium for the long-term operation of transformers,
its insulating, electrical, anti-aging, moisture, and stability (degree of nanoparticle agglomeration)
characteristics are all important factors that influence its performance and application.

(5) The mechanism of nanomodified mineral insulating oil and insulating paper during operation
needs to be studied further. The internal insulation of a transformer is mainly a hybrid insulation
system consisting of insulating paper and mineral insulating oil. However, there has been no
in-depth research on the influence laws and mechanism of nanoparticles on oil-paper hybrid
insulation systems. In addition, little research has been reported on the electrical properties and
stability of nanomodified oil-paper systems under the conditions of long-term electric/thermal
aging and high moisture content. The dielectric constant of oil-paper systems is changed by
the addition of nanoparticles, which greatly influences the distribution of electric field in the
transformer. However, the mechanism of this effect is currently unclear, so there is a need to
focus on the effect of nanoparticles on oil-paper hybrid insulation systems in future research.

(6) Multidisciplinary integration is a current trend to develop basic theory in mineral insulating
oil research. At the macroeconomic level, research on mineral insulating oil involves the basic
subjects of classical physics, such as classical mechanics, photonics, and electromagnetism, and at
the micro level, the research involves molecular chemistry, surface science, quantum mechanics,
and the theory of relativity. The macroscopic behavior and microscopic mechanism of mineral
insulating oil must be integrated to fully understand its characteristics.

(7) Molecular simulation technology will still play an important role in investigating the aging,
cracking, and other microscale behaviors of mineral insulating oil. The properties of mineral
insulating oil are affected by the complex internal environment of the transformer. Current
molecular simulations still require the transformer to have a specific state, so the operating
environment of the transformer cannot be completely simulated. Therefore, molecular simulation
technology needs to be further developed to better reflect the real operation environment
of mineral insulating oil in combination with multifactorial simulation. With the further
development of computer technology, especially advances in high-performance calculation,
it should be possible to build bigger and more optimized models. Faster operation has also
become a trend in the development of molecular simulation technology.
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Abstract: Bubbles will reduce the electric strength of transformer oil, and even result in the
breakdown of the insulation. This paper has studied the breakdown voltages of transformer oil and
oil-impregnated pressboard under alternating current (AC) and direct current (DC) voltages. In this
paper, three types of electrodes were applied: cylinder-plan electrodes, sphere-plan electrodes, and
cone-plan electrodes, and the breakdown voltages were measured in both no bubbles and bubbles.
The sphere-sphere electrodes were used to study the breakdown voltage of the oil-impregnated
pressboard. The results showed that under the influence of bubble, the breakdown voltage of the
cylinder-plan electrode dropped the most, and the breakdown voltage of the cone-plan electrode
dropped the least. The bubbles motion was the key factor of the breakdown. The discharge types of
the oil-impregnated pressboard were different with bubbles, and under DC, the main discharge type
was flashover along the oil-impregnated pressboard, while under AC, the main discharge type was
breakdown through the oil-impregnated pressboard.

Keywords: breakdown voltage; transformer oil; pressboard; bubbles; AC; DC

1. Introduction

Mineral transformer oil is the main dielectric liquid for engineering application, and the
oil and pressboard insulation system is widely used in high voltage electric power equipment
manufacturing [1]. High-voltage DC projects are being developed in China now [2], and the AC
and DC high voltages will be applied to the insulation of the converter transformer. The primary
insulation of the converter transformer is also oil and pressboard insulation [3]. Bubbles will decrease
the electrical strength of the oil-pressboard insulation, and will cause a partial discharge in the oil,
finally resulting in the insulation breaking down due to the accumulation of the bubbles. Therefore,
the bubbles are a key factor that affects the breakdown voltages of the oil-pressboard insulation [4].

Since the liquid discharge is so complex, there is no physical interpretation for all time and space
stages of the development of the liquid discharge [5]. There is also no absolutely pure oil in engineering.
Due to manufacturing, transportation, and other reasons, there will be some bubbles and particles
in the oil. The generation progress of moisture in the mineral oil-impregnated pressboard has been
studied previously. The oil-impregnated pressboard contains moisture, which will be released to the oil
generally and, especially under high temperatures, the moisture is released quickly from the pressboard
into the oil in the form of gas bubbles [6]. Researchers have studied the bubble-generating mechanism
in oil-pressboard insulation of transformers. Heinrichs [7] discussed gas-evolving mechanisms in
oil, pressboard, and combinations of oil and pressboard. Some models approximating the hot-spot
configuration were designed to study the critical mechanisms under conditions that were approaching
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service overloads. A maximum transformer overload temperature was recommended from the
results of this study. Kaufmann and McMillen also performed similar studies [8]. Oommen [9]
has given an initial mechanism of bubble evolution and an equation to obtain bubble evolution
temperatures. Koch and Tenbohlen [10] have studied the formation of bubbles in oil-paper insulating
systems. The results showed that bubbles greatly reduce the dielectric withstand strength of the oil.
Water accelerates the aging of the oil-paper insulation, decreases its dielectric strength, and generates
bubbles at high temperatures. The bubbles will be harmful to transformer operation if the water
content in the pressboard is above 2%. Przybylek et al. [11–13] have studied that it is easier to generate
the bubbles in ageing paper than in new paper at a high temperature. Perkasa et al. [14] have studied
the evolution of bubbles in vegetable oil-impregnated pressboard.

The behavior of bubbles plays an important role in the breakdown of the dielectrics.
Sharbaugh et al. [15] suggested that breakdown occurs in the bubbles and the bubbles may be produced
by the electronic progress. Ogata et al. [16] have found that the bubbles’ size will decrease with the
strength of the electric field, and the generation of an electrohydrodynamic (EHD) flow of the liquid will
affect not only the movement of the bubble, but also the bubble evolution mechanism. Hara et al. [17]
have studied the thermal bubble deformation and indicated that the breakdown voltages are close to
the bubble behavior with pulse voltages. Seok et al. [16] have indicated that the bubbles’ behavior was
affected by a 60 Hz electric field and pressure, and the groove generated the bubbles’ stream. In [18],
Hara and Kubuki have suggested that a partial discharge might occur in the bubble before breakdown,
if the bubble size is as large as 0.5 mm. In [19], Hara et al. have studied that the gradient force and
Maxwell stress strongly affect the bubble dynamics and bubble shape in the gap, and the electric forces
that are applied on the bubble lead to a lesser effect of the bubble on the breakdown voltage.

From the above discussion, the oil-paper insulation can generate the bubbles, which will decrease
the electrical strength of the insulation. Most studies have been aimed at the bubble-generating
mechanism and bubble behavior in the discharge of liquid nitrogen and helium, yet, there are few
breakdown characteristics of transformer oil with the bubbles. Therefore, in this work, breakdown
voltages of transformer oil and the oil-impregnated pressboard with the bubbles were studied under
50 Hz AC and positive DC power supplies.

2. Experimental Methods

2.1. Experimental System

The experimental system included the power supply (50 Hz AC and DC), oscilloscope, vacuum
test chamber, and high-speed camera, as shown in Figure 1. Where 1 is the 50 Hz power frequency
testing transformer, 2 and 5 are protected resistors, 3 is a HV diode, 4 is a HV capacitor, 6 is the
potential divider, 7 is the oscilloscope, 8 is a syringe, 9 is a bushing, 10 is the electrode system that was
immersed in the oil tank with dimensions of 35 cm × 20 cm × 20 cm, 11 is the vacuum test chamber
(the dimensions of the vacuum test chamber are 60 cm × 50 cm × 40 cm), and 12 is high-speed camera,
and the model of the high-speed camera is FASTEC-IL5, produced by Rocky Mountain High Speed,
with a frame rate of 1000 frames per second.
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Figure 1. The schematic diagram of the experimental system.
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The test oil was KI 25X transformer oil, and the main characteristics are shown in Table 1.
The size of the oil-impregnated pressboard is 50 mm × 35 mm, and the thickness of the pressboard is
1 mm. The pressboard was soaked in the oil for more than 24 h, and then the oil in the pressboard
reached the saturation state. From the Oommen curve [20], the water content of the oil-impregnated
pressboard is 6%. The size of the electrodes is shown as Figure 2, and the material of the electrodes is
brass. The distribution of the electric field will influence the bubbles’ movement, so we designed the
cone-plan electrodes to study the extremely non-uniform field, and as is known, in the transformer
insulation, a more uniform electric field is the typical one, so we select the other two electrode
systems (cylinder-plan electrodes and sphere-plan electrodes) in order to study the relative uniform
electric fields. The sphere-sphere electrodes (a typical relative uniform electric field) was used for the
investigation of the breakdown voltage of the pressboard.

  
(a) (b) 

 
(c) (d) 

Figure 2. The schematic diagram of the electrodes (mm). (a) cylinder-plan electrodes; (b) cone-plan
electrodes; (c) sphere-plan electrodes; and, (d) sphere-sphere electrodes used for the investigation of
the breakdown voltage of the pressboard.

Table 1. Characteristics of the tested oils.

Dielectric
Liquid

Moisture
(ppm)

Viscosity
(mm2/s), 40 ◦C

Flash Point
(◦C)

Tan δ (90 ◦C,
50 Hz)

Acid Number
(mg·KOH/g)

KI25X ≤40 10.13 142 0.0006 0.05

2.2. Test Method

2.2.1. The Breakdown of the Oil

The tests were carried out at a high voltage experimental hall which is about 40 m × 20 m × 6 m,
and the test method is as follows:

1. Before voltage was applied, about 7 L of initial oil was put into the electrode systems, and the
oil’s surface is 5 cm above the electrodes. After 30 min’ standing, the bubbles were injected
by a syringe at a speed of three bubbles per second, and the bubbles linked the two electrodes.
The bubbles were injected all the time until the breakdown occurred.

2. Then, AC or DC voltages were applied on the electrodes at the rate of voltage rise of 1 kV/s until
breakdown of the oil. We then waited 0.5 h.

3. We changed the oil and repeated the tests.
4. All of the discharges were recorded by the high-speed camera.
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2.2.2. The Breakdown of the Oil-Impregnated Pressboard

The sphere-sphere electrodes were selected to study the breakdown voltages of the
oil-impregnated pressboard. Before the tests, the oil-impregnated pressboard was put between the
two electrodes and we injected the oil into the electrode system. The surface of the oil is one centimeter
taller than the electrodes, so the entire discharge system was immersed in oil.

1. AC or DC voltages were applied on the electrodes and the rate of voltage rise was 1 kV/s until
breakdown. We changed the pressboard, mixed the oil, and then waited 0.5 h.

2. Using a vacuum to reduce air pressure to 100 Pa, the bubbles appeared on the oil-impregnated
pressboard. AC or DC voltages were applied to the electrodes and the rate of voltage rise was
1 kV/s until breakdown of the insulation.

3. We mixed the oil, changed the oil-impregnated pressboard, and repeated steps 1 and 2.
4. All of the discharges were recorded by the high-speed camera.

3. Results and Discussion

3.1. AC Breakdown Voltages of the Transformer Oil

From Figure 3a, the breakdown voltages of the cone-plan electrodes without bubbles are more
than the breakdown voltages of the other two types electrodes, and the breakdown voltages of the
sphere-plan electrodes are similar to the cylinder-plan electrodes. Dissado [21] and Peppas [22]
indicated that the statistical analyses were suitable for the dielectric breakdown. Based on these,
we calculated some statistics of the breakdown voltages.

  
(a) (b) 

Figure 3. The AC breakdown voltages (effective values) of the transformer oil. (a) The AC breakdown
voltages of the oil without bubbles; and, (b) the AC breakdown voltages of the oil with bubbles.

From Table 2, the average value of the breakdown voltages of the cone-plan electrodes is 60.9 kV,
the average value of the breakdown voltages of the sphere-plan electrodes is 49.9 kV, and the average
value of the breakdown voltages of the cylinder-plan electrodes is 48.8 kV.

It can be seen that the system with the most non-uniform field distribution had the greatest
withstand voltage. As it was known, the breakdown theory of the transformer oil is a discharge bridge
mechanism, and according to this theory, the breakdown voltage is determined by the formation
of the bridge. Under the most uniform field distribution, there is a corona that will disturb the
discharge bridge path, and it is more difficult to form the breakdown path than under the uniform
fields. Therefore, the cone-plan electrodes have the highest breakdown voltages.

From Figure 3b, the breakdown voltages of the cone-plan electrodes with bubbles are much more
than the breakdown voltages of the other two types of electrodes, and the breakdown voltages of the
sphere-plan electrodes are more than the cylinder-plan electrodes. The average value of the breakdown
voltages of the cone-plan electrodes is 49.4 kV, the average value of the breakdown voltages of the
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sphere-plan electrodes is 25.3 kV and the average value of the breakdown voltages of the cylinder-plan
electrodes is 18.0 kV.

Table 2. Statistics of the AC breakdown voltages (BDV).

Electrode Systems Cone-Plan Sphere-Plan Cylinder-Plan

With bubbles

Mean BDV (kV) 49.4 25.3 18
Std. Deviation (kV) 3.8 5.5 2.3

Min BDV (kV) 40 16.8 13.4
Max BDV0 (kV) 53 32.8 20.8

Without bubbles

Mean BDV (kV) 60.9 49.9 48.8
Std. Deviation (kV) 6.1 9.2 5.1

Min BDV (kV) 47 32.5 40
Max BDV (kV) 68 59 57.1

From the above, with the influence of the bubbles, the breakdown voltages of the cone-plan
electrodes have a 18.9% decrease on average; the bubbles have led to a 49.1% decrease in the value
of the average breakdown voltage for the sphere-plan electrodes; and, the bubbles have also led to
a 62.3% decrease in the value of average breakdown voltage for the cylinder-plan electrodes. The results
showed that the bubbles would decrease the breakdown voltages for all of the electrodes, and the
reduction of the cylinder-plan electrodes was the most serious. Meanwhile, the cone-plan electrodes
had the minimal effects.

The electric strength and electric field distribution affect the breakdown voltages and the
progresses of the discharge. The three electrodes have different electric distributions: the electric
fields of the cylinder-plan electrodes and the sphere-plan electrodes are more uniform than that of
the cone-plan electrodes. When the bubbles were generated from the central of the plan electrode,
and they formed a bridge that linked the two electrodes, and then the AC high voltage was applied on
the electrodes. If there was a uniform electric field between the two electrodes, there was no corona
that can disturb the bubbles bridge, and the discharge would take place in the bubbles bridge, and that
would cause the breakdown of the two electrodes. However, if there was a non-uniform electric field
between the two electrodes, then the corona would take place near the highest electric field area, which
would disturb the bubbles and the length of the bridge would get extended, then the discharge path
in the non-uniform electric field would be longer than that of the uniform electric field, the progress
of which is shown as Figure 4. The breakdown voltages of the non-uniform electric field saw a more
minor effect than that of the uniform electric field. It can be concluded that the electric field can affect
the movements of the bubbles and change the discharge path, which directly affected the breakdown
voltages of the two electrodes. Thus, the breakdown voltages of the cone-plan electrodes had a minimal
effect, and the breakdown voltages of the other two types of electrodes had more serious effects by the
bubbles. Since the uniformity of the cylinder-plan electrodes’ electric field was close to the sphere-plan
electrodes, the reductions of the breakdown voltages of the two types electrodes are close.

 

Figure 4. The bubbles of the cone-plan electrodes, where 1 are the initial bubbles; 2 are the bubbles
affected by the electric field. The left picture is the schematic diagram and the right one is the real
photo of the bubbles affected by the electric field.
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3.2. Positive DC Breakdown Voltages of the Transformer Oil

From Figure 5a, the breakdown voltages of the three types of electrodes without bubbles were
different from that of the AC conditions. From Table 3, the average value of the breakdown voltages of
the cone-plan electrodes is 45.7 kV, the average value of the breakdown voltages of the sphere-plan
electrodes is 56.7 kV, and the average value of the breakdown voltages of the cylinder-plan electrodes
is 49.5 kV.

  
(a) (b) 

Figure 5. The positive DC breakdown voltages of the transformer oil. (a) The DC breakdown voltages
of the oil without bubbles; (b) the DC breakdown voltages of the oil with bubbles.

From Figure 5b, the breakdown voltages of the cylinder-plan electrodes with bubbles are much
lower than the breakdown voltages of the other two types of electrodes, and the breakdown voltages of
the sphere-plan electrodes are close to that of the cone-plan electrodes. From Table 3, the average value
of the breakdown voltages of the cone-plan electrodes is 42.4 kV, the average value of the breakdown
voltages of the sphere-plan electrodes is 43.0 kV, and the average value of the breakdown voltages of
the cylinder-plan electrodes is 21.0 kV.

From the above, with the influence of the bubbles, the breakdown voltages of the cone-plan
electrodes have a 7.2% decrease on average; the bubbles have led to a 24.1% decrease in the value
of The average breakdown voltage for the sphere-plan electrodes; and also the bubbles have led to
a 66.9% decrease in the value of The average breakdown voltage for the cylinder-plan electrodes.
The results showed that under a DC voltage, the bubbles would also decrease the breakdown voltages
for all the electrodes, and the reduction of the cylinder-plan electrodes’ breakdown voltages were the
most serious, and the cone-plan electrodes had minimal effects. However, the sphere-plan electrodes
saw a minor reduction than that of the AC condition.

From the above, the breakdown voltages’ decrease of the cylinder-plan electrodes under positive
DC voltage were similar to that under AC voltage, however, the decreases of the breakdown voltages
of the sphere-plan and cone-plan electrodes are much smaller than those of the AC conditions.

From Section 3.1, it is can be seen that the discharge progress was influenced by the movements
of the bubbles: if the bubbles were easy to link the two electrodes, the breakdown voltage would
see a sharp decrease. Under the DC electric field, the bubbles were easy to charge, and they would
then obtain an electric force with constant direction that made the bubbles move faster than under
the AC condition. For that, the bubbles would move from the plan electrode to the other electrode
with a higher speed under the DC condition, and this progress made it difficult for the bubbles to link
the two electrodes, especially in the non-uniform electric fields, like the electric field of the cone-plan
electrodes, the existence of the corona would make the bubbles’ bridge more difficult to form.

From Figure 4, the bubbles in path 2 with high speed were easy to spread to other regions in the
oil, which would make the bubbles difficult to link the electrodes, so the breakdown voltages had
a minimal reduction, and in [15], the authors made a similar conclusion, that the strong electric field
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prevented the bubbles from flowing steadily. From Figure 6a, the central of the two electrodes formed
a uniform electric field, and there was no corona and disturbance, the bubbles would move from
the center of the plan electrode to the center of the cylinder electrode directly, like path 1, and there
was little possibility to form path 2 under the uniform electric field. From Figure 6b, the bubbles of
the sphere-plan electrodes also spread easily to other areas in the oil from the edge of the sphere, so
it was also difficult to form the bubbles to link the two electrodes, and the decrease of breakdown
voltages was minor compared to the AC condition. However, in the case of the cylinder-plan electrodes,
the decrease of the breakdown voltages under the DC condition was approximately equal to that under
the AC condition.

Table 3. Statistics of the AC breakdown voltages (BDV).

Electrode Systems Cone-Plan Sphere-Plan Cylinder-Plan

With bubbles

Mean BDV (kV) 42.4 43 21.1
Std. Deviation (kV) 2.7 6.2 4.4

Min BDV (kV) 37 30 12
Max BDV (kV) 47 49 27

Without bubbles

Mean BDV (kV) 45.7 56.7 49.5
Std. Deviation (kV) 5.7 6.3 8.0

Min BDV (kV) 36 48 39
Max BDV (kV) 42.4 43 21.1

From the above analyses, it was difficult for the bubbles to link the two electrodes in the
non-uniform electric field under the DC condition, so the breakdown voltages of the cone-plan
electrodes were minimally affected by the bubbles. However, under the force of the DC electric field,
there was little effect on the formation of the bubbles in the uniform electric field, so the descent of the
breakdown voltage of the cylinder-plan electrodes under the DC condition was approximately equal
to that under the AC condition.

 
(a) (b) 

Figure 6. The bubbles of the cylinder-plan and sphere-plan electrodes, where 1 is the initial bubbles;
2 shows the bubbles affected by the corona; (a) the bubbles of the cylinder-plan electrodes; and,
(b) the bubbles of the sphere-plan electrodes.

3.3. The Breakdown Voltages of the Oil-Impregnated Pressboard

From Figure 7a, under positive DC voltage, the breakdown voltages of the oil-impregnated
pressboard have decreased by the bubbles produced by the oil-impregnated pressboard. From Table 4,
the average value of the breakdown voltages of the oil-impregnated pressboard without bubbles was
29.5 kV, and the average breakdown voltage with bubbles was 15.1 kV. This means that with the
influence of the bubbles, the breakdown voltages of oil-impregnated pressboard have a 48.9% decrease,
on average.

From Figure 7b, under AC voltage, the breakdown voltages of the oil-impregnated pressboard
have decreased by the bubbles that are produced by the oil-impregnated pressboard. In Table 4,
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the average breakdown voltages of the oil-impregnated pressboard without bubbles was 22.1 kV,
and the average breakdown voltage with bubbles was 16.8 kV. This means that with the influence of
the bubbles, the breakdown voltages of oil-impregnated pressboard have a 25% decrease, on average.

  
(a) (b) 

Figure 7. The breakdown voltages of the oil-impregnated pressboard. (a) The DC breakdown voltages;
and (b) the AC breakdown voltages (effective values).

Table 4. Statistics of the oil-impregnated pressboard breakdown voltages (BDV).

Electrode Systems AC AC* DC

With bubbles

Mean BDV (kV) 16.6 19 15.1
Std. Deviation (kV) 4.0 3.1 3.5

Min BDV (kV) 11.3 16 8.7
Max BDV (kV) 23.5 23.5 21.5

Without bubbles

Mean BDV (kV) 22.8 28 29.5
Std. Deviation (kV) 6.6 2.3 2.9

Min BDV (kV) 13.2 29.1 25
Max BDV (kV) 30 16 33

However, it can be seen that there was a sharp decline of the breakdown voltages after about ten
discharges, in total. The breakdown voltages of the oil-impregnated pressboard with bubbles have
no obvious reduction when compared with the breakdown voltages without bubbles. Thus, the data
before the sharp decline were selected again to calculate the average breakdown voltages, shown as
AC* (in Table 4), the average value without bubbles was 28 kV, and the value with bubbles was 19.8 kV.
There was a 29.4% decrease of the average breakdown voltage under the influence of the bubbles that
were produced by the oil-impregnated pressboard.

The AC breakdown voltages showed a sharp decline after about nine or ten breakdown discharges.
The breakdown progress damaged the oil-impregnated pressboard and the oil, and some fiber, carbon,
and other products can decrease the electric strength of the oil. Under the AC condition, the breakdown
progress had multiple discharges (shown as Figure 8), and the oil and the pressboard decomposed
into other chemical compositions that would decrease the electric strength of the oil, and that the
compositions had a cumulative effect. It can be concluded that the cumulative effect in our test will
play an important role after about 10 AC breakdown discharges. On the other hand, under the DC
condition, the DC discharge only had one discharge (seen in Figure 8), and this caused slight damage
to the pressboard and the oil, and the repeated breakdown tests can change the morphology of water
in oil, which make the breakdown voltage of transformer oils increase. In [23], they reached a similar
conclusion. Thus, the DC breakdown voltages are larger for the last tests than the first.
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DC

AC

Figure 8. The breakdown progress of the cylinder-plan electrodes in the oil.

Table 5 shows the discharge forms of the oil-impregnated pressboard under the DC and AC electric
fields. The breakdown meant that when the discharge occurred, the oil impregnated pressboard was
broken down by the high voltage, and, meanwhile, the flashover meant that when the discharge
occurred, the oil-impregnated pressboard was not broken down, but the discharge occurred along
the oil-impregnated pressboard, only breaking down the bubbles and oil. From Table 5, under the
AC voltage, bubbles or no bubbles, the discharge forms were mainly breakdown, and under the DC
condition, the discharge forms with no bubbles were breakdown. However, the main discharge forms
with bubbles under the DC condition have changed into flashover.

Table 5. The discharge forms of the oil-impregnated pressboard under AC and DC electric fields.

Voltages AC DC

Test No. No Bubbles Bubbles No Bubbles Bubbles

1 Breakdown Breakdown Breakdown Flashover
2 Breakdown Breakdown Breakdown Flashover
3 Breakdown Breakdown Breakdown Flashover
4 Breakdown Breakdown Breakdown Flashover
5 Breakdown Breakdown Breakdown Flashover
6 Breakdown Flashover Breakdown Flashover
7 Breakdown Breakdown Breakdown Flashover
8 Breakdown Breakdown Breakdown Flashover
9 Breakdown Breakdown Breakdown Breakdown
10 Breakdown Breakdown Breakdown Flashover

From the above results, with the influence of bubbles, the descent of the breakdown voltages
under DC voltage was much more than that under AC voltage; this is because the main discharge
forms under DC voltage with bubbles were flashover, and that had a minor breakdown voltage.

In DC, the discharge almost takes place in the bubbles and the insulation cannot be recovered,
thus the bubble will move up to the top surface of the oil along the paper, so the discharge occurred in
the bubbles along the paper surface, and the flashover was formed. However, in AC, on one hand,
the insulation of the bubbles can be recovered after breakdown, so the discharge will be shut down
when the bubbles move toward up to the top, while, on the other hand, the oil-impregnated paper
has a greater dielectric loss and produce more heat, which will reduce the insulation strength of the
paper. Additionally, in AC, the pressboard is a complex insulation, there are oil and air in the paper,
and there will be a higher electric strength on them, thus making them easier to breakdown, but this is
not a problem in DC, and the authors in [24] share the same opinion. Therefore, the discharge form of
the pressboard is always that of breakdown in AC.

4. Conclusions

The presence of the bubble will reduce the breakdown voltages of the oil-paper insulation.
From the above discussion, the work may be concluded as follows:

In AC and DC, the bubbles decreased the breakdown voltage of the cylinder-plan electrodes the
most among the three electrodes systems, and the mean values have dropped more than 60%, whereas
the cone-plan electrodes have the least decline. That is say the bubbles have the minimum effect on the
non-uniform electric field. This is due to the movement of the bubbles and the corona will prevent the
bubbles’ discharge path. We also found that for the corona preventing the fibers and particles to form
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the bridge, in AC, the cone-plan electrodes have the largest breakdown voltages in the oil without
bubbles. In DC, the decrease of the breakdown voltages of the cone-plan and sphere-plan electrodes
influenced by the bubbles were much less than that in AC.

For the oil-impregnated pressboard, the decrease of the breakdown voltage under DC voltage was
more than that under AC voltage. In our work, the main discharge form is flashover in DC, however,
the main discharge form is breakdown through the pressboard. The phenomenon is determined by
the discharge mechanisms in DC and AC. The discharge is the single discharge in DC, which cannot
destroy the oil-paper insulation, but it can change the morphology of water in oil, and which can
cause the BDV increase. Meanwhile, the AC breakdown is a kind of multiple high intensity discharge,
which can seriously destroy the pressboard and oil, and the cumulative effect of fibrinogen degradation
products will reduce the BDV.
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Abstract: In this paper, a comparison of positive streamer diffusion propagation is carried out in three
configurations of oil transformers: mineral transformer oil, mineral oil with solid dielectric barriers,
and a nanofluid. The results have been solved using a finite-element method with a two-dimensional
(2D) axi-symmetric space dimension selected. Additionally, previous results from other research has
been reviewed to compare the results obtained. As expected, it is confirmed that the nanoparticles
improve the dielectric properties of the mineral oil. In addition, it is observed that the dielectric
solid blocks the propagation of the streamer when it is submerged with a horizontal orientation, thus
perpendicular to the applied electric field. The computer used, with four cores (each 3.4 GHz) and 16
GB of RAM, was not sufficient for performing the simulations of the models with great precision.
However, with these first models, the tendency of the dielectric behavior of the oil was obtained for
the three cases in which the streamer was acting through the transformer oil. The simulation of these
models, in the future, in a supercomputer with a high performance in terms of RAM memory may
allow us to predict, as an example, the best concentration of nanoparticles to retard the streamer
inception. Finally, other dielectric issues will be predicted using these models, such as to analyze the
advantages and drawbacks of the presence of dielectrics inside the oil transformer.

Keywords: streamer; transformer oil; nanoparticles; liquid insulation; solid insulation; Comsol

1. Introduction

Transformers are an important part of the electric power system, because they allow us to modify
the voltage of electric energy. Transformers make it possible to combine a high transport voltage
(which helps to reduce transport losses) with a low voltage in the consumption (necessary to guarantee
the safety of the users).

Electrical insulation is the main component of electrical devices such as power transformers,
power cables, engines and electric generators. In transformers, different types of insulation systems,
such as solids and liquids, which are widely used in transformers, can be found.

The most widely used dielectric liquid in power transformers is mineral oil. This is because it
has better insulating properties and a higher thermal conductivity than gaseous insulation systems

Energies 2018, 11, 361; doi:10.3390/en11020361 www.mdpi.com/journal/energies47
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[1]. In addition, it is auto-regenerated in the case of short-discharges, which means that it is not
significantly deteriorated by partial discharge (PD) activity, unlike solid insulation.

Transformer oil is occasionally submitted to abnormally high levels of electric field. If these levels
are maintained for a long enough time, it can produce ionization of the oil molecules, which can lead
to a streamer, which is a precursor of the electric arc that provokes the total dielectric breakdown of
a dielectric. Generally, the mean velocity of positive streamer propagation is about 10 times larger
than that for the negative needle in oil liquid insulation for power transformers [2]. For this reason,
positive applied voltages can lead to positive streamers with a greater risk for the insulating fluids
than negative streamers, as a result of the dielectric breakdown that occurs at lower voltage values and
with shorter breakdown times than negative streamers [3,4].

During the previous years, the properties of insulating oils have been investigated to improve
their dielectric and thermal behavior [1,5]. Lately, most research has been focused on identifying
the advantages and disadvantages of adding nanoparticles into transformer oil [6]. The oil and
nanoparticle assembly is commonly referred to as a nanofluid.

Nanotechnology is a field of sciences that is dedicated to the study, control and manipulation of
elements whose dimensions are smaller than micrometers. Therefore, it is applied to scales of atomic
and molecular level. Nanotechnology is widely used in the food, electronics or medicine industries.

Other key research aimed at improving the dielectric properties of oil focuses on the dielectric
solids submerged in the oil. Experimental tests have demonstrated that submerged dielectric solids can
facilitate or block the streamer diffusion. The present document studies the influence of dielectric solids
perpendicular to the direction of the streamer. This is because of the fact that this configuration blocks
the diffusion of the streamer, whereas the position parallel to the streamer facilitates its progress [7].

In addition to the experimental measurements, the use of finite-element software allows for a
faster advance in the study of the results obtained for the dielectric rupture of transformer oil [7,8].

O’Sullivan [8] presented his PhD thesis on the development of streamers in mineral transformer
oil. Then, Hwang [7] improved the O’Sullivan model by increasing the breakdown voltage, adding
nanoparticles and immersed solid barriers. Later, Jadidian [9] improved the propagation model of the
streamer, studied the effect of different immersed dielectrics and constructed three-dimensional (3D)
models for simulating streamer branches.

This paper focuses on the comparison of positive streamers in three different systems: mineral oil,
nanofluids and immersed dielectric solids in mineral oil. For the study of the cases mentioned
above, simulations have been implemented in Comsol Multiphysics using the electrodynamic
model developed by researchers at the Massachusetts Institute of Technology (MIT) and ABB
Corporate Research [7–9]. The geometry used for the simulations corresponded to the International
Electrotechnical Commission (IEC)-60897 [10], with a gap of 25 mm. The voltage was applied in the
form of a step with a rise time of 10 ns.

The paper is structured as follows: Section 2 explains the geometric characteristics of the tip-sphere
electrodes corresponding to the IEC-60897 [10]. Section 3 exposes the theoretical basis of the models
implemented to simulate the cases mentioned above. The results for the simulations obtained are
shown in Section 4, the challenges for the streamer simulation are described in Section 5, and the
conclusions are presented in Section 6.

2. Oil Test Specimen

The geometry used in the realization of the simulations is included in the IEC-60897, Methods for
the determination of the lightning impulse breakdown voltage of insulating liquids [10].

The configuration consists of a cell with two electrodes. The first has a spherical tip with a radius
of between 40 and 70 μm, and the second has a spherical shape with a diameter of between 12.5 and 13
mm. The spherical electrode is connected to the ground and a potential is applied to the spherical tip
electrode. The separation between the electrodes can vary between 10 and 25 mm, and the cell must
contain around 300 mL of oil. The geometry of the simulated cell is shown in Figure 1.
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Figure 1. Geometry corresponds to International Electrotechnical Commission (IEC)-60897 [10].

3. Streamer Model

Several studies have shown that the key phenomena in the development of streamers is the direct
ionization of the oil molecules, as a result of the action of the electric field. When high levels of electric
field are reached, the ionization of the oil takes place, creating free charge carriers. Another source of
charge are the generated electrons coming from the cathode as a result of the electric field. This creates
a flow of electrons from the cathode to the anode. This flow of charges creates a conductive path called
a streamer [11].

There are different mechanisms that take place in the ionization process of transformer oil.
These methods have been studied by O’Sullivan [8] and Hwang [7], who have concluded that the
most important mechanism that participates in the ionization of the oil is the molecular ionization,
dependent on the electric field, the “field ionization”.

The models developed by O’Sullivan [8], Hwang [7], and Jadidian [9] are used as a basis for the
development of the three case studies. For modeling the streamer, Jadidian [12] used the computer
configuration shown in the first column of Table 1 at the MIT, while the configuration that has been
used in this study at Escuela Técnica Superior de Ingeniería y Diseño Industrial (ETSIDI) is that
shown in the second column. As depicted in Table 1, the MIT’s computer has approximately 12 times
more RAM than the computer used at ETSIDI, which allowed us to implement 7.2× 106 degrees of
freedom instead of 2× 106 degrees of freedom, allowing for a more accurate model and requiring
a time simulation close to 20 h, four times longer than the model implemented with the ETSIDI’s
configuration. The following sections explain the models that allowed us to perform the simulations
and the subsequent comparison of the obtained results.

Table 1. Computers used for streamer simulation in oil transformers at Massachusetts Institute of
Technology (MIT) and at Escuela Técnica Superior de Ingeniería y Diseño Industrial (ETSIDI).

Item MIT ETSIDI HP ProDesk 400 G3

Number of computers (used in parallel) 3 1
Number of cores 36 (3.4 GHz each) 4 (3.4 GHz each)

RAM 188 GB 16 GB
Degrees of freedom ≈ 7.2 × 106 ≈ 2 × 105

Time of simulation ≈ 20 h ≈ 5 h

3.1. Streamers in Mineral Transformer Oil

The equations that control the behavior and interaction between the oil particles used for the
simulations of the oil ionization and afterward the propagation of a streamer were developed by
O’Sullivan [8] and Hwang [7].
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The most widely used equation among the scientific community for modeling the field ionization
ratio is based on the Zener tunneling model [13], and the mathematical expression of the density of the
ionization field is as follows:

GI(|�E|) = e2n0α|�E|
h

exp

(
−π2m∗αΔ2

eh2|�E|

)
(1)

where �E (V/m) is the module of the electric field vector, h (m2kgs−1) is Planck’s constant, e (C) is
the charge of the electron, m∗ (kg) is the mass of the electron in the ionization proces, α (m) is the
intermolecular distance, n0 (m−3) is the density of ionizable species, and Δ (eV) is the electrical
potential needed for the molecular ionization. Jadidian [9] found that the last four above-mentioned
parameters are the most difficult to determine, because they depend on the chemical nature of the oil.

It could be said that almost all of the parameters are constant. Only the electric field is variable,
because it depends on the geometry and the applied voltage.

To model the propagation and behavior of the free charge carriers in mineral oil, continuity
equations have been used. The free charges in the oil are positive ions (Equation (2)), negative ions
(Equation (3)), and electrons (Equation (4)). At the metal-liquid interface, positive ions and electrons
are generated, but negative ions are not. Therefore, the electrons are injected from the electrode into the
liquid, generating in turn positive ions, while the generation mechanism of negative ions is different
because they are generated later by collisions, as depicted in [7,8].

∂ρp

∂t
+∇ · (ρpμp�E)− ρpρeRpe

e
− ρpρnRpn

e
= GI(|�E|) (2)

∂ρe

∂t
−∇ · (ρeμe�E) +

ρpρeRpe

e
− ρe

τa
= −GI(|�E|) (3)

∂ρn

∂t
−∇ · (ρnμn�E) +

ρpρnRpn

e
− ρe

τa
= 0 (4)

where ρp (c/m3), ρn (c/m3) and ρe (c/m3) are the space charge density of positive and negative ions
and electrons, respectively; μe (m2V−1s−1), μn (m2V−1s−1) and μp (m2V−1s−1) are the mobility of
electrons and negative and positive ions, respectively. Rpn (m3s−1) and Rpe (m3s−1) are the ion-ion
and electron-ion recombination ratios for the oil, respectively.

The three continuity equations are linked by the Poisson equation [14]. With this equation, it is
possible to relate the variation of the electrical potential to the density of free charges in the oil. The
Poisson equation is the following:

∇ · (ε1�E) = ρp + ρn + ρe (5)

where �E = −∇V and ε1 is the relative permittivity of the oil.
During the propagation of the streamer, there is heat dissipation due to the Joule effect. The oil

temperature is related to the Joule heating through the product E·J, where J (Am−2) is the total current
density. These equations are as follows:

∂T
∂t

+�v · ∇T =
1

ρl cv
(kT · ∇2T + �E ·�J) (6)

�J = (ρpμp − ρeμe − ρnμn)�E (7)

where ρl is the oil density, kT (W/mK−1) is the thermal conductivity of the oil, cv (Jkg−1K−1) is the
specific heat, T (K) is the temperature of the oil and �v = 0 (m/s) is the velocity of the oil, which
can be considered negligible because of the fact that the streamer propagation time is on the scale of
microseconds to nanoseconds.
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The values of previously mentioned parameters are set out in Table 2 [8].

Table 2. Parameters used in the simulations for oil characterization.

Symbol Parameter Value Unit

Δ Ionization electrical potential 7.1 eV
n0 Density of ionizable species 1 × 1023 m−3

α Intermolecular distance 3 × 10−10 m
e Charge of the electron −1.602 × 10−19 C

m∗ Effective mass of the electron 9.1 × 10−32 kg
Rpe, Rpn Ion-ion and electron-ion recombination ratios 1.645 × 10−17 m3s−1

μn, μp Mobility of negative and positive ions 10−9 m2V−1s−1

μe Mobility of electrons 10−4 m2V−1s−1

cv Specific heat 1.7 × 103 Jkg−1K−1

ρl Oil density 880 kgm−3

kT Thermal conductivity 0.13 W/mK−1

τa Electron attachment time constant 200 × 10−9 s
ε Vacuum permittivity 8.854 × 10−12 F/m
h Planck’s constant 6.63 × 10−34 m2kgs−1

3.2. Streamer in Nanofluid

The latest technological advances in this field have focused on improving the resistance to
rupturing and the thermal behavior of the insulation. In this section, the effect of adding nanoparticles
to the dielectric oils on the streamer formation is analyzed. These dielectrics have rupture voltages
higher than for mineral oils; this is because the electrons are attracted to the nanoparticles, remaining
attached to them and preventing their free movement [15].

In this model, it has been assumed that the nanoparticles have a perfect conductivity; when a
potential affects them, they are perfectly polarized. For this to be possible, the electrons have to be
deposited uniformly on the surface of the nanoparticle.

The effect of attracting electrons to the nanoparticle is called charge. This process takes place until
the surface is completely covered with electrons; when this happens the nanoparticle is saturated and
cannot attract more electrons. Therefore, charge only occurs in areas where the radial component of
the electric field at the surface is positive. The equation governing the charge of the nanoparticle is the
following [7]:

cos(Θ) = − Q(t)
12πε1E0R2 (8)

where ε1 (F/m) is the oil’s permittivity, E0 (V/m) is the electric field, R is the radius of the nanoparticle
and Q(t) is the time-dependent function of the nanoparticle charge. The saturation charge is given
when cos(Θ) has a value of 1; therefore the formula of saturation charge is the following [7]:

QS = −12πε1E0R2 (9)

Another important parameter to characterize the nanoparticle is the time constant. The time
constant is the time during which the nanoparticle influences the electrodynamic development of the
streamer. The equation for obtaining the time constant of the nanoparticles is the following [7]:

τnp =
4ε1

|ρe|μe
(10)

The mobility of the electrons is higher than that of the ions; therefore, the nanoparticle captures
them faster. By this fact, the nanoparticle becomes a negative charge in motion. The equation that
determines the movement of the nanoparticle in the oil is the following [7]:
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μnp =
|QS|

6πηR
(11)

where the kinetic viscosity is η = 0.002 Pa · s.
The development of the model with nanofluids is based on that described for the propagation of

streamers in mineral oil. These equations have to be slightly modified to include the influence of the
nanoparticles. The controlling equations of the model are the following [16]:

GI(|�E|) = e2n0α|�E|
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exp
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)
(12)
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∇ · (ε1�E) = ρp + ρn + ρe + ρnp (17)

∂T
∂t

+�v · ∇T =
1

ρl cv
(kT · ∇2T + �E ·�J) (18)

where ρp (cm−3), ρn (cm−3) and ρe (cm−3) are the espace charge density of positive and negative ions
and electrons, respectively; μe (m2V−1s−1), μn (m2V−1s−1) and μp (m2V−1s−1) are the mobility of
electrons and negative and positive ions, respectively. Rpn (m3s−1) and Rpe (m3s−1) are the ion-ion and
electron-ion recombination ratios for oil, respectively; τa (s) is the electron attachment time constant,
ρl (kgm−3) is the oil density, Kt (W/mK−1) is the thermal conductivity of the oil, Cv (Jkg−1K−1) is the
specific heat, T is the temperature of the oil, �v = 0 (m/s) is the velocity of the oil, τnp (s) is the time
constant of nanoparticles and H(ρnp,sat − ρnp) is the step function that determines the saturation of the
nanoparticles. The current density is also affected by the nanoparticles; the corresponding equation is
�J = (ρpμp − ρeμe − ρnμn −−ρnpμnp)�E [7].

The saturation of the nanoparticles is determined by the H(ρnp,sat − ρnp) function; thus it is
necessary to determine the number of electrons that are able to be attracted to its surface. The first
step is to determine the volume of nanoparticles in the fluid. To do this, it is necessary to compare the
magnetic saturation of the fluid μ0MS(T) with the saturation of the nanoparticles μ0Md(T) [7]:

φ =
MS
Md

(19)

The maximum charge density of electrons that can be deposited on the surface of the nanoparticle,
whose volume is Vnp (m3), is the following [7]:

ρ∞
np,sat = 11electrons · −e

Vnp/φ
(20)

The values of the new parameters used in the model with nanofluids are set out in the Table 3 [7]:
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Table 3. Values of the new parameters used in the streamer simulation for nanofluids.

Symbol Parameter Value Unit

μnp Mobility of charged nanoparticles ∼ 1 × 10−9 m2V−1s−1

ρnp,sat Nanoparticle charge density upper limit 500 cm−3

QS Saturation charge −1.836 × 10−18 C
R Radius of nanoparticles 5 nm
μ0 Vacuum permeability 4π × 10−7 H/m

μ0 MS Saturation magnetization of nanofluid 10−4 T
μ0 Md Domain magnetization of nanoparticles 0.56 T
Vnp Nanoparticle volume ≈ 5.236 × 10−25 m3

π Volume fraction of nanoparticles 10−4 -
ρ∞

np,sat Upper limit for catching electrons −600 cm−3

The nanofluid has been modeled using nanoparticles with a radius of 5 nm and a maximum load
of ρ∞

np,sat = 500 cm−3; this is because the charge of the nanoparticles reaches values close to 80%, and
therefore a value at infinity is not adequate [7]. A magnetization domain of 0.56 T has been considered.
It has also been assumed that the nanoparticles have perfect conductivity, that is, when an electric field
falls on them, they are perfectly polarized.

3.3. Streamer in Oil with Dielectric Barrier

One way of improving the insulation properties of a liquid is to immerse a dielectric solid oriented
perpendicular to the direction of propagation of the streamer. During its propagation, the streamer
stumbles upon the solid dielectric, impeding its advance [7]. This dielectric solid enables the liquid to
withstand an applied voltage higher than that obtained for mineral oil.

Because of the difference in permittivity between the solid dielectric and the oil, there is an
attraction of free charge carriers toward the solid because of the force of polarization. This creates a
path of spatial density of free charge carriers accumulating on the surface of the solid dielectric where
the streamer would propagate.

In this paper, simulations have been performed for three different cases of immersed dielectric
solids. These three solid dielectrics have different relative permittivities; therefore, it has been possible
to study the effect of permittivity differences on streamer propagation. The solid dielectrics that have
been used are the following: polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET) and
Pressboard, whose relative permittivities are 2.2, 3.3 and 4.4, respectively.

To model the liquid-immersed dielectric solid system, some equations have been added to those
indicated above in Section 3.1. These are Equations (21) and (22), which govern the submerged
dielectric solids, and Equation (23), which models the dielectric liquid–solid contact zone. These
equations were developed by Hwang [7] and Jadidian [9].

∇ · (εrε0�E) = 0 (21)

�Js = 0 (22)

∂ρs

∂t
= �n · (ρpμp − ρeμe − ρnμn)�E (23)

where εr is the relative permittivity of the solid dielectric; ε0 is the vacuum permittivity, whose value is
8.8542 × 10−12 (C2/Nm2); Js is the current density; and ρs is the surface charge density that appears
on the contacting surface between the dielectrics.

The geometry used in this case is that shown in Figure 2. It consists of the geometry depicted
in the IEC-60897 [10] standard, maintaining a gap of 25 mm between the electrodes, but with the
dielectric solid placed 0.5 mm from the tip of the positive electrode (z-axis).
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Figure 2. Solid dielectric immersed geometry.

4. Results of Positive Streamer Simulation

In this section, three models have been implemented for obtaining streamers in different oil
transformer configurations. First, we describe the streamer in mineral transformer oil, in accordance
with the model described in [8]. Second, we give the streamer in mineral transformer oil with
nanoparticles, where we have implemented the model implemented in [7] with two different time
constants of the nanoparticles, τnp = 50 ns and τnp = 20 ns, added. Finally, the streamer in mineral
transformer oil with immersed dielectric solids has been simulated, in accordance with [9]. To allow
for the comparison, the applied voltage was 300 kV for all the cases analyzed.

In the next two subsections, the following graphical representations are shown:

• Streamer propagation
• Net space charge
• Electric field
• Electric potential
• Temperature

In the third subsection, the graphical representation is presented of the streamer propagation at
different time steps when three different solid dielectrics with permittivity values εr = 2.2, εr = 3.3 and
εr = 4.4, respectively, were used.

4.1. Streamer in Mineral Transformer Oil

As can be seen in Figure 3, ions and electrons are attracted by the electric field between electrodes
in such a way that the maxima of electrical charge are displaced. The net space charge density is shown
in Figure 4a. In turn, this provokes a displacement of the electrical field, as shown in Figure 4b. The
electric potential also changes with time (Figure 4c).

The region of maximum temperature is given by the points of space in which the ions are. As time
passes, more free ions are produced, but while there is no avalanche phenomenon, the net number
of charges formed is not high, and the temperature does not increase appreciably (Figure 4d). The
increase in temperature is because the temperature is directly proportional to the electric field and the
current density.
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Figure 3. Positive streamer propagation. Evolution of the electric field (V/m) in mineral transformer
oil along the z-axis, applying 300 kV and with a rise time of 10 ns.

(a) Net space charge density
in mineral oil.

(b) Distribution of electric
field in mineral oil.

(c) Distribution of electric
potential in mineral oil.

(d) Temperature distribution
in mineral oil.

Figure 4. (a) Net space charge density, (b) distribution of electric field, (c) distribution of electric
potential, and (d) temperature distribution along the z-axis from t = 0 to 1000 ns in intervals of 100 ns
from the simulations in mineral transformer oil.

In mineral oil, a displacement of the electric field (Figure 4b) and the potential (Figure 4c) occurred
as a result of the ionization of the oil. In accordance with real data presented in [17], an electric field
level greater than 2 × 108 (V/m) is required to initiate a positive streamer in mineral oil. Therefore,
the simulation results presented in this work are in agreement with those results presented through
simulation in [8] and by real data in [17].
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4.2. Streamer in Nanofluid

In order to study the influence of the time constant on the streamer process, in this subsection,
simulations performed for two different time constants of τnp = 50 ns and τnp = 20 ns are discussed.
These time constants of the nanoparticles added to the base fluids, indicating the time that it took for
the nanoparticles to be charged.

4.2.1. Nanofluids with τnp = 50 ns

When nanoparticles were added to the oil, the concentration of electrons was reduced. Therefore,
the speed of the streamer propagation along the z-axis was reduced (Figure 5) compared with that
in mineral oil (Figure 3). The space charge density was also somewhat reduced (Figure 6a) in the
nanofluid compared with that in the base fluid, along the z-axis (Figure 4a). For this reason, the electric
field advanced slowly (Figure 6b), and as did the electric potential (Figure 6c). Finally, it is shown in
Figure 6d that the streamer temperature was also reduced.

Figure 5. Positive streamer propagation. Evolution of the electric field (V/m) in nanofluids with
τnp = 50 ns along the z-axis, applying 300 kV and with a rise time of 10 ns.

(a) Net space charge density in
nanofluids with τnp = 50 ns.

(b) Distribution of electric field in
nanofluids with τnp = 50 ns.

Figure 6. Cont.

56



Energies 2018, 11, 361

(c) Distribution of electric potential in
nanofluids with τnp = 50 ns.

(d) Temperature distribution in
nanofluids with τnp = 50 ns.

Figure 6. (a) Net space charge density, (b) distribution of electric field, (c) distribution of electric
potential, and (d) temperature distribution along the z-axis from t = 0 to 1000 ns in intervals of 100 ns
from the simulations in nanofluids with τnp = 50 ns.

4.2.2. Nanofluids with τnp = 20 ns

As the nanoparticle constant became smaller, the length of the streamer slightly decreased
(Figure 7), and this was also observed for the net space charge density (Figure 8a). This was because
the nanoparticles charged faster, which reduced the length of the streamer. The electric potential and
temperature were also slightly reduced compared with the case of τnp = 50 ns nanoparticles. Thus,
when the time constant of the nanoparticles was reduced from τnp = 50 ns to τnp = 20 ns, this reduced
the streamer speed and temperature; thus the probability of an electrical breakdown is diminished for
an applied voltage of 300 kV, under these conditions.

In accordance with [7], it was shown that the addition of nanoparticles with a time constant of 50
ns could reduce the electric field from 6× 102 V/m in mineral oil to 5.5 × 102 V/m in the nanofluid.
Additionally, the streamer propagation velocity for the nanofluids was slower than that of the mineral
transformer oil. These results are in agreement with those obtained experimentally in [18], where it
is shown that the presence of conductive nanoparticles in mineral oil reduces the positive streamer
propagation velocity. In [7], the model resulted in an average positive streamer velocity decrease from
1.65 km/s in mineral transformer oil to 1.05 km/s in the nanofluid; these are velocities very close to
those obtained experimentally by [18]. In Table 4, a comparison is shown between simulation results
obtained for positive streamer propagation in mineral oil and nanofluids when a voltage set at U
= 300 kV is applied to the geometry shown in Figure 1. The positive streamer length obtained was
1.2 mm for mineral oil, instead of 1.6 mm presented in [8]. Additionally, the velocity for mineral oil
was 1.2 km/s; this was 0.707 km/s for nanofluids with nanoparticles of τnp = 50 ns and was 0.593
km/s for nanofluids with nanoparticles of τnp = 20 ns. These differences were mainly because of the
challenges for streamer simulation described in Section 5.
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Figure 7. Positive streamer propagation. Evolution of the electric field (V/m) in nanofluids with
τnp = 20 ns along the z-axis, applying 300 kV and with a rise time of 10 ns.

(a) Net space charge density in
nanofluids with τnp = 20 ns.

(b) Distribution of electric field in
nanofluids with τnp = 20 ns.

(c) Distribution of electric potential
in nanofluids with τnp = 20 ns.

(d) Temperature distribution in
nanofluids with τnp = 20 ns.

Figure 8. (a) Net space charge density, (b) distribution of electric field, (c) distribution of electric
potential, and (d) temperature distribution along the z-axis from t = 0 to 1000 ns in intervals of 100 ns
from the simulations in nanofluids with τnp = 20 ns.

Table 4. Comparison between positive streamer propagation in mineral oil and mineral oil with nanoparticles.

U (kV) Max Temperature (K) Positive Streamer Length (z-axis; mm) Velocity (km/s) Time Constant (ns)

300 610 1.2 1.2 Mineral oil
300 425 0.53 0.707 50
300 400 0.415 0.593 20
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4.3. Streamer in Base Fluid with Dielectric Barrier

When a dielectric solid is immersed with a perpendicular orientation to the electric field, the
streamer is prevented from continuing to propagate; this forces the streamer to pass through or
surround the solid, thereby delaying the electrical breakdown. Below, four time steps of simulations
are shown for when a solid dielectric was immersed in the base fluid with three different relative
permittivities.

For the three cases studied, εr = 2.2, εr = 3.3 and εr = 4.4, it was verified that the streamer
impacted with the immersed solid as a result of its orientation (Figure 9a–c, respectively).

The greater the difference in the relative permittivity, the faster the streamer advanced over the
surface of the dielectric solid. This effect is shown by comparison with the case of εr = 2.2 (Figure 9a),
in which the streamer advanced more slowly than in the cases of εr = 3.3 (Figure 9b) and εr = 4.4
(Figure 9c).

(a) εr = 2.2 (polyethylene
terephthalate—PET.)

(b) εr = 3.3 (PET). (c) εr = 4.4 (PET).

Figure 9. Positive streamer propagation. Evolution of the electric field (V/m) in mineral oil transformed
with a horizontal solid barrier with (a) εr = 2.2 (polytetrafluoroethylene—PTFE), (b) εr = 3.3 (PTFE),
and (c) εr = 4.4 (PTFE), applying 300 kV and with a rise time of 10 ns.

5. Challenges for Streamer Simulation

The main challenges for the simulation of the streamer in liquid dielectrics with finite-element
software were as follows:

• Because of the scale of nanometers on which the simulations of the streamer were carried out, as
well as the complex shapes of the geometry used, it was necessary to use a fine meshing (dividing
the geometry into a high number of finite elements) to obtain results with sufficient precision.
In addition to this, the number of linear and highly nonlinear equations introduced into the
model had to be considered. Therefore, it was necessary to increase the number of cores used, for
example, up to eight cores, and keep the frequencies for the processors above 3–3.5 GHz, working
at the same time to be able to solve the model with acceptable times to carry out the simulations.

• Regarding the RAM memory, using a direct solver such as the multifrontal massively parallel
sparse direct solver (MUMPS) reduced the use of RAM memory without requiring the use of a
great resource of memory. This was possible because it stores part of the solution out-of-core,
which means that part of the memory is stored on the hard disk. This behavior has the advantage
of reducing the use of RAM memory, but it slows down the process, as it has to read data from
the hard disk.

• The use of a graphics card was important at the time of the calculations and also at the time of
visualizing the results. We note that it was not as critical a parameter as those previous. As an
example, a Nvidia GeForce 940 with 4 Gb DDR3 had a good behavior for the simulations.
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• Finally, to improve the performance and accuracy of the model, Equation (24) was used, which
allowed us to reduce the oil rupture voltage to more realistic values:

GI(|�E|) = e2n0α|�E|
h

exp(−π2m∗α IP(�E)2

eh2|�E| ) (24)

where IP(|�E|) is the electric field-dependent ionization potential function, whose value is obtained
as follows:

IP(|�E|) = Δ0 − γ

√
|�E| (25)

Here Δ0 (eV) is the electrical potential needed for the molecular ionization and γ (Jcm1/2V−1/2) is
the ionization potential function parameter. This theory is described by Jadidian in [9]. This model
for dielectric liquids has been previously used to explain streamer propagation mechanisms for
water and liquid dielectrics in [19–22]

• The difference between Equations (24) and (1) is that in the new equation, a continuous feedback
of the value of the vector of the electric field is obtained, as a result of the new parameter IP(|�E|).
Therefore, an evolution that is more consistent with the reality of the field ionization ratio, GI(|�E|),
is achieved.

6. Conclusions

The analysis of the dielectric and thermal behavior of the insulation system used in electrical
assets such as the oil of power transformers is of interest for improving this kind of solid-liquid
insulation system.

The work presented in this document allows us to have several models in finite-element software
for analyzing the streamer behavior in several scenarios, such as in transformer oil, in a nanofluid
and in transformer oil with solid dielectrics immersed. In accordance with the results obtained in this
work, the following conclusions can be described:

• In mineral oil, a displacement of the potential and the electric field occurs as a result of the
ionization of the oil (at field levels around 108 (V/m)). By ionizing more oil, a greater generation of
charge carriers is obtained; this is shown in the figures on the net space charge density, generating
a driving path where there is current conduction and therefore the advance of the streamer. This
circulation of current causes an increase in temperature.

• When applying nanoparticles, the displacement of the positive streamer along the z-axis is reduced.
In simulations with nanofluids and a time constant of 20 ns, there was a lower displacement of the
field and potential in comparison with simulations made with a time constant of 50 ns; this was
due to the fact that the nanoparticles were loaded faster for τnp = 20 ns compared with τnp = 50
ns—because of their influence in the streamer, this was accentuated when the time constant was
reduced. As for the temperature, this produced something similar: temperatures were reduced,
such that the deterioration of the oil was reduced.

• Regarding the barriers immersed inside the mineral oil, for the case of PTFE (εr = 2.2), as there
was no difference in the relative permittivity between the dielectric solid and the oil, the dielectric
solid did not attract the carriers of free charges by polarization; therefore, this propagation of the
streamer on the dielectric solid was not due to the effects of polarization. However, as a result
of the perpendicular orientation of the solid, the streamer, as it propagated, encountered the
barrier and produced surface discharges on the dielectric solid that propagated along it. The PET
(εr = 3.3) and Pressboard (εr = 4.4) cases were analogous, because their relative permittivities
were higher than that of the oil in which they were submerged. Therefore, these dielectric solids
attracted the carriers of free charges as a result of the polarization effect. On the other hand,
because of the perpendicular orientation of the dielectric solid with respect to the main direction
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of the electric field, this forced the streamer to meet with it. The greater the difference in relative
permittivity compared to the oil, the greater the attraction by polarization and therefore the speed
of propagation of the streamer on the surface of the dielectric solid. In addition to the greater
difference in relative permittivity, the greater the force of attraction of the dielectric solid to the
streamer, the greater the adherence of the streamer to the surface.
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Abstract: Aging of a power transformer’s insulation system produces carboxylic acids. These
acids—acetic, formic and levulinic—are absorbed by the paper insulating material, thus accelerating
the degradation of the whole insulation system. In this contribution, the effect of these acids on the
aging of oil-impregnated paper insulation used in power transformer is reported. A laboratory aging
experiment considering different concentrations of these three acids was performed to assess their
effect on the insulation system’s degradation. Each acid was individually mixed with virgin oil, and
a mixture of acids was also blended with oil. The paper’s degradation was assessed by the degree of
polymerization (DPv). It was found that the DPv of paper aged with formic acid decreased much
faster in comparison to the other acids.

Keywords: power transformer; oil-paper insulation; carboxylic acids; acetic acid; formic acid;
levulinic acid; degree of polymerization

1. Introduction

Many power transformers installed around the world have exceeded their estimated design life,
as the majority of them are approaching or exceeding the age of 25–30 years. However, these important
machines are still in service well beyond their designed lifetime. With increasing age and exacerbated
by the growing demand in electricity, there are potential risks of extremely high monetary losses due
to unexpected failures and outages. Because most failures of aging power transformers are due to
the degradation of its insulation system, it has become important to understand the aging of paper
insulation in order to prolong the life of transformers, and to know the condition of their insulation, by
means of suitable diagnostic tests. Increasing requirements for appropriate tools allowing diagnosing
of power transformers non-destructively and reliably has promoted the development of modern
complementary diagnostic techniques [1,2]. Research activities are still in progress worldwide to
improve these techniques [1–6].

Transformer life/ageing is mainly related to the degradation of the oil paper insulation system.
Heat, water, oxygen and aging products are severely contributing to transformer aging [7]. It is now
well established that insulation aging is catalyzed by moisture, copper/copper alloys in aluminum
windings and iron (which are primary transformer components), and oxygen [8]. The insulation aging
may be subdivided in three processes:

(1) Pyrolysis, promoted by heat;

Energies 2018, 11, 1465; doi:10.3390/en11061465 www.mdpi.com/journal/energies63
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(2) Hydrolysis, by reactions with water; and
(3) Oxidation by reactions with oxygen.

These processes are accelerated by heat, ageing by-products, dirt, vibrations/overload, and
electrical stress/voltage waves, etc. [8].

Mineral oil used in transformers is mainly composed of three types of hydrocarbons. These
hydrocarbons are paraffins, naphthenes and aromatics. They consist in 18 carbon atoms on average [9].
The insulating paper material used in power transformers consists largely of cellulose. Cellulose
consists mainly as a polymer, formed from repeated monomers of glucose. As the oxidation level of
in-service oil increases, polar compounds—particularly organic acids—form in the oil. During the
aging of the oil/paper insulation system, acids are produced from chemical reactions. Carboxylic acids
are generated from oxidation of the transformer oil or hydrolysis of its paper insulating material [10].
Because oil is more easily accessible, oil analyses are among the most used diagnostic techniques [1,2].
About 70% of the diagnostic information can be identified by oil analysis [1]. Among these techniques,
the measurement of the total acid number (TAN) is frequently used to monitor the level of degradation
of the insulating oil. Acid generation accelerates when water and oxygen are present. Acid in turn
causes acid-hydrolysis. It is recommended that the oil be reclaimed when the acid number reaches
0.15 mg of potassium hydroxide (KOH)/g for power transformers with nominal voltages above 400
kV, 0.2 mg of KOH/g for 170 to 400 kV, and 0.3 mg of KOH/g for 72.5 to 170 kV [11].

Oil oxidation also produces low molecular weight acids which degrade the whole insulation.
The TAN (consisting of large and low molecular weight acids) is the measure of acid concentration
in a non-aqueous solution. The procedure involves determining the amount of potassium hydroxide
(KOH) base required to neutralize the acid in one gram of an oil sample. The standard unit of measure
is mg KOH/g. However, the oxidation of oil produces two types of acids: low molecular weight acids
(LMA) and high molecular weight acids (HMA) (stearic acid [CH3(CH2)16COOH]) or naphthenic
acids [R (C5H8) (CH2) nCOOH] [12,13].

Three main reactions that could break this polymer chain are oxidation, pyrolysis and
hydrolysis [14,15]. Acid hydrolysis degrades paper insulation by producing carboxylic acids such
as formic and levulinic acids, which are low molecular weight acids (LMA). These carboxylic acids
accelerate the degradation of paper in turn [12,16]. Actually, the “end-of-life” of the transformer =
“end-of-life” of cellulose-based paper isolation [1,2].

High molecular weight acids are hardly soluble in oil and are not aggressive. Therefore, they do
not intervene much in the degradation of the paper insulation [17,18]. On the contrary, low molecular
weight acids (up to five carbon atoms) are more hydrophilic and have a greater influence on the
degradation rate of paper throughout acid hydrolysis. The accumulation of acids in oil accelerates
formation of insoluble deposits (x-waxes), which reduce the dielectric strength in turn. These deposits
could also reduce heat transfer if they are deposited on paper or inside radiator pipes, increasing
thermal degradation of paper insulation [19].

In recent years, research directed towards biodegradable liquids as alternatives to mineral oils has
become popular. Significant differences exist between esters and typical mineral oils—especially the
aniline point, flash point, interfacial tension, acidity, pour point, and viscosity. For example, it has been
reported that the aging rate of the solid insulation in natural esters, even with a dark color and a very
high acid value, is lower than that of the mineral oil impregnated solid insulation with a lower acidity
value [20]. The TAN in oil is consequently not currently used to monitor aging of paper insulation,
because the correlation between acidity and aging rate has not been fully determined [16]. Paper may
contain 50% of acidity present in transformer insulation system. In addition, acid analyses indicate
that hydrophilic acids were mainly concentrated in paper insulation. As a result, the majority of low
molecular weight acids detected are located in paper. Also, the concentration of low molecular weight
acid in paper is greater than in oil. Consequently, the polymerization degree (DPv) of paper insulation
decreases [21].

64



Energies 2018, 11, 1465

To date, different aging indicators are being used to monitor transformer lifetime. Direct
measurements to ensure that the paper continues to provide effective insulation for the transformer
are performed through tensile strength or degree of polymerization, measured by the viscometric
method (DPv). The DPv, which represents the average number of glucose units per cellulose chain,
is directly correlated to the mechanical strength of paper [1]. To overcome the problems related to
direct measurements, many studies were conducted to develop alternative indirect techniques for
assessing the condition of solid insulation [1]. This article focuses specifically on the impact of low
molecular weight acids on the degradation of oil-impregnated paper. The influences of three different
LMAs—namely the acetic, formic and levulinic acids—on the DPv of Kraft paper impregnated with
mineral oil are investigated. To simulate critical situations, a naphtenic-based mineral oil was used
and samples with 0.2 mg KOH/g and 0.40 mg KOH/g of acid concentrations of the three acids, either
individually or combined, were considered to simulate extreme degradations. A mixture of these three
acids was also considered.

2. Background on Carboxylic Acids Formation in Transformer Oil

Mineral oil is mainly composed of three types of hydrocarbons, namely paraffins, naphthenes and
aromatics, with an average number of carbon atoms equal to 18. When these hydrocarbon molecules
(CxHy) and Oxygen molecules (O2) react chemically, oil begins to deteriorate. This reaction forms the
following compounds [8]:

• Acid deposits generate colloids. This colloidal suspension reduces the dielectric strength of
the insulation system of the power transformer. Insoluble suspensions worsen the cooling
effectiveness of the power transformer. The temperature increase degrades cellulose and acts as a
catalyst for further oxidation.

• Water degrades cellulose reducing breakdown voltage and acts as a catalyst for oxidation. Water
and acids have a multiplicative effect on the ageing rate [14].

• Gases (CO, CO2, O2, H2, CH4, C2H4, C4H6, C6H8) that are dissolved in the oil.
• Acids promote corrosion and also act as catalysts for the oxidation of oil.

All of these compounds, including carboxylic acids, are formed by a series of radical reactions [22].
Carboxylic acids formed in oil are classified into two groups: low molecular weight (LMA) and

high molecular weight (HMA). Low molecular weight carboxylic acids (LMA) have an affinity with
cellulose (paper) and water because of their ability to bond with the hydroxyl group (−OH). They
react chemically to give a proton (H+), as described by acid–base theory of Brønsted–Lowry [14,23].

3. Degradation of Cellulose

3.1. Swelling of Cellulose

Cellulose is a natural polymer. Macromolecules of cellulose are present in all plant species in the
form of fibrils with very variable proportions. Wood (softwood or hardwood) contains between 40%
and 50% of their weight as dry cellulose, whereas cotton fibers contain between 85% and 95% [24] of
their weight. Cellulose is a polysaccharide of β-D glucans series [25]. Its repetitive pattern is cellobiose.

Cellulose has crystalline regions and amorphous regions. The hydrogen bonds are much more
numerous in crystalline regions. Cellulose crystallinity degree varies from 40% to 50% for wood, 60%
for cotton and more than 70% for certain seaweeds [26].

The biphasic structure of cellulose (both crystalline and amorphous) induces a two-step
penetration of compound within cellulose. The first and easiest step is penetration of the amorphous
zone of cellulose. It causes inter-crystalline swelling, which results in cleavage of β1-4glucosidic
bond, hence depolymerization of the polymer chain. When compound penetrates crystalline regions,
it induces intra-crystalline swelling. All compounds cannot reach the inner zone of crystal. Water, for
example, only causes inter-crystalline swelling of cellulose fiber [27]. However, some compounds are
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able to pass through the crystallinity barrier and cause intra-crystalline swelling. Although penetrating
cellulose deep within its structure, they are not able to dissolve it.

3.2. Acid Hydrolysis

The insulating paper consists of about 80% cellulose, 12% hemicelluloses, 8% lignin and certain
mineral substances [24]. The aging of this insulating material has an impact on its electrical and
mechanical strength. However, the main degradation factor of cellulose is acid hydrolysis, requiring
water and acids [16]. Cellulose degradation will form more low molecular weight acids, which will
remain absorbed in paper and accelerate the degradation of cellulose in turn [28,29].

Indeed, acid transfers a proton to water, forming hydronium, which then transfers the proton to
cellulose, initiating chain splitting. According to the Bronsted–Lowry acid–base theory, the acid could
transfer the proton directly to the cellulose, without an intermediate reaction with water [30]. However,
water is a better acceptor of protons than cellulose because it is more polar. It is important to remember
that there is a greater difference in electronegativity between oxygen and hydrogen in water than
between oxygen and carbon in cellulose. The proton will share electrons with oxygen in the cellulose
until the water causes the chain to split. Hydronium is particularly damaging because, after donating
a proton to the cellulose, the remaining water molecule can then react with the cellulose. Note that a
molecule of water is consumed during the chain scission, while the H+ ion is recovered. The H+ ion
concentration remains unchanged. According to this reaction mechanism, the rate of degradation of
the paper will depend on the concentration of water and H+ ions dissociated from the acids.

4. Materials and Methods

4.1. Oil and Paper Sample Preparation

The mineral oil used in this contribution is the Nytro Polaris GX. This oil was degassed and
dehumidified for 48 h. Kraft paper samples had a surface area of 8 × 8 cm2 were prepared. Paper
and pressboard were dried in oven at 110 ◦C under vacuum for 24 h. The impregnation process was
performed under vacuum. Usually, manufacturers establish a mass ratio of paper and oil according to
the rating of the unit. In our investigations, the mass ratio between the cellulose insulation and oil
used in these was 20:1. So, a 2000 mL of oil corresponding to a mass of 1812 g was used. This amount
of oil corresponds to a mass of 90.60 g (paper + cardboard).

The impregnation of the paper samples with dried oil was performed under vacuum, in the same
vacuum oven.

4.2. Oil Acidity Preparation

In addition to oil-free acid sample, two concentrations of each type of acid were prepared. Table 1
summarizes the chemical properties and the weight/volume of each acid added into 2 L of oil to
obtain an acidity concentrations of 0.2 mg KOH/g and 0.4 mg KOH/g respectively.

Table 1. Summary of acids masses to be added in 2000 mL oil.

Acids Purity
Molar Mass

(g/mol)

Density
(g/cm3)

TAN (0.2 mg KOH/g) TAN (0.4 mg KOH/g)

Weight
(mg)

Volume
(mL)

Weight
(mg)

Volume
(mL)

Acetic acid 0.997 60.05 1.0492 389.0364 0.3707 778.0728 0.7414
Formic acid 0.88 46.025 1.22 337.7568 0.2768 675.5136 0.5538

Levulinic acid 0.98 116.11 1.134 765.2076 0.6747 1530.4152 1.3494

Oil acidity preparation objective was to determine the amount of the acid when oil total acid
number is known. This will allow preparing oil samples with the following acidity levels, which will
be used for measurements:
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• Paper with virgin oil,
• Paper with oil containing acetic acid of 0.20 mg KOH/g and 0.40 mg KOH/g,
• Paper with oil containing formic acid of 0.20 mg KOH/g and 0.40 mg KOH/g,
• Paper with oil containing levulinic acid of 0.20 mg KOH/g and of 0.40 mg KOH/g,
• Paper with oil containing the mixture of acid: (0.20 mg KOH/g of acetic acid) + (0.20 mg KOH/g

of formic acid) + (0.20 mg KOH/g of levulinic acid).

The samples were aged in a convection oven at a temperature of 115 ◦C for a total time of 2000 h.
Sampling was carried out every 500 h. A sample of each concentration was left at ambient temperature
during 72 h to assess the effect of the acids on the insulation system. A Karl Fisher 831 KF coulometric
titrator carried out the water content measurement according to ASTM (American Society for Testing
Materials) D1533 standard.

The acidity measurement in transformer oil was performed according to ASTM D974 standard.
An automated 862 Compact Titro-sampler system for titration the oil solution was used.

A capillary viscometer (Cannon-Fenske Routine) was used to measure the degree of
polymerization (DPv), according to ASTM D4243 standard.

5. Results and Discussion

5.1. Assessing Moisture in Paper during Aging

Figure 1a–c shows the moisture changes in paper within aged oils. Three acids (formic, acetic and
levulinic) individually mixed with various concentrations, a mixture of the three of them, and virgin
oil (acid-free) were considered.

Figure 1. Moisture in paper as function of oil aging time within both acid contents: (a) 0.20 mg KOH/g
and (b) 0.40 mg KOH/g for three different acids (formic, acetic and levulinic), acid mixture and also
for acid-free oil. The results are summarized in Figure (c) for better comparison.
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Figure 1a shows a decrease in moisture during aging time for all acids, with their various
acid contents.

Water molecule absorption leads to polymer chain scission which in turn promotes paper
insulation aging. So, polymer chain scission can be related to the reduction in moisture [23]. Figure 1b,c
show that moisture in paper within virgin oil (HNAP) remained higher during aging. The amount of
moisture decreased with aging time whatever the acid contents.

5.2. Total Acid Number (TAN) of Oil for Unaged Samples

Figure 2a–c presents acidity comparison before and after 72 h of exposure at room temperature.
Three acids (formic, acetic and levulinic) individually mixed with various concentration, along with the
mixture of them and virgin oil (acid-free) were considered. It is noted that after 72 h of aging at room
temperature, acidity was lower in oils within formic acid for both concentrations (0.20 mg KOH/g
and 0.40 mg KOH/g). Formic acid being of low molecular weight, and therefore highly soluble in oil.
Accordingly, it could be absorbed readily by the insulating paper [12]. The same conclusion can be
drawn for acetic acid with 0.20 mg KOH/g in oil compared to levulinic acid with same acid content.
However, for higher concentrations of acid i.e., 0.40 mg KOH/g, the acidity of oil with acetic acid was
higher than with levulinic acid.

Figure 2. Acidity comparison before and after 72 h of exposure at room temperature: (a) 0.20 mg
KOH/g and (b) 0.40 mg KOH/g for three different acids (formic, acetic and levulinic), acid mixture
and also for acid-free oil. The results are summarized in Figure (c) for better comparison.

5.3. Degree of Polymerisation (DPv) before Thermal Aging

Figure 3a–c depicts the comparison of paper’s DPv before and after 72 h of exposure at room
temperature. Three acids (formic, acetic and levulinic) individually mixed with various concentration,
along with the mixture of them and virgin oil (acid-free) were considered. These figures show that the
degree of polymerization is lower for paper aged within oils containing formic acid after 72 h for both
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concentrations (0.20 mg KOH/g and 0.40 mg KOH/g). Formic acid is highly soluble in oil, and causes
chain scission of the polymer chain of insulating paper [12]. On one hand, the DPv of paper with
levulinic acid was lower than of paper exposed to acetic acid of 0.20 mg KOH/g. On other hand, the
DPv of the paper with levulinic acid was higher than that of paper exposed to acetic acid of 0.40 mg
KOH/g. For acid concentrations of 0.20 mg KOH/g, levulinic acid was more aggressive compared to
acetic acid. This is in agreement with findings by Lungaard et al. [8,10,16,18] who reported that Kraft
paper more readily absorbs formic acid than the acetic and levulinic acids.

Figure 3. Degree of polymerization before and after 72 h exposure at room temperature: (a) 0.20 mg
KOH/g and (b) 0.40 mg KOH/g for three different acids (formic, acetic and levulinic), acid mixture
and also for acid-free oil. The results are summarized in Figure (c) for better comparison.

While the acidity of oil blended with mixed acids was reduced by almost half after 72 h of
exposure at room temperature, the DPv of the paper samples remained almost unchanged. The acids
mixture would delay the release of the H+ proton to cause degradation of paper cellulose.

5.4. Total Acid Number (TAN) of Oil for Aged Samples

Figure 4a–c show the evolution of the TAN during aging. In general, there was a decrease in the
TAN for all acid concentrations up to 500 h aging. The absorption of carboxylic acids initially added
in oil explains this drop in acidity [16]. This absorption may be related to the reduction in paper’s
polymerization degree (DPv) at this aging duration, which will be seen later. From 500 h up to 2000 h
of aging, the TAN increases with aging time. This may be traced to the production of high molecular
weight carboxylic acids that could not be absorbed by paper [17]. However, the results in Figure 4a
indicate a low value of the TAN for 0.20 mg KOH/g of formic acid throughout the aging process. For
oil containing 0.40 mg KOH/g of formic acid (Figure 4b), a low value of the TAN was observed after
72 h exposure at room temperature. However, during thermal aging, the TAN of oil with acetic acid
was lower after 500 h (Figure 4b). The TAN of oil with formic and levulinic acids remained lower for
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1500 and 2000 h aging, while the TAN of oil with mixed acid suddenly increased up close to 2000 h
of aging. The increase in the TAN of oil with mixed acids during aging can certainly be traced to the
generation of high molecular weight acids resulting from oil and paper degradation [6,8,16,18]. These
findings are confirmed by partitioning studies reported by Lungaard et al. [8,18]. Indeed, at increasing
temperature, more acids are moved to the oil due to an increased solubility with an activation energy
much higher for formic acids.

Figure 4. TAN (Total Acid Number) in oil as function of aging duration, for samples mixed with three
different acids (formic, acetic and levulinic): (a) 0.20 mg KOH/g and (b) 0.40 mg KOH/g for three
different acids (formic, acetic and levulinic), acid mixture and also for acid-free oil. The results are
summarized in Figure (c) for better comparison.

5.5. The Degree of Polymerisation (DPv) during Thermal Aging

Figure 5a shows a comparison of the degree of polymerisation (DPv) of paper impregnated with
oil containing formic acid as well as oil-free acids as function of aging duration. Generally speaking,
the DPv of all samples aged in oils with both acid concentrations of 0.20 and 0.40 mg KOH/g decreased
with aging, as expected. Some of the trend variations in the DPv values could be due to recombination
of polymer bonds [31].

The higher amount of levulinic acid initially in oil would cause scission of bonds into the entire
amorphous zone of paper up to 500 h, after which it would be impossible to cause bonds scission into
the crystalline zone.

The DPv of paper aged in oil blended with formic acid decreased more rapidly than oils mixed
with the other two acids (acetic and levulinic), regardless of the concentration. Figure 6a represents
the DPv as function of aging for paper aged in oil blended with the mixture of three acids at a
concentration of 0.624 mg KOH/g, compared to those aged in oil with formic acid of both acid
concentrations (0.20 and 0.40 mg KOH/g). The DPv of paper aged in oil blended with formic acid for
both acid concentrations decreased more rapidly than those aged with the acid mixture of 0.624 mg
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KOH/g. From 500 h of aging, the DPv of paper aged in oil blended with the mixture of acids decreased
more slowly, but remained relatively high. The bulkiness of these acids in oil could have certainly
delay their dissolution.

Figure 5. Fall in degree of polymerization (DPv) of paper during aging, for paper samples aged in oil
mixed with three different acids (formic, acetic and levulinic) and virgin oil: (a) 0.20 mg KOH/g and
(b) 0.40 mg KOH/g for three different acids (formic, acetic and levulinic), acid mixture and also for
acid-free oil. The results are summarized in Figure (c) for better comparison.

In Figure 6, the DPv of the paper samples aged in different conditions is plotted against aging
duration. The DPv of papers aged in acetic-acid-blended oil (0.20 mg KOH/g) and in the acid mixture
at 0.624 mg KOH/g decreased more rapidly with aging compared to those aged in acetic-acid-blended
oil at 0.40 mg KOH/g. However, the DPv within oil blended with acetic acid of 0.40 mg KOH/g
remained higher. This result shows that the concentration of acetic acid is a limiting factor in the
degree of paper polymerization. Large concentrations of acetic acid increases the DPv paper [32].

The DPv of paper aged in oil blended with levulinic acid (0.20 and 0.40 mg KOH/g) and oil
blended with the acid mixture at 0.624 mg KOH/g decreased to 30% after 500 h aging. The values
remained almost constant for oil blended with levulinic acid at 0.40 mg KOH/g, while those of paper
aged in oil blended with levulinic acid at 0.20 mg KOH/g and the acid mixture were still decreasing.
Reduction in the DPv might be traced to breaking of β1-4glucosidic bonds of amorphous cellulose
regions [27]. High acid concentrations (0.40 mg KOH/g) of levulinic acid could cause all these bonds
to break in this amorphous region from the first 500 h of aging. With no more amorphous regions [27],
scission of bonds in the crystalline region of cellulose is virtually impossible, which could explain the
stability of the DPv decrease from 500 h to 2000 h of aging.
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Figure 6. Degree of Polymerization (DPv) of paper as a function of aging in oil blended with acid
mixture of 0.624 mg KOH/g, compared to samples aged in three different acids (formic, acetic and
levulinic): (a) 0.20 mg KOH/g and (b) 0.40 mg KOH/g for three different acids (formic, acetic
and levulinic), acid mixture and also for acid-free oil. The results are summarized in Figure (c)
for better comparison.

Figure 7 represents the degree of polymerization as function of paper aging in oil within an acid
mixture at 0.624 mg KOH/g compared to acid-free oil (neutral oil).

Figure 7. DPv of paper samples aged in oil blended with 0.624 mg KOH/g of the three acids compared
to those aged in virgin oil as a function of aging duration.
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Figure 7 shows that the DPv of paper aged in oil with the acid mixture was less than those aged
in virgin oil up to 500 h of aging. From 500 h to 2000 h of aging, the DPv of paper aged in the presence
of acid mixture became and remained higher than those aged in virgin oil.

By looking at Figure 1, it can be seen that up to 1000 h of aging, the moisture in insulating paper
impregnated in both virgin oil (OIP) and the acid oil (AFL) remained high (>4%) which represents a
critical value in transformers. At the same time, looking at Figure 4, it can be seen that during the first
500 h of aging, the acidity in the acid oil decreased rapidly from a value of about 0.6 mg KOH/g to
about 0.1 mg KOH/g. This can be explained by the reaction of acid with the water molecules leading
to a faster degradation of the insulating paper compared to the paper impregnated in virgin oil (OIP),
where the acidity increased slightly due to oxidation phenomena during the first 500 h.

After this period, acidity increased gradually with aging in the two samples, but was more
significant in the virgin oil than in the acid oil. However, in AFL, the moisture content of the paper
(Figure 1) decreased brusquely to a value of 3.5% and then to 2.5%, at the same time the acidity
increased sharply after 1500 h. This supports the idea that moisture and low molecular acids have a
multiplicative effect [12,16,18]. This trade-off between acidity and humidity can lead to a compromise,
which explains the “pseudo-variation” of the DPv (which decreased very slightly after 500 h of aging).
In comparison, in OIP, humidity remained high throughout the aging period, at >3.5%, while the
acidity increased gradually, which explains the decrease in DPv over time. Therefore, oil blended with
acid mixture has a less harmful impact on the paper compared to virgin oil.

6. Conclusions

It is well established that the production of carboxylic acids during oil-impregnated paper aging
results in a reduction in the degree of polymerization. In this paper, the effect of different carboxylic
acids on the paper insulation degradation was studied. Because low molecular weight acids (LMA) are
readily absorbed into the cellulose fibers, while high molecular weight acids (HMA) are not (because
of their hydrophobic character), samples were aged in oil blended with different LMAs (formic, acetic
and levulinic) at different concentrations. A mixture of these acids was also considered along with
virgin oil to provide a baseline for comparison. From the obtained results, it was found that paper
more readily absorbed formic acid than the acetic and levulinic acids. The aging rate of the paper was
therefore more significant for samples aged in formic-acid-blended oil.

From these investigations, it may be concluded that present diagnostic techniques for monitoring
insulation oil conditions based on the total acid number (which is used as reclamation criterion)
does not provide a true picture of the transformer condition, since this procedure cannot distinguish
between different acid types and their influences. Knowledge of the evolution of LMAs can be of great
help to managers of transformer fleets, since the state of the dielectric paper determines the service life
of a power transformer. New measuring techniques allowing discrimination of low molecular weight
acids will be helpful in monitoring the condition of the solid insulation system.
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Abstract: It is now well-established that moisture in the oil paper insulation used in power and
instrument transformers significantly reduces the transformers’ lifetimes, and can eventually lead to
premature failure. This moisture should, therefore, always be removed, not only during production
but also after repairs. At the final stage of manufacturing, the drying process should be carried
out to remove water and air vacuoles contained in the cellulose-based paper before impregnation.
Successful drying helps increase the residual life of transformers, because the presence of moisture
and air vacuoles accelerates the aging/degradation process of the oil paper insulation. Proper
estimation of residual moisture before impregnation and the determination of the time required for
drying play key roles in the time-consuming process of drying. In this paper, the disadvantages of
inadequate drying are addressed, followed by a mathematical approach to model the paper drying
process. A mathematical model describing the kinetics of drying according to temperature, initial
moisture, paper weight, final moisture, and extraction rate is proposed. This model also estimated
the amount of moisture removed at the end of the drying process.

Keywords: power transformers; dielectric dissipation factor; oil impregnated paper insulation;
moisture; drying process; drying curves; diffusion coefficient; heating process

1. Introduction

Power transformers are vital for the production, transmission, and distribution of electrical
energy [1,2]. They are used to adapt the voltage level to the needs of users. In addition to playing
this role, they are also the most expensive equipment found in transformation stations. Indeed,
a transformer represents about 60% of the total cost of a power station, so the costs associated with
repair or replacement, when a failure occurs, can often reach millions of dollars [3]. The proper
operation and lifetime of power transformers are strongly linked to the state of the oil paper insulation
used for their windings.

The presence of moisture in the transformer leads to the degradation of the insulation system,
and accelerates the aging process of the paper and the oil. This degradation increases the probability
of unexpected failures. Indeed, due to the highly hygroscopic nature of cellulose, paper insulation
can contain up to 8% moisture at the end of the transformer manufacturing process [4]. Elimination
or reduction of moisture has become a challenge for power transformer manufacturers, who want to
offer their customers high quality products with acceptable residual moisture. To attain this result,
transformer manufacturers dry their paper under a vacuum (<1 mbar) at temperatures between 85 ◦C
to 130 ◦C, for a period ranging from several days to two or three weeks before impregnation, depending
upon the size of the transformers [5–8]. This operation aims to remove water vapor and air in the
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paper interstices before the impregnation process [9]. Drying allows for the reduction of the water
content in the solid insulation to a level of 0.25% or less.

The drying of the active parts before placing them in the tank is a key step in the construction of
transformers because its success affects the useful life of the transformer. Indeed, if the drying process
is done properly, transformer failures are greatly reduced. However, improper drying may present the
following hazards:

- the initiation of partial discharges may cause gas bubbles, and thereby the release of hydrogen
(the creation of partial discharges becomes significant when the moisture level is above
3%) [10,11];

- increased dielectric dissipation factor (tan δ) and decreased breakdown voltage (Ud), which
would place the voltage outside acceptable limits [12].

Improper drying can also lead to the degradation and accelerated aging of the insulation
system (oil paper). The presence of water leads to an increase in the de-polymerization speed of
the paper [12], thus reducing the transformer’s lifetime [4,13,14]. The new transformer paper has the
degree of polymerization (DP) of 1200 and end-of-life DP is found to be around 200. The relative
de-polymerization speed is computed from the actual measured DP, using the following formula:

1200 − DP
1200

(1)

To avoid failure during the dielectric testing certification after manufacture, the factors of duration,
drying temperature, and estimation of residual moisture are all important, and their control ensures
acceptable residual moisture. At present, the length of the drying process is still too often based on
manufacturer experiences and empirical procedures.

During the drying process, the water contained in the paper is released by heating the windings.
This water is collected and, depending to the extraction rate, it may be decided to stop the drying
process. The major drawback of this practice is that the heating may be stopped while there is still
a significant amount of water in the paper. The determination of the required drying time plays a very
important role in this process. Moreover, successful drying contributes to an increase in the residual
life of the cellulose insulation.

Since the drying process—for example, in a vacuum oven–is extremely time-consuming, anything
which can reduce the drying time offers a major benefit. For example, a device allowing for the
monitoring the drying process of oil paper insulation in real time using a dielectric response (a tan δ

measurement over a wide frequency range) has recently been introduced on the market [15].
It is in this context that the cost-effective analytical approach presented in this paper is proposed.

A mathematical model describing the kinetics of drying according to temperature, initial moisture,
paper weight, final moisture, and extraction rate is proposed. This model will allow the following:

- estimating the moisture removed at the end of drying, depending on initial moisture and
drying temperature

- determining the time needed to obtain a better drying result for the paper.

In further research the authors are going to consider in the mathematical model other parameters
which plays an important role in drying process in the mathematical model, like the pressure, mass,
thickness, and density of cellulose materials.

2. Background

Drying can be considered to be a mass transfer, because it consists of extracting an amount of
water contained in the paper [9,16]. For example, a 150 MVA–400 kV transformer containing about
80,000 L of oil and 7 tons of paper can also contain 490 L of water, if the moisture content of the paper
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is 7% [5,17]. Insulation paper drying will consist, therefore, of extracting the water present in the paper
by heating.

The first mathematical model of the drying process was proposed by Lewis in 1920, to be followed
by those of Sherwood (1929) and Newman (1931) [18].

The work of these previous studies showed that in the case of moisture removal (drying) in one
dimension, the diffusion equation can be written using Fick’s second law (Equation (2)). The validity
of this equation implies that the moisture transfer direction is normal for a sheet of paper of thickness
equal to 2a.

∂M
∂t

=
∂

∂x

(
D

∂M
∂x

)
(0 < x< a, t >0) (2)

where M is the moisture content (in %), D is diffusion coefficient (in m2/s), x is the humidity transfer
direction, and t is the time (in s).

The solution of the diffusion Equation (2) was given by Sherwood (1929) and followed by Crank
(1975) [19,20], for a thin layer of paper and an assumed constant diffusion coefficient, as follows:

MR =
M − Me

M0 − Me
=

8
π2

∞

∑
n=0

1

(2n + 1)2 exp

(
− (2n + 1)2π2

4
D
L2 t

)
(3)

where MR is the humidity ratio, Me is the equilibrium moisture content (in %), M0 is the initial moisture
(in %), M is the moisture at time t (in %), D is the diffusion coefficient (m2/s), L is the half thickness of
the layer (m), t is the drying time (s), and n represents the number of terms considered.

According to Ibrahim et al., the values of Me are relatively low compared to M or M0, so the error
involved in the simplification is negligible. Hence, the moisture ratio can be expressed as follows [16]:

MR =
M − Me

M0 − Me
=

M
M0

(4)

In addition, for longer drying periods and moisture less than 0.6%, Equation (3) can be simplified
by limiting it to the first term in the series only, without unduly affecting the prediction accuracy. Thus,
it can be written that [20]:

MR =
M
M0

=
8

π2 exp
(
− π2

4L2 ·D·t
)

(5)

or that:

M =
8

π2 exp
(
− π2

4L2 ·D·t
)
·M0 (6)

From investigations mainly focused on the determination of the diffusion coefficient of the
impregnated and non-impregnated paper and pressboard used in power transformers, Garcia et al.
proposed the following equation for determining the diffusion coefficient [21,22]:

D = 61.627 · l−5.431 ·e(0.2 · Cm− 9380.7 · l−0.334
Tk +273 )

(7)

where D is the diffusion coefficient (in m2/s), Cm represents the moisture content (in %), l is the
insulation thickness (mm), and Tk is the drying temperature (in ◦C).

Empirical relationships have been established and are used as alternative solutions to Equation (7).
These equations also facilitate the study of thin layer drying systems. The most commonly used of
these equations are presented in Table 1. In order to select the best-suited empirical equation to the
system under study, it is necessary to determine which one provides the best correlation with the
experimental curve.
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Table 1. Mathematical models applied to drying curves [23].

Model Name Model Expression

Newton MR = exp ( − kt )
Page MR = exp (− ktn)

Modified Page 1 MR = exp
(− ( kt )n)

Modified Page 2 MR = exp
(
( − kt )n )

Henderson and Pabis MR = a exp( − kt )
Logarithmic MR = a exp ( − kt ) + c

Two-term MR = a exp(− k0 t) + b exp (−k1 t)
Two-term exponential MR = a exp(−kt) + (1 − a )exp(−k a t)

Wang and Singh MR = 1 + at + bt2

Diffusion approach MR = a exp(−k t) + (1 − a )exp(−k b t)
Modified Henderson and Pabis MR = a exp( −kt )+b exp( −gt ) + c exp( − ht )

Verma et al. MR = a exp(−kt) + (1 − a )exp(−g t)
Midilli-Kucuk MR = a exp (− ktn) + bt

3. Experimental Setup

The drying experiments were performed on 6 mm × 6 mm paper samples of 0.05 mm thickness,
with high density (1.02 g/cm3) and thermally upgraded, electrical grade creped 12 HCC, manufactured
by Weidmann Electrical Technology Inc. (St. Johnsbury, VT, USA).

Prior to the drying process, the initial moisture content and degree of polymerization of the paper
samples were determined. The drying was carried out in an oven. Different drying environments were
simulated by varying vacuum pressure and temperature. The impact of the air/oxygen inlet on the
quality of the paper was also assessed. The investigations were performed at different temperatures:
115, 130, and 150 ◦C. At specific time intervals (60, 120, 180, 240, 300, and 360 hours), some paper
samples were removed to determine their degree of polymerization.

In order to measure and draw the drying curves of paper samples as a function of temperature,
weight, and initial moisture, the thermogravimetric analysis technique (TGA), which consists of
measuring the weight change of a sample as a function of time for a given temperature or temperature
profile, was used [24]. As the moisture contained in the paper is progressively removed by heating, the
weight begins to decrease, until it reaches an equilibrium position, which generally corresponds to the
state when almost the entire amount of water in the paper is removed by evaporation. The moisture at
each time step is obtained by the following formula [24]:

Moisture(%) =
W − D

W
100% (8)

where W is the initial weight (weight of wet paper), and D represents the paper weight measured at
each instant (dried paper weight).

The measurement is stopped, and the value of the moisture recorded, when the variation of
moisture according to time is less than or equal to the drift value (% per min) set on the device.

The measurement was carried out with the MF-50 Moisture Analyzer [24].
This thermogravimetric analysis technique (TGA) device allows for drawing distinct curves

representing the moisture extracted, according to the variation of the drying temperature, as well as
the weight and thickness of the paper to be dried.

The analysis of the resulting curves allows us to establish a mathematical model characterizing
the drying process. However, it is important first to select among the empirical equation models in
Table 1, the one which is best suited to the system under study.

This equation is to be used to model the drying time of the paper depending on various parameters,
such as paper weight, drying temperature, extraction rate, initial moisture, etc.
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4. Experimental Procedures

Various tests were conducted in order to determine the impact of different parameters on the
drying process.

4.1. Weight Impact on the Drying Process

To assess the impact of the amount of water extracted from the paper samples with different
weights were considered for a given temperature. This test makes it possible to predetermine the drying
time necessary, depending on the paper’s weight, and therefore transformer size, initial moisture,
and drying temperature, allowing us to determine a mathematical model of the drying process.

The measurement results displayed in Figure 1 indicate the progression of moisture percentage
extracted over time, depending on the weight of the paper to dry. The drying apparatus stops the
measuring process and displays the final moisture when the extraction rate reaches a threshold of
0.02% per min.

The measurement results show that the drying time increases according to the weight of the
paper to be dried. Indeed, moisture refers to the water (liquid or vapor) content in the air or another
substance, and is defined as the ratio between the water weight and the weight of the substance,
as follows:

H(%) =

(
water weight
Total weight

)
100 (9)

so that:
water weight = H(%) × Total weight

This relationship indicates that for given moisture level, the weight of water in a substance is
proportional to the weight of this substance. In this case, the relationship reflects the increase in
extracted water that explains the increase in the drying time.

 

Figure 1. Influence of weight on drying time (130 ◦C).

4.2. Temperature Impact on the Drying Process

Given the large size of power transformers, some of which may contain several tons of paper,
drying requires high temperatures (up to 125 ◦C and more). The objective of this experiment is to
estimate how drying time varies with temperature. The results are shown in Figure 2.
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Figure 2. Influence of temperature on the drying time of a weight of 10 g.

Analysis of the results indicates that drying time decreases as temperature rises. According to
Equation (7), the variation of moisture depends on diffusion coefficient D in (m2/s); this coefficient
increases with temperature, causing a reduction in the drying time.

5. Results and Discussion

5.1. Mathematical Model of the Drying-Out Process of Insulation Paper

Manufacturers monitor insulation dryness during processing, usually by measuring some
parameter (such as insulation resistance or power factor) that is directly dependent on moisture content.
Since there are no absolute values for these parameters applicable to all transformers, readings are
usually plotted graphically, and the drying out process is considered completed when a levelling-out
of the power factor and a sharp rise in insulation resistance is observed [5].

The first step in modeling the drying process is to determine the mathematical equation model
that best fits the drying curves obtained. Since the percentage of extracted moisture is monitored, and
not the percentage of residual moisture, as expressed by the equations shown in Table 1, it is therefore
necessary to adapt these equations.

To do this, the Newton model (first equation in Table 1) seems most appropriate to fit the growth
curves (extracted moisture), rather than the decreasing curves (residual moisture). The model used in
this case is as follows:

Hext = H0

(
1 − e−

t
τ

)
(10)

with Hext as the extracted moisture (in %), H0 as the final moisture (in %), τ as the time constant (in s),
and t as the drying duration.

This equation determines the remaining residual moisture in the paper at the end of drying.

5.2. Residual Moisture Estimation

The approximation of the drying curves by Equation (10) is performed by optimizing the
quadratic error between the measured drying curves and the curves calculated by Equation (9).
The results of this optimization will allow calculation of the final moisture H0 and time constant τ. The
drying phenomenon can be modeled as a transient evolution, as the time constant of Equation (10)
characterizes the time at the end of which equilibrium is reached—this is to say, when the extraction
rate reaches a threshold of 0.02% per min. This optimization is achieved by using the MATLAB
(R2013b) function algorithm “fminsearch”, which allows one to find the minimum of an unconstrained
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multivariable function using a derivative-free method. The multi-variables to be determined are the
time constant and the final moisture percentage, and the function is Equation (9). The extraction rate
(% per min) is determined by the derivative of Equation (10). The estimated moisture is calculated
when the extraction rate is equal to 0.02% per min (the threshold for which the drying apparatus has
been set to stop drying and display the result of moisture).

Table 2 shows time constant τ and moisture H0, calculated from the drying curves shown in
Figure 1. The extraction rate (% per min) is determined by the derivative of Equation (10). The estimated
moisture is calculated when the extraction rate is equal to 0.02% per min (the threshold for which the
drying apparatus has been set to stop drying and display the result of moisture).

Table 2. Calculated results of the drying time constant and calculated moisture.

Weight (g) Measured Moisture (%) Calculated Moisture (%) Time Constant (s)

Drying Temperature: 70 ◦C

0.658 6.45 6.51 121.97
1.258 6.10 6.03 166.97
2.558 5.75 5.75 506.91
5.288 5.40 5.58 1009.31
10.286 5.25 5.84 2142.34
20.808 4.70 5.67 3323.47
25.642 4.45 5.82 4123.22
30.634 4.05 5.43 4461.33
35.096 4.05 5.63 4931.61

Drying Temperature: 90 ◦C

0.63 6.55 6.49 40.29
1.282 6.20 6.16 86.63
2.53 6.15 6.20 228.24
4.912 6.10 6.37 472.79
9.892 5.90 6.29 1136.10
20.348 5.45 6.05 1981.50
31.22 5.05 6.07 2832.05
35.856 4.70 6.06 3713.64

Drying Temperature: 110 ◦C

0.658 7.15 7.11 20.98
1.268 7.00 6.97 49.64
2.514 6.50 6.79 148.23
5.168 6.60 6.85 347.95

10 6.40 6.74 739.33
20.11 6.00 6.90 1908.63
30.11 7.10 8.09 2446.64
35.432 6.95 8.19 3175.70

Drying Temperature: 130 ◦C

0.638 7.60 7.58 17.96
1.29 7.30 7.31 37.22
2.454 6.95 7.09 110.06
4.978 6.75 7.03 277.48
9.942 6.65 7.25 589.34
20.094 6.50 7.24 1131.06
30.042 6.20 7.07 1601.35
35.45 6.10 6.92 1927.77
40.13 5.40 6.16 2156.22

The approximation of the drying curves by Equation (10) not only allowed us to determine
different time constants, but also to estimate the remaining residual moisture in the paper after the
drying cycle.
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Figure 3 shows an example of a calculated drying curve using Equation (10). For 0.658 g of paper,
the moisture analyzer indicates 6.45 %, while the calculated moisture is 6.51%. It can be seen from the
estimated curve that the real moisture contained in the paper can be calculated and that the remaining
residual moisture in the paper can be estimated after the drying cycle.
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Figure 3. Principle of the estimation of the real and residual moisture.

Indeed, the apparatus used stops the drying when the moisture extraction rate, expressed in
percentage per minute (% per min), reaches a previously set threshold. Thus, as can be seen from
the various curves at the beginning of drying, the extracted moisture amount per time unit is very
large, which explains its extreme slope. At the end of drying, the extracted moisture per time unit
(the drying curve slope) becomes increasingly weak, eventually reaching the adjusted threshold value
when drying is stopped. In this case, and according to the adjusted threshold of the moisture extraction
rate, the heating may be stopped, even though there is still a certain amount of residual water in
the paper.

The estimation process of the drying state of the transformers at the factory follows the same
principle. In fact, during the drying process, the amount of removed water per hour is measured in
grams. Then, depending on the transformer paper weight to dry, the extraction rate, expressed in
grams of water per ton of paper per hour (g/T/h), is calculated. When this extraction rate reaches
a specific value, the drying operation is stopped.

Table 2 shows that in terms of the mass of paper to be dried and the drying temperature used,
a significant quantity of water can still remain in the paper. This fact explains the difference between
the extracted moisture value measured by the device and the value of estimated real moisture.

In addition, from the results of this analysis, it can be seen that the residual moisture in the paper
after the drying process is higher if the drying time constant is large, as shown in Figure 4, where
residual moisture is normalized to the initial moisture. It may be noted that in this case, at the end of
a drying process, more than 25% of the initial moisture can remain, if the drying is done with a close
time constant of 5000 s.
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Figure 4. Impact of drying time constant on residual moisture.

This increase in residual moisture, in accordance with the increase of the time constant, is due
mainly to the use of a fixed extraction rate threshold to stop the drying process, no matter the weight of
the paper transformer or the drying temperature. These last two parameters directly influence the time
constant, as already emphasized in this analysis. However, the use of an extraction rate threshold that
takes into consideration the time constant (which depends on the paper weight and the temperature)
can reduce the residual moisture in the paper. Therefore, the drying time in this case will increase,
thereby contributing to the exposure of the paper to the drying temperature for longer periods.

In practice, it would be highly desirable in the industry to model the drying curves, in order
to estimate the moisture removed at the end of drying, based upon initial moisture, weight of the
paper, and drying temperature. In addition to the estimated moisture value, it would be possible to
determine the time needed for the best method of drying paper.

5.3. Modeling the Drying Process Depending on Temperature and Weight

The study of the parameters influencing paper-drying kinetics in the transformers has resulted in
the mathematical model represented by Equation (10). This model, which is perfectly adapted to the
drying process, can estimate the final moisture H0 and time constant τ.

From this equation, it is possible to calculate the duration of drying time, depending on paper
weight and drying temperature.

In this case, the results obtained by estimating the extracted moisture depending on temperature
and paper weight to be dried (Table 2) will be used.

Figure 5, obtained from the data in Table 2, shows the estimated time constant, depending on the
temperature and the paper weight.
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Figure 5. The time constant evolution, depending on the paper weight and drying temperature.

The analysis of the curves shows that time constant τ is directly proportional to the weight of the
paper to be dried, as well as the drying temperature. The evolution of time constant τ can be estimated
by linear curves. Therefore, the equation that relates the drying time constant τ and the paper weight
M can be written as follows:

τ = P·M (11)

where P is the slope of the linear approximation curves of the time constant, depending on the weight
of the paper (M). The P slope depends on the drying temperature, and its evolution is presented in
Figure 6.
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Figure 6. The slope of the linear approximation curves as a function of temperature.

The approximation function of the slope P as a function of temperature can be expressed as:

P = K1·e−
T

K2 (12)
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where K1 and K2 are two coefficients, to be determined by minimizing the square root error between
the slopes of Figure 8 and those calculated by Equation (10). Figure 7 displays the approximation
function of the slopes.
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Figure 7. The approximation function of the slopes of Figures 6 and 8 as a function of temperature.

The values of the calculated coefficients K1 and K2 are:

K1 = 455.53
K2 = 62.31

As a result, Equation (9) can be written as:

P = 455.53·e− T
62.31 (13)

By substituting Equation (13) into (10) we get the following relationship, where drying time
constant τ is expressed as a function of the drying temperature T and the mass of paper to be dried M:

τ = 455.53·M·e− T
62.31 (14)

From Equations (10) and (14), the following formula is obtained, allowing us to model the
drying curves:

Hext = H0

⎛
⎝1 − exp

⎛
⎝− t

455.53·M·exp
(
− T

62.31

)
⎞
⎠
⎞
⎠ (15)

This mathematical model allows us to express extracted moisture (Hext) as depending on paper
weight to be dried (M), drying temperature (T), and initial moisture (H0).

Whether the drying process is performed by the equipment used in this study, or by the
transformer manufacturer, the drying process in both cases is stopped when the extraction rate
(expressed by quantity of extracted water per paper amount per unit time) reaches a predefined
threshold. When this happens, using the mathematical model proposed for the drying process
(Equation (10) or (14)) the extraction rate (Rateext) can be expressed by the derivative of the function of
the extracted moisture (Hext):

Rateext =
dHext

dt
=

H0

τ
e−

t
τ (16)
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In this case, from the established model, considering that the initial moisture H0 was previously
estimated and that the extraction rate threshold (in our case it is fixed at 0.02% per min) is known,
the drying time necessary to achieve this threshold can be calculated using the following equation:

t = −τ· ln
(

τ·rateext

H0

)
(17)

Now, replacing the time constant by its expression (Equation (14)), the following equation
is obtained:

t = −455.53·M· exp
(
− T

62.31

)
· ln

⎛
⎝455.53·M· exp

(
− T

62.31

)
·rateext

H0

⎞
⎠ (18)

5.4. Validity of the Established Drying Model

The drying times calculated by the model, based on the paper weight, drying temperature,
and drying time determined by the drying apparatus, are shown in Table 3 and Figure 8:
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Figure 8. Drying time measured and those determined by the established mathematical model for
different drying tests.

Table 3. Drying times measured and those determined by the mathematical model established for
different drying tests.

Weight (g) Measured Duration (min) Calculated Duration (min)

Drying Temperature: 70 ◦C

0.658 7.80 10.32
1.258 15.40 13.04
2.558 32.80 29.80
5.288 50.00 47.24
10.286 78.90 75.06
20.808 94.20 90.42
25.642 101.00 99.16
30.634 101.00 96.24
35.096 105.00 101.23
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Table 3. Cont.

Weight (g) Measured Duration (min) Calculated Duration (min)

Drying Temperature: 90 ◦C

0.63 4.50 4.15
1.282 8.60 7.74
2.53 16.70 16.74

4.912 26.60 29.15
9.892 52.70 53.20
20.348 74.50 73.17
31.22 86.40 87.85
35.856 94.80 98.30

Drying Temperature: 110 ◦C

0.658 3.82 2.42
1.268 6.40 5.00
2.514 11.73 12.16
5.168 22.00 23.65

10 38.53 40.76
20.11 67.62 75.81
30.11 89.50 93.56
35.432 101.00 108.31

Drying Temperature: 130 ◦C

0.638 2.98 2.14
1.29 4.43 3.96

2.454 8.65 9.65
4.978 16.90 20.03
9.942 28.58 35.44
20.094 47.70 55.69
30.042 60.20 68.94
35.45 70.00 76.37
40.13 76.20 77.20

The curves displayed in Figure 8 shows a strong correlation between the calculated and measured
durations, which confirms the validity of the proposed drying model. This model can confidently be
used for calculating the drying time of the paper used in transformers.

6. Conclusions

Estimating residual moisture is an important factor to ensure acceptable residual water content
and avoid failure during dielectric testing certification after manufacture. The success of this
estimation depends strongly on the mass of the paper to be dried, the duration of drying, and the
drying temperature.

To the best of our knowledge, this estimation is currently made by making an indirect
measurement of the extracted moisture. It is thus necessary to use, instead, an equation adapted to the
process of drying the paper.

Based on the measurements made on paper samples using the thermogravimetric method, it was
possible to set up a model of equations adapted to the paper drying process specific to the transformer.
In this model, the drying process of the paper is a function of the temperature, mass of the paper to be
dried, initial moisture, and final moisture to be reached, which is the key point of our contribution to
the process of drying transformers.

The results obtained in this research show that it is possible to model the phenomenon of drying
the paper used for the isolation of power transformers. From this model, it was possible to calculate,
for a given threshold of extraction rate and initial moisture, the drying time required as a function
of the mass of the paper to be dried, the drying temperature, and the final moisture to be reached.
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It was also shown that it would be possible to estimate the residual moisture remaining in the paper
at the end of the drying process. The proposed model of paper drying, which is validated against
thermogravimetric experimental analyses, has limited applications, because it does not take into
account the real conditions of cellulose insulation drying.

This work is the first part of a general model of paper drying for power transformers. Indeed,
since the present work was carried out on an equipment with a maximum drying capacity of 50 g,
a coefficient must be introduced in the formula in order to adapt the results obtained in this study
to the case of large ovens capable of drying large transformers (for example, a 150 MVA transformer
may contain as much as 7 tonnes of paper). Moreover, as the drying of transformers is realised under
a vacuum, this must also be considered. In the second part of our work, we will take into account
these two parameters.
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Abstract: A high-temperature oil–paper insulation system offers an opportunity to improve
the overloading capability of distribution transformers facing seasonal load variation.
A high-temperature electrical insulation system (EIS) was chosen due to thermal calculation based
on a typical loading curve on the China Southern Power Grid. In order to evaluate candidate
high-temperature insulation systems, Nomex® T910 (aramid-enhanced cellulose) immersed in
FR3 (natural ester) was investigated by a dual-temperature thermal aging test compared with a
conventional insulation system, Kraft paper impregnated with mineral oil. Throughout the thermal
aging test, mechanical, chemical, and dielectric parameters of both paper and insulating oil were
investigated in each aging cycle. The thermal aging results determined that the thermal class of the
FR3-T910 insulation system meets the request of overloading transformer needs.

Keywords: liquid-immersed transformer; thermal aging; Nomex T910; natural ester; dual-temperature

1. Introduction

Urbanization in China has led to the population moving between urban and rural areas, which
results in seasonally fluctuating electrical power demand, particularly overloading rural transformers
during the Chinese spring festival and plowing seasons. Traditionally, the adoption of higher-capacity
transformers was considered by utilities to handle overloading. However, this decreases the normal
loading rate and yields a lower efficiency.

The State Grid Corporation of China published technical guidance for overloading rural
transformers in 2014 [1], and identified the typical loading curve. China Southern Power Grid released
a similar typical loading curve, shown in Figure 1 [2]. On the basis of the normal temperature-rise
test requirements, the transformer should meet the requirement for continuous operation of 6 h at
1.5 times rated power, 3 h at 1.75 times rated power, and 1 h at 2 times rated power. A conventional
insulation system, Kraft paper and mineral oil, has been utilized as a principal insulation system
in liquid-immersed transformers. A typical thermal class of Kraft paper is 105 ◦C, which allows an
average winding temperature rise of 55 K [3]. Meanwhile, the flash point of mineral oil is about 140 ◦C,
which raises fire safety concerns for the industry.

Energies 2018, 11, 1957; doi:10.3390/en11081957 www.mdpi.com/journal/energies91
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Figure 1. Loading curve for overloading distribution transformers required by Southern Grid [2].

The sustainable solution is to improve the overloading capacity of distribution transformers
by adopting a thermally upgraded insulation system. Natural and synthesized esters have been
developed in the past, focusing on fire safety and environmental footprint. Several researchers [4–6]
have reported that natural ester is beneficial in alleviating the deterioration of paper and prolonging its
life, due to the high hydrophilicity and the transesterification effect on cellulose of natural ester. Based
on the thermal calculation referring to a typical loading curve, the maximum hot spot temperature is
117.9 ◦C for the distribution transformer (S13-m(b)-400/10). In order to meet the high-temperature
needs of insulation paper, Nomex® T910 was introduced globally in 2014 as an alternative insulating
paper for liquid-immersed transformers.

As shown in Figure 2, Nomex® T910 is a type of aramid-enhanced cellulose paper with a
three-layer sandwich structure. The center ply is made of 100% cellulose, like normal Kraft paper,
but the outer two plies are made of 50–70% cellulose blended with 30–50% aramid materials. Three
plies are consolidated into a single sheet by a paper manufacturing processes such as wet forming,
drying, and densification. The reason why T910 has higher thermal performance than cellulose paper
is that the aramid fiber can enhance the thermal stability of the cellulose paper, and the fiber ratio
between aramid fiber and cellulose fiber will determine its performance. The dispersal states will be
different when the ratios of aramid fiber and cellulose fiber are different, as shown in Figure 2.

(a) (b) (c) (d)

Figure 2. The structure of T910 [7] and different dispersal states of aramid fiber in cellulose fiber under
different ratios: (a) structure of T910; (b) regular, with ratio less than 5%; (c) random, with ratio between
10% and 25%; (d) clumped, with ratio higher than 30%.

Once the ratio of aramid fiber is lower than 5%, the thermal or electrical chambers between
modules are similar to those of cellulose paper. If the aramid fiber ratio is increased to 10–25%, cellulose
fiber will distribute randomly in the paper, which improves the paper’s performance. Furthermore,
when the aramid fiber ratio is increased to 30%, cellulose fibers will be surrounded by aramid fiber.
The traditional thermal chambers between cellulose fibers have been blocked to improve the thermal
performance of paper significantly, and the final content of aramid fiber in the center ply is about
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30–50%. As shown in Figure 3, the Thermal Gravimetric Analyzer (TGA) results of both Kraft and
T910 have been analyzed. Although the initial decomposition temperature of T910 is 310.87 ◦C,
the secondary decomposition of T910 has been improved to 529.32 ◦C, compared with Kraft by aramid
fibers, which potentially bring the benefit of high temperature thermal stability.

(a) (b)

Figure 3. TGA results of insulating papers: (a) cellulose paper; (b) T910.

Before applying a new insulation system to the transformer, a thermal aging test should be done
to test its thermal class or thermal index. According to [7], the thermal class of mineral oil–impregnated
T910 is considered to be 130 ◦C. The tensile strength of mineral oil decreases slightly after 250 h thermal
aging under 150 ◦C, or 500 h thermal aging under 130 ◦C [8]. However, there are no details or results
on the thermal aging of natural ester impregnated T910.

Three accelerated thermal aging methodologies can be adopted to evaluate the thermal aging
performance of a new insulation system, as follows. IEEE Std. C57.100TM [9] gives a description of
functional life aging, called the Lockie method, which is closer to the real operation by introducing a
distribution or power transformer model with high cost. Another approach, the sealed tube method,
is commonly adopted due to its convenience; this method has been described in IEC 62332-2 [10].
The latest aging method, the dual-temperature test, was introduced in IEC 62332-1 [11], and simulates
operational status, including the different temperatures between insulating paper and oil as well as
oil flow, which are the limitations of seal tube tests. According to research by Wicks [12], the two
evaluations, the dual-temperature aging method and the Lockie method, are similar for the same
insulation system.

In this paper, in order to evaluate the thermal aging performance of T910-FR3 and Kraft
paper-mineral oil, thermal aging tests were conducted by using the dual-temperature platform, which
was adjusted to simulate real transformer winding compared to the structure of IEC 62332-1.

2. Experimental Methods

2.1. Materials

The insulating paper tested for this study included Nomex® T910 paper (0.08 mm) manufactured
by DuPont and Kraft paper (0.08 mm) by Nine Dragons Paper, as well as high-density pressboard
(1.17 g/cm3). Insulating oil included FR3 from Cargill and No. 25 mineral oil (MO) from Nan You
Petrochemical. The basic properties of the different oils and papers are shown in Table 1.
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Table 1. Basic properties of insulating oils and insulating papers.

Properties
Insulating Oil

Properties
Insulating Paper

MO FR3 Kraft T910

Appearance Clear Light Green Thickness (mm) 0.08 0.08
Density, 20 ◦C, (g·cm−3) 0.848 0.92 Density, (g·cm−3) 0.89 0.9–1.1

Viscosity, 40 ◦C, (mm−2·s−1) 8.01 32–34 Tensile Strength, MD (N·cm−1) 64.7 70
Flash Point, PMCC (◦C) 155 255 Tensile Strength, XD (N·cm−1) 38.6 17

Acid Value (mg KOH·g−1) 0.0011 0.013–0.042 AC Breakdown Voltage, Air (kV·mm−1) 10.4 20

Dissipation Factor (90 ◦C) 0.00101 0.02 Dissipation Factor (%) 0.25
(50 Hz, 100 ◦C)

1.6
(60 Hz, 90 ◦C)

2.2. Dual-Temperature Thermal Aging Platform

As shown in Figure 4, the dual-temperature test platform includes an aging cell, power supply
system, heating elements, control system, safety protector, and sampling unit. The aging cells in the
tests were modified based on IEC 62332-1 [11], as labeled in Figure 5. The outer diameter of the cell is
220 mm and the length is 420 mm. The aging cell consists of both an insulating oil–paper test object
sample and corresponding heaters and sensors, in which temperature monitoring of solid and liquid
materials is separately realized by the copper conductor and immersion heaters coordinating with
their individual thermal sensors. The insulating oil circulates in the aging cell due to the temperature
difference to simulate the oil flow in transformers.

(a)

(b)

Figure 4. Dual-temperature thermal aging platform: (a) schematic diagram (1, aging cell; 2, immersion
heaters for liquid; 3, copper conductor; 4, temperature sensor for solid component; 5, temperature
sensor located at liquid surface; 6, temperature sensor located at liquid center; 7, barometer; 8, relief
valve; 9, gas valve; 10, liquid pipeline); (b) photo.
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Figure 5. Sectional view of aging cell [11].

The solid samples are mainly composed of a copper conductor, the insulating papers to be
evaluated, and a pressboard. The copper conductor, made into an M type, is used to simulate the
winding of the transformer, which is first wrapped with paper tape in a half-lapping way to prevent
contamination of test samples, then by tensile and breakdown samples in sequence, and finally,
by paper tape, as in the first step for fixing. The M type copper conductor wrapped with paper
is tightly bound with copper wires and high-density pressboard, in order to simulate transformer
winding conditions. Considering the temperature differences among the 4 parts of the conductor,
test samples are classified into outer layer samples and inner layer samples. There are 7 layers for both
inner layer and outer layer: 1 layer for foundation, 5 layers for tensile strength, breakdown voltage,
and initial tear strength test, and 1 layer for protection. The difference between them is the temperature
difference based on thermal radiation. Thermal sensors are located between the first layer and tensile
samples, in order to reflect the temperature of the tensile samples. As shown in the internal view of an
aging cell in Figure 6, the copper conductor is fixed to the lid of the aging cell, and connected to the
power system using fluororubber for sealing and insulation.

Figure 6. Sample of internal view of aging cell.

To make the test cell reasonable, the volume ratios of materials are selected according to the
recommendations of IEC 62332-1 [11]. In this test, the oil sample consumption is about 10.3 L.
The calculation allowed the determination of material volume ratios as follows: 474 cm3 of
high-temperature insulation (which includes the insulation and the pressboard in high-temperature
areas), 1140 cm3 of low-temperature insulation (which includes low-temperature pressboard and
additional samples for material balance), and 214 cm2 of silicon steel. Specifically, 474 cm3

high-temperature insulation includes 18 cm3 candidate insulating paper sample, 115 cm3 of paper
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for the wrapped conductor, and 341 cm3 of high-density pressboard. The thickness of all paper for
wrapped conductors is 0.08 mm. In this paper, 2 insulation systems were tested: Kraft paper–mineral
oil as the benchmark system, and T910-FR3 ester as the candidate system. Both of them had the
same volume ratio of insulating paper and oil, but different mass ratio based on different densities.
Each aging cell includes 118 g of Kraft or 133 g of T910, 399 g of high-density pressboard for high
temperature insulation, and 510 g of high-density pressboard for the low temperature pressboard.
For insulating oil, mineral oil was 8.73 kg in the conventional insulation system, and FR3 was 9.48 kg
in the high-temperature insulation system.

2.3. Sample Pretreatment

All the insulating oil and papers should be preconditioned before the test. The insulating oil
should be dehydrated and degassed under vacuum conditions by using the apparatus shown in [13].
At the same time, the insulating paper should be dehydrated under high temperature. Figure 6 shows
the assembly of the insulation paper, high-density pressboard, and other accessories. As the last step
in the dehydration process, the aging cell was put into the oven with open valves after sealing. As the
preconditioning result, water contents of the materials are listed in Table 2.

Table 2. Water contents of insulating oil and paper after preconditioning.

Property
Insulating Oil Insulating Paper

MO FR3 Kraft T910

Water Content 17.1 ppm 147.4 ppm 0.503% 0.426%

Furthermore, the pipeline of the aging cell was connected to the processed oil, and the gas valve
was connected to the vacuum pump to keep the low pressure of the aging cell. Insulating oil in the
amount of 10.3 L was injected into the aging cell. After the oil injection and vacuum process, the valves
were closed and the aging cell was put into the oven. The solid samples were impregnated with
corresponding insulating oil at 90 ◦C for 12 h under vacuum conditions to soak in fully. After the
impregnation process, the absorption of T910 with FR3 was 42.1%, and that of Kraft paper with mineral
oil was 37.5%, based on the density difference and fiber polarity variance of the insulating paper.

2.4. Thermal Aging Test Conditions: Temperature and Aging Period

To confirm the thermal performance of the candidate system, life assessments of both the
candidate and referenced systems at 3 temperatures are necessary, according to the Arrhenius equation.
In this paper, the aging temperatures of the copper conductor and insulating oil were separately
controlled to simulate hot spot temperature and top oil temperature differences. Details about the
aging temperatures and periods of the candidate system and referenced system refer to IEC 62332-1 [11]
and are listed in Table 3. After each aging period, the tensile strength and breakdown voltage of
insulating paper are measured, as well as water content, acid number, viscosity, and breakdown
voltage of insulating oil.

Table 3. Insulation system thermal aging conditions.

Reference EIS (MO and Kraft) Candidate EIS (FR3 and T910)

Temp. of
Kraft (◦C)

Temp. of Mineral Oil (◦C)
Aging Cycle (h)

Temp. of
T910 (◦C)

Temp. of Natural Ester (◦C)
Aging Cycle (h)

Surface Center Surface Center

160 124 115 25/50/100/250 180 130 115 100/250/500/1000
140 122 115 250/500/2000/4000/5000 165 127 115 500/2000/4000/5000
125 121 115 3000/4500/5000 150 125 115 3000/4500/5000
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3. Aging Test Results of Insulating Papers

3.1. Tensile Strength of Insulating Papers

Cellulose is a kind of linear condensation polymer consisting of anhydroglucose; the degree
of polymerization (DP) is the average number of glycosidic rings in a cellulose macromolecule [3].
The tensile strength of insulating paper has a direct correlation with DP. When the DP of cellulose
paper decreases, the tensile strength will also decrease [14]. In addition, the insulating paper has to
endure a certain degree of mechanical stress during the operation of the transformer. Once mechanical
fractures appear in the insulating paper, the winding will be directly exposed to the insulating oil, and
electrical faults are more likely to occur. Moreover, the locations of fractures can also cause partial
discharge as insulating defects. So, the tensile strength of insulating paper is commonly used as an
index to evaluate the aging status of the paper [15]. In this study, the tensile strength of insulating
paper with different aging statuses was measured according to ASTM D828 [16].

After preconditioning, the initial tensile strength of Kraft paper impregnated with mineral oil
was 79.0 N/cm, and of T910 impregnated with FR3 ester was 84.7 N/cm. Residual tensile strength
was selected to characterize aging status in insulating paper; the calculating method is shown as
Equation (1):

RTS =
TS
ITS

× 100% (1)

where RTS is residual tensile strength, TS is tensile strength after different aging periods, and ITS is the
initial tensile strength of the corresponding paper. The results reflect the trend of RTS with aging time,
according to IEC 60216-3 [17]. Fifty percent of ITS mentioned in IEC 60216-2 [18] is benchmarked as
the lifetime guideline of insulating papers. Figure 7 shows the results of RTS of Kraft and T910 paper
at different aging temperatures for the inner and outer layers.

The initial tensile strength of each sample has been treated as 100% as the initial point before
thermal aging process. During the first stage of each aging test, the RTS between the initial point and
the first measured point dropped apparently, even more with an increase in temperature. For the
comparison between the two layers, the RTS of the inner layer dropped more than that of the outer
layer. Furthermore, the scatter points without the initial one are fitted linearly by the method of
least squares to determine the lifetime of each insulation system under different aging conditions.
As normal practice, the lifetime will be considered as the ageing time when the tensile strength dropped
to 50% of the initial tensile strength. The results of lifetime under each aging temperature are listed
in Table 4. The lifetime of the outer insulating paper is higher than that of the inner layer under the
same aging temperature due to the difference of heat dissipation situation. The outer layer contacted
with insulating oil directly, which leads to a better heat dissipation situation. As expected, the lifetime
decreases with the increase of the aging temperature for both insulation systems. However, the lifetime
of T910 is still much higher than that of Kraft paper, even under higher aging temperature, which
illustrates a relatively better thermal capability.

Table 4. Life (in hours) of insulating paper at each aging temperature.

Life of Kraft (h) 160 ◦C 140 ◦C 125 ◦C

Outer Layer 138 1734 4044
Inner Layer 38 804 2718

Life of T910 (h) 180 ◦C 165 ◦C 150 ◦C

Outer Layer 576 2735 4878
Inner Layer 259 1583 3408
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(a) (d)

(b) (e)

(c) (f)

Figure 7. Residual tensile strength of T910 in FR3 and Kraft in mineral oil at different temperatures:
(a) T910 at 180 ◦C; (b) T910 at 165 ◦C; (c) T910 at 150 ◦C; (d) Kraft at 160 ◦C; (e) Kraft at 140 ◦C; (f) Kraft
at 125 ◦C.
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3.2. Thermal Index (TI) of Insulation Systems

According to the Arrhenius equation, there is a relationship between the chemical reaction rate
and thermodynamic temperature. Thus, the relationship between the thermal aging lifetime and aging
temperature of an insulation system can be given as Equation (2):

Log L = A +
B

T + 273
(2)

where L represents the lifetime of a certain insulation system in hours, T represents temperature in ◦C,
and A and B are constants. According to Equation (2), the thermal aging life curves of two insulation
systems are plotted in Figure 8.

Figure 8. Thermal aging life curves of insulation systems.

Comparing the two different positions, the heat dissipation condition of the outer layer paper
is better than that of the inner layer paper, which leads to the lifespan of the outer layer paper
being relatively higher under the same temperature. However, the gap of thermal aging life curves
between inner and outer layer samples was reduced under low thermal aging temperatures. Normally,
the intermediate oil temperature is controlled at 115 ◦C, which is lower than the aging temperature
of paper. Once the thermal aging temperature of insulating paper is low, the temperature difference
between insulating paper and oil decreases. Furthermore, the thermal environment of the insulation
system inside and outside tends to be consistent. The slope of the life curve of the outer layer paper
is less than the life curve of the inner layer paper, and finally, intersects along with the decrease of
thermal aging temperature.

TI refers to the value of Celsius temperature when the lifetime curve is 20,000 h. The TI of inner
layer T910 impregnated with FR3 is 133 ◦C, lower than that of the outer layer at 134 ◦C. In the MO
impregnated Kraft insulation system, the TI of the inner and outer layer paper is approximately 112 ◦C.
The heat resistance of the FR3 impregnated T910 insulation system is much higher than that of the MO
impregnated Kraft insulation system.

3.3. Dielectric Strength of Insulating Paper

Dielectric strength is also one of the important properties of insulation paper, which directly
provides insulation protection for winding. The breakdown voltages of insulating paper under
different temperatures in different aging cycles were measured and plotted, as shown in Figure 9.
Since the insulation paper was wrapped on a copper conductor, creases are unavoidable on its surface.
In order to reduce the influence of creases on the breakdown voltage of insulation paper, the VDE
electrode was adopted for step-up voltage tests with 50 Hz power supply frequency and 0.5 kV/s
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step-up speed. In these tests, T910 was placed in preconditioned FR3, and Kraft was placed in
preconditioned mineral oil. The breakdown voltage of each sample was measured 20 times. All results
were plotted by Weibull distribution, and the value with 63.2% breakdown probability was considered
as the final result. Considering that the thickness of both candidate insulating papers are the same,
their breakdown voltages can be directly compared.

(a) (b)

Figure 9. Breakdown voltage of aged insulating paper: (a) aged T910; (b) aged Kraft paper.

For the initial value of new insulating paper, T910 has better dielectric property breakdown
voltage (T910: 9.7 kV; Kraft paper: 7.1 kV). Compared with the new paper, the maximum voltage
drops of T910 and Kraft paper after aging is 0.7 kV and 0.6 kV respectively, which is not significant
for either. Different from tensile strength, breakdown voltage is stable throughout the aging process.
Reference [19] also reported that even if the mechanical strength of insulating paper drops to 30% of
its initial value, dielectric strength can still maintain a relatively high level.

4. Aging Test Results of Insulating Oils

4.1. Water Content

Water content is one of the most important factors in the dielectrical performance of insulating
oil [20], while water modules will accelerate the aging process for oil–paper. Coulometric Karl
Fisher titration methodology was adopted in this study by Metrohm 831 KF coulometer and 860 KF
Thermoprep. Considering similar trends under different temperatures, a typical thermal aging
temperature was chosen to be measured for each insulation system, as shown in Figure 10 (aged
oil under temperatures of 165 ◦C and 140 ◦C for T910 and Kraft, respectively).

For mineral oil, the water content increased continuously throughout the aging process. The initial
water content of FR3 was higher than that of mineral oil. However, the water content of FR3 showed
different trends, increasing to the peak during the beginning of the aging process but dropping later.
The water content in FR3 at the end of the aging test was even lower than at the start, which means that
the water was consumed during the process. Similar changing of water content is shown in [21,22],
which suggests an accelerated aging rate in mineral oil compared to FR3, because hydrolysis, for which
water is the reactant, is the main cause cellulose degradation of both Kraft and T910 [23]. Aramid
has excellent chemical stability and is resistant to hydrolysis and oxidation, whose by-products, gas
and water, are lower than the cellulose [24]. Paper [25] has illustrated that even under 240 ◦C, aramid
paper still retained 77% tensile strength in mineral oil after 5000 h thermal aging test. In addition,
the maximum aging temperature within the tests is 180 ◦C, which is lower than pyrolysis temperature
of aramid. As Figure 2 shows, cellulose fiber has been surrounded by aramid fiber to enhance the
thermal resistance performance.
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Figure 10. Water content of insulating oil under medium aging temperature (165 ◦C for T910 aged in
FR3 and 140 ◦C for Kraft aged in mineral oil).

Moreover, compared with mineral oil, FR3 has a higher saturated water content, which means
that FR3 can absorb more water and decrease the water content of insulating paper.

4.2. Dynamic Viscosity

Insulating oil must be mobile to transfer the heat in a better manner from the core to the
transformer radiators, where heat is dissipated. The dynamic viscosity of insulating oil is determined
by relative molecular weight, in a relation shown by Mark-Houwink in the equation:

η = KMa (3)

where η is dynamic viscosity, a and K are constants depending on the particular polymer–solvent
system, and M is the average molecular weight. In this paper, the dynamic viscosity of insulating oil
was measured by a Brookfield LV-II pro viscometer fitted with a small sample adapter under 40 ◦C
and 90 ◦C. Figure 11 shows the viscosity of oil under different thermal aging conditions: 165 ◦C for
T910 and 140 ◦C for Kraft. The dynamic viscosity of FR3 is significantly higher than that of mineral oil
at the two temperatures, based on the relative molecular weight of triglyceride, which is a potential
bottleneck for natural ester to be adopted in a liquid-immersed transformer. In this paper, the nitrogen
protection of aging cells narrowed the variance of viscosity due to the limited oxygen reaction.

Figure 11. Dynamic viscosity of insulating oil under medium thermal aging temperature (165 ◦C for
T910 and 140 ◦C for Kraft).
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4.3. Total Acidity

The acidity of insulating oil speeds up the aging process of insulating paper, because hydrolysis
of cellulose is catalyzed by H+ [26]. In this paper, the acidity of insulating oil was measured by
potentiometric titration with KOH isopropanol solution by Metrohm 848 Titrino plus equipment
(Metrohm, Herisau, Switzerland). Considering the same pattern will be followed for acidity under
different thermal aging temperatures, Figure 12 shows the total acidity of insulating oil under a typical
aging temperature as an example.

Figure 12. Total acidity of insulating oil under medium thermal aging temperature (165 ◦C for T910
and 140 ◦C for Kraft).

All thermal aging tests were conducted under nitrogen protection, with the acidity of insulating
oil affected by H+ generated from the hydrolysis of Kraft paper. Figure 12 shows the increasing acidity
of mineral oil throughout the aging process. Compared with mineral oil, both initial value and speed
of increase of the acidity of FR3 are higher due to the generation of fatty acid from the hydrolysis
of glycerol fatty acid ester, which is the main component of natural ester. Different from carboxylic
acid, fatty acid is a high-molecular acid that will not catalyze the hydrolysis of insulating paper [27].
In addition, a transesterification reaction between fatty acid and cellulose in T910 can form a barrier
to water ingress and postpone the degradation of solid insulation [21,22]. In summary, a higher total
acidity of FR3 cannot directly reflect the thermal aging status compared with mineral oil.

4.4. Breakdown Voltage

Breakdown voltage tests were conducted with a BAUR DTA 100C breakdown voltage machine
(BAUR GmbH, Sulz, Austria), with reference to ASTM D1816 [28]. Step-up voltage tests were
conducted with a 50 Hz power supply frequency and 0.5 kV/s step-up speed; the distance between
electrodes was 1 mm. For each insulating oil sample, the breakdown voltage tests were conducted
50 times at room temperature after each thermal aging cycle. All results were plotted by Weibull
distribution, and breakdown voltage under probability equal to 63.2% was set as a benchmark,
as shown in Figure 13.

As Figure 13a shows, the breakdown voltages of insulating oil have dispersion in a range. Based
on statistical analysis principles, the value of breakdown voltage is adopted once the probability is
63.2%. As Figure 13b,c shows, the initial breakdown voltage of FR3 is 41.1 kV, and that of mineral oil
is 39.4 kV. For FR3, the difference of temperature and aging time has a limited impact except on the
breakdown voltage under 180 ◦C for 1000 h, which is 31.2 kV. However, the lowest value of breakdown
voltage is still higher than the controlling value of the related standard. In contrast, for mineral oil,
the variance of breakdown voltage under different aging conditions is significant.
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(a)

(b) (c)

Figure 13. Breakdown voltage of insulating oil under different thermal aging conditions: (a) Weibull
percentiles of new MO; (b) aged FR3; (c) aged MO.

According to a related study, the breakdown voltage of mineral oil is more sensitive to water
content compared with natural ester [24]. For example, the saturated water content of mineral oil
is about 68 ppm, and that of FR3 is about 1100 ppm at 25 ◦C [29]. The water molecule within the
mineral oil will be released once the water content increases to the limit, which brings the potential
risk of breakdown. Compared with absolute water content, relative water content is meaningful as
a reference that can be calculated by the ratio of water content to saturated water content. With the
increase of water content, breakdown voltage dropped significantly for both FR3 and mineral oil [24,30].
From Figure 10, after aging at 165 ◦C, it was observed that the water content of FR3 increased from
151.2 ppm after 200 h to 208.6 ppm after 2000 h, then decreased to 57.9 ppm after 4000 h. At the same
time, the breakdown voltage of FR3 first decreased from 45.5 kV to 39.2 kV and then increased to
41.6 kV.

5. Conclusions

In this paper, a dual-temperature thermal aging platform was established to explore a
high-temperature insulation system, Nomex T910 immersed by FR3, as long as the conventional
insulation system is identified as the benchmark.

For solid insulation materials, even under higher thermal aging temperatures, the tensile strength
of T910 dropped more slowly compared with Kraft paper; that means the thermal index of T910 is
higher than that of Kraft paper. In addition, the variance of dielectric strength for solid insulation is
smaller, and in particular, T910 showed better performance during the whole thermal aging process.

For fluids, the viscosity of both mineral oil and FR3 maintains a relatively similar level, which
shows that the oxygen reaction between solid insulation and fluids is not evident under nitrogen

103



Energies 2018, 11, 1957

protection. The acidity of FR3 is higher compared with mineral oil based on chemical composition.
Fatty acid was generated by glycerol fatty acid ester after hydrolysis during the thermal aging process.
However, esterification between fatty acid and cellulose will postpone the degradation of cellulose
opposite to other acids. After thermal aging, the breakdown voltage of FR3 maintained a high level,
except after 1000 h at 180 ◦C, but was still higher than the threshold of a related standard request.

In summary, compared with a conventional insulation system consisting of mineral oil and Kraft
paper, the FR3 impregnated T910 insulation system meets overloading transformer needs, which will
improve the reliability of distribution transformers.

Author Contributions: Conceptualization, Y.X.; data curation, L.R.; funding acquisition, X.L.; investigation, X.Z.,
L.R., and H.Y.; methodology, X.Z., L.R., Y.X., and B.H.; project administration, Y.X. and X.L.; supervision, Y.X.
and Q.L.; validation, B.H.; visualization, H.Y.; writing—original draft, X.Z., L.R., and H.Y.; writing—review and
editing, X.Z., L.R., H.Y., and Y.X.

Funding: This paper is funded by China Southern Power Grid with the project No. GDKJQQ20152010.

Acknowledgments: The authors particularly wish to thank Xiaogang Xu for his support on the operation status of
the distribution transformers and Sheng Liang for support on the thermal calculation of distribution transformers.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. State Grid Corporation of China. Technical Guide for High Overload Capacity Distribution Transformer of Rural
Power Network; Q/GDW 11190:2014; China Electric Power Press: Beijing, China, 2015.

2. China Southern Power Grid. Technical Guidance of 10 kV Over-Loading Fluid Filled Transformer; China Southern
Power Grid: Guangzhou, China, 2015.

3. Cigre Working Group TF D1.01.10. Aging of Cellulose in Mineral-Oil Insulated Transformers;
International Council on Large Electric Systems: Paris, France, 2007.

4. Frimpong, G.K.; Oommen, T.V. A survey of aging characteristics of cellulose insulation in natural ester and
mineral oil. IEEE Electr. Insul. Mag. 2011, 27, 36–48. [CrossRef]

5. Yang, L.; Liao, R.; Sun, C. Influence of vegetable oil on the thermal aging rate of Kraft paper and its
mechanism. In Proceedings of the 2010 International Conference on High Voltage Engineering and
Application (ICHVE), New Orleans, LA, USA, 11–14 October 2010.

6. McShane, C.P.; Rapp, K.J.; Corkran, J.L. Aging of paper insulation in natural ester dielectric fluid.
In Proceedings of the 2001 IEEE/PES Transmission and Distribution Conference and Exposition, Atlanta,
GA, USA, 2 November 2001.

7. Lee, K.; Szewczyk, R.; Zhou, Y. A new insulation system for liquid-immersed distribution transformers.
In Proceedings of the 5th European Conference on HV & MV Substation Equipments Power Utilities
(MATPOST 2015), Lyon, France, 24–25 November 2015.

8. Zhang, X.; Shen, S.; Xu, Y. Thermal Evaluation of High-Temperature Insulation System for liquid-immersed
transformer. In Proceedings of the IEEE Electrical Insulation Conference (EIC 2016), Montreal, QC, Canada,
19–22 June 2016.

9. IEEE C57.100 Working Group. IEEE Standard Test Procedure for Thermal Evaluation of Insulation Systems
for Liquid-Immersed Distribution and Power Transformers; IEEE Std C57.100TM-2011 (Revision of IEEE Std
C57.100-1999); IEEE: New York, NY, USA, 2011.

10. International Electrotechnical Commission (IEC). Electrical Insulation Systems (EIS)—Thermal Evaluation
of Combined Liquid and Solid Components—Part 2: Simplified Test; IEC TS 62332-2:2014; IEC:
Geneva, Switzerland, 2014.

11. International Electrotechnical Commission (IEC). Electrical Insulation Systems (EIS)—Thermal Evaluation
of Combined Liquid and Solid Components—Part 1: General Requirements; IEC TS 62332-1:2011; IEC:
Geneva, Switzerland, 2011.

104



Energies 2018, 11, 1957

12. Wicks, R.C. Insulation system for liquid-immersed transformers—New materials require new methods for
evaluation. In Proceedings of the IEEE Electrical Insulation Conference (EIC 2009), Montreal, QC, Canada,
31 May–3 June 2009.

13. Xu, Y.; Qian, S. Oxidation Stability Assessment of a Vegetable Transformer Oil under Thermal Aging.
IEEE Trans. Dielectr. Electr. Insul. 2014, 21, 683–692. [CrossRef]

14. Lawson, W.G.; Simmons, M.A. Thermal Aging of Cellulose Paper Insulation. IEEE Trans. Dielectr. Electr. Insul.
1977, EI-12, 61–66. [CrossRef]

15. Montsinger, V.M. Loading Transformers by Temperature. Trans. Am. Inst. Electr. Eng. 1930, 49, 776–790.
[CrossRef]

16. American Society for Testing and Materials International (ASTM International). Standard Test Method
for Tensile Properties of Paper and Paperboard Using Constant-Rate-of-Elongation Apparatus; ASTM D828-16;
ASTM International: West Conshohocken, PA, USA, 2016.

17. International Electrotechnical Commission (IEC). Electrical Insulation Materials—Thermal Endurance
Properties—Part 3: Instructions for Calculating Thermal Endurance Characteristics; IEC TS 60216-3:2009; IEC:
Geneva, Switzerland, 2009.

18. International Electrotechnical Commission (IEC). Electrical Insulation Materials—Thermal Endurance
Properties—Part 2: Determination of Thermal Endurance Properties of Electrical Insulating Materials—Choice
of Test Criteria; IEC TS 60216-2:2005; IEC: Geneva, Switzerland, 2005.

19. Shroff, D.H.; Stannett, A.W. A Review of Paper Aging in Power Transformers. In IEE Proceedings
C—Generation, Transmission and Distribution; IET: Washington, DC, USA, 1985; Volume 132, pp. 312–319.

20. Sierota, A.; Rungis, J. Electrical Insulating Oils Part I: Characterization and Pre-treatment of New Transformer
Oils. IEEE Electr. Insul. Mag. 1995, 11, 8–20. [CrossRef]

21. Liao, R.; Liang, S.; Yang, L. The Improvement of Resisting Thermal Aging Performance for Ester-immersed
Paper Insulation and Study on Its Reason. In Proceedings of the 2008 Annual Report Conference on Electrical
Insulation Dielectric Phenomena, Quebec, QC, Canada, 26–29 October 2008.

22. Rapp, K.J.; McShane, C.P.; Luksich, J. Interaction Mechanisms of Natural Ester Dielectric Fluid and
Kraft Paper. In Proceedings of the IEEE 15th International Conference on Dielectric Liquids (ICDL),
Coimbra, Portugal, 26 June–1 July 2005.

23. Arroyo, O.H.; Jalbert, J. Temperature dependence of methanol and the tensile strength of insulation paper:
Kinetics of the changes of mechanical properties during ageing. Cellulose 2017, 24, 1031–1039. [CrossRef]

24. Cigre Working Group WG A2.35. Experience in Service with New Insulating Liquids; International Council on
Large Electric Systems: Paris, France, 2010.

25. McNutt, W.J.; Provost, R.L. Thermal life evaluation of high temperature insulation systems and hybrid
insulation systems in mineral oil. IEEE Trans. Power Deliv. 1996, 11, 1391–1399. [CrossRef]

26. Lundgaard, L.E.; Hansen, W. Ageing of oil-impregnated paper in power transformers. IEEE Trans. Power Deliv.
2004, 19, 230–239. [CrossRef]

27. Lundgaard, L.E.; Hansen, W. Aging of Mineral Oil Impregnated Cellulose by Acid Catalysis. IEEE Trans.
Dielectr. Electr. Insul. 2008, 15, 540–546. [CrossRef]

28. American Society for Testing and Materials International (ASTM International). Standard Test Method for
Dielectric Breakdown Voltage of Insulating Liquid Using VDE Electrodes; ASTM D1816-12; ASTM International:
West Conshohocken, PA, USA, 2012.

29. Tenbohlen, S.; Jovalekic, M.; Bates, L. Water Saturation Limits and Moisture Equilibrium Curves of
Alternative Insulation Systems. In Proceedings of the CIGRE SC A2 & D1 Joint Colloquium 2011,
Kyoto, Japan, 11–16 September 2011.

30. Wang, X.; Wang, Z.D. Particle Effect on Breakdown Voltage of Mineral and Ester Based Transformer
Oils. In Proceedings of the Annual Report Conference on Electrical Insulation and Dielectric Phenomena
(CEIDP 2008), Quebec, QC, Canada, 26–29 October 2008.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

105



energies

Article

Development of a Biodegradable Electro-Insulating
Liquid and Its Subsequent Modification
by Nanoparticles

Vaclav Mentlik, Pavel Trnka *, Jaroslav Hornak and Pavel Totzauer

Department of Technologies and Measurement, Faculty of Electrical Engineering, University of West Bohemia,
30614 Pilsen, Czech Republic; mentlik@ket.zcu.cz (V.M.); jhornak@ket.zcu.cz (J.H.); tocik@ket.zcu.cz (P.T.)
* Correspondence: pavel@ket.zcu.cz; Tel.: +420-377-634-518

Received: 23 January 2018; Accepted: 23 February 2018; Published: 27 February 2018

Abstract: The paper is focused on the possibility of replacing petroleum-based oils used as
electro-insulating fluids in high voltage machinery. Based on ten years of study the candidate
base oil for the central European region is rapeseed (Brassica napus) oil. Numerous studies on the
elementary properties of pure natural esters have been published. An advantage of natural ester use
is its easy biodegradability, tested according to OECD–301D (Organisation for Economic Co-operation
and Development) standard, and compliance with sustainable development visions. A rapeseed oil
base has been chosen for its better resistance to degradation in electric fields and its higher oxidation
stability. The overall ester properties are not fully competitive with petroleum-based oils and therefore
have to be improved. Percolation treatment and oxidation inhibition by a phenolic-type inhibitor is
proposed and the resulting final properties are discussed. These resulting fluid properties are further
improved using titanium dioxide (TiO2) nanoparticles with a silica surface treatment. This fluid has
properties suitable for use in sealed distribution transformers with the advantage of a lower price in
comparison with other currently used biodegradable fluids.

Keywords: natural ester; titanium dioxide; resistivity; breakdown voltage; percolation treatment;
antioxidant; surface treatment

1. Introduction

When designing a modern electrical machine, the technical aspects of the matter are not the
only important ones—the environmental compatibility of the materials has become more important.
Natural ester fluids have potential for industrial usage due to their good biodegradability (tested
according to the OECD–301D standard [1]). A good biodegradable substance according to the standard
is a substance which in the case of the contamination of soil, is naturally degraded by at least seventy
percent by the soil bacteria in 28 days. This environmental property is an advantage in some technical
solutions where devices require a liquid medium (for example, for cooling or to create a potential barrier
to an electric field) for their operation and where there is a potential risk of soil contamination in the
event of leakage [2]. Natural esters have this positive feature as they are examples of materials suitable
for sustainable development applications. They can be produced with a competitive final price from
local natural sources. These facts are the basic idea behind the preparation of a new electro-insulating
liquid based on rapeseed oil. This liquid is expected to be competitive in its price and overall properties
to the mineral-typically based electroinsulating liquids used in medium voltage transformers. There are
commercial products already used in the transformers [3,4], however, still, several technical problems
prevent them from being deployed. Well know are problems with their higher viscosity (a heat transfer
issue) [5], high pour point [6], higher permittivity [7], low oxidation stability [8] (a hermetic design
is required) and the high price of commercially produced esters, etc. This is also the reason why
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currently such fluids are deployed in Europe sporadically, mainly in headquarters or showrooms
of international corporations or in specially protected areas. Less known are problems of virtually
no legislative path allowing wider industrial use of natural esters, and durability problems in the
terms of short high voltage impulse resistance [9,10], etc. Natural esters do also have advantages, e.g.,
lower degree of polymerization of cellulose compared to mineral fluids [11], high flash point [12] and
inherent “moisture tolerance” [13].

2. Assessment of Natural Ester-Base Fluids for Further Development Based on Their
Electrical Properties

In central Europe there are two widely spread representative natural esters that are suitable for
industrial application—rapeseed (Brassica napus) [14] and sunflower (Helianthus annuus) [15] oil.
Both crops are grown in several variations all over the world. The oil gathered from the seeds is
a source material for several products, electro-insulating fluids included.

The composition of natural esters provides a very useful source of information about an oil’s
behavior. The structure of natural esters is based on a glycerol backbone with three attached fatty acid
molecules. The nature of these fatty acids is decisive for the overall properties of the oil. For example,
a high number of saturated fatty acids makes the oil stable to oxidation but also prone to solidification
and high viscosity, whereas, a high number of poly- and mono-unsaturated fatty acids keeps the oil
in a liquid state (low viscosity), even in lower temperatures, but makes it prone to oxidation. This is
described in more detail in CIGRE Brochure N◦ 436 [16].

The first step is the assessment of a better base oil for further development. Experiments based on
assessing the reaction and speed of the long-term thermal and electrical ageing of insulation systems
containing these natural ester oils was done to provide data for a justified choice between rapeseed
and sunflower oil. The main part of the experiment involved testing the liquids in the electrode system
with a liquid (rapeseed and sunflower natural ester oil) and a solid (cellulose-based paper) insulation
part simulating thus part of the power transformer. Each oil was inhibited with 0.4 wt % of phenolic
inhibitor. The basic properties of the abovementioned fluids are provided in Table 1.

Table 1. Basic and required properties of untreated sunflower and rapeseed oil.

Parameter Standard Sunflower Oil * Rapeseed Oil * Unit

Density at 15 ◦C ISO 3675, ISO 12185 0.92 0.917 g·cm−3

Kinematic viscosity at 40 ◦C ISO 3104 32.67 35.7 mm2·s−1

Dissipation factor at 90 ◦C IEC 61620, IEC 60247 0.00202 0.0018 -
Relative permittivity IEC 60247 3.93 3.44 -
Breakdown voltage IEC 60156 63.77 61.54 kV/2.5 mm

Acid number IEC 62021 0.042 0.092 mg KOH/g

* The values vary with the source of the oil—depending on the purity and water content.

The experiment itself proceeded as follows: samples of solid insulation (transformer board
with thickness of 0.2 mm) were dried (24 h, at 80 ◦C), impregnated and then inserted between the
electrodes in the electrode system shown in Figure 1. The oil itself was also dried using only heat
(24 h, 90 ◦C to 80 ppm) before the beginning of the test. The electrode system consists of five electrodes
with a diameter of 25 mm with rounded edges. The voltage levels for rapeseed oil were 4.3 to 7.4 kV,
for sunflower oil 5.5 to 8.3 kV for similar time to breakdowns.
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Figure 1. Electrode system for long-term electric stress.

Given the fact that oil behavior is strongly dependent on moisture [17], the whole test was
performed under constant environment moisture monitoring, so the experiment itself was not affected.
Table 2 shows the experimental results of the electric stress test. The comparison is made via the slope
of the measured characteristics for each insulation system used, as the slope value serves as statistical
indicator. The lower the slope value, the less prone to electrical stress the oil–paper system.

Table 2. Experiment results—slope comparison of measured characteristics.

Insulation System Stress Type Slope Value

Rapeseed oil + pressboard AC 50 Hz −0.884
Sunflower oil + pressboard AC 50 Hz −2.048

When an AC stress voltage is applied, the sunflower oil insulation system exhibits a higher rate of
deterioration. The difference between the slope values (as shown in Table 2) is 1.16 which is statistically
significant. From the measured characteristics (Figure 2) we can clearly state that the rapeseed oil has
lower values of time to breakdowns, but the speed of degradation is lower.

Figure 2. Time to breakdown characteristics for voltage stress exposition.
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The verification of the system’s thermal endurance was done by long-term thermal exposure
at 140 ◦C for 1056 h and measurement of the dissipation factor and resistivity at regular intervals.
Figures 3 and 4 show the values of the dissipation factor for rapeseed and sunflower oil, Figures 5
and 6 show the results of the volume resistivity for both oils.

Figure 3. Thermal dependency of the dissipation factor of rapeseed oil at 140 ◦C exposure for different
exposure times.

Figure 4. Thermal dependency of the dissipation factor of sunflower oil at 140 ◦C exposure for different
exposure times.

The obtained thermal dependencies of the dissipation factor clearly states that the initial behavior
of non-exposed oils is similar—their values are almost the same up to the value at 90 ◦C (a rise of
0.015). After thermal exposure (1056 h at 140 ◦C), the sunflower oil exhibits a slightly smaller change
(tan δ at 90 ◦C 0.028) than rapeseed oil (tan δ at 90 ◦C 0.05).

109



Energies 2018, 11, 508

Figure 5. Time dependency of the resistivity of rapeseed oil at 140 ◦C exposure.

Figure 6. Time dependency of the resistivity of sunflower oil at 140 ◦C exposure.

The value of resistivity (25 ◦C) before thermal exposure at 140 ◦C is significantly better for
rapeseed oil (1.75 × 1013 Ω·m) than sunflower oil (1.07 × 1013 Ω·m). The situation after thermal
exposure (1056 h at 140 ◦C) changed a little. The value of resistivity (25 ◦C) is better for sunflower oil
(5.71 × 1012 Ω·m vs. 9.45 × 1011 Ω·m for rapeseed oil), as the sunflower oil shows less change over
the time of exposure. Finally, we can state that the behavior of both natural ester oils under elevated
temperature is similar, with no conclusive differences.

When it comes to the overall classification of oils, the statistically significant difference of slope
values under electrical stress comes to play. This, with better value of volume resistivity suggested
rapeseed oil as the better of the two in our test.
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3. Choosing the Rapeseed Base Oil as an Electro-Insulating Liquid

There are no fully implemented legislative guidelines for the usage of natural esters in
transformers so far, but some properties are given in IEC 62770:2013 “Fluids for Electrotechnical
Applications—Unused Natural Esters for Transformers and Similar Electrical Equipment” [18].
The values of the individual parameters are mentioned in the middle column of Tables 4 and 5.

Several commercially available rapeseed oil species have been verified, when searching for a raw
material for the new electro-insulating liquid. It is obvious that these oils could not fully comply with
the requirements of the Standard IEC 62770 without modifications. These crude oils cannot met the
values of some the key parameters e.g., breakdown voltage (BDV), acid number, water content and
the dissipation factor tan δ. Additionally, the values varied for different types and batches of oils.
Therefore, it was necessary to adjust the insulating liquid for the desired purpose. In accordance with
the present state of knowledge [19], this includes the technology of passing vegetable oil through
a column filled with a suitable sorbent and the subsequent appropriate addition of an oxidation
inhibitor at the corresponding concentration. This procedure was, of course, initially verified under
laboratory conditions, where significant improvements in parameters were demonstrated to the extent
that they now met the standard. The modified rapeseed oil passed the test of oxidative stability
(TOS) according to method C in standard IEC 61125 [20]. The TOS had to be improved according to
IEC-10/939/Q [21] from January 2014 to eliminate the deficiencies of the application of the standard EN
61125 to natural esters. The TOS, which were carried out showed the possibility of the application of
modified vegetable oils as an electro-insulating liquid in accordance with the aforementioned standard
IEC 62770. The TOS is based on the exposure of an oil sample by oxidation with the presence of copper,
and eventually other materials. Changes in the measured parameters of the electro-insulating liquid
are monitored before and after exposure. The rapeseed (not erucic) oil with low water content and
a low level of volatile substances 0.02% (compared to other produced oils in food industry quality),
produced by Usti Oils s.r.o, was chosen after laboratory tests as a base fluid for further development.
Its fatty acid content is visible in Table 3.

Table 3. The components of rapeseed oil—used for the further preparation of an electro-insulating liquid.

Component Unit Value

Fatty acid content lower than C 16 % 0.08
Palmitic acid C 16:0 % 4.1
Stearic acid C 18:0 % 1.6
Oleic acid C 18:1 % 62.7

Linoleic acid C 18:2 % 19.1
Linolenic acid C 18:3 % 9.2

Erucic acid C 22:1 % 0.2

4. Preparation of the Electro-Insulating Ester Fluid

Based on the previous laboratory tests, a procedure for the treatment of a larger quantity of vegetable
oil by a percolating device was designed (Figure 7a) and subsequently verified. The main scheme of the
device is shown in Figure 7b. The abovementioned rapeseed oil flows from the reservoir (using a 200 L
barrel) at a defined flow of 0.5 L/min through a sorbent column. The oil is subsequently returned to the
container. The oil is heated to 60 ◦C for the viscosity reduction and passes through a composite pulp filter
before returning to the tank. Two hundred liters of the oil is treated for approximately 24 h till the process
is finished and requirements of the standard are fulfilled. The oil temperature of 60 ◦C has sufficiently
adjusted viscosity to allow optimum flow and operation of the device. Figure 7 shows the cylindrical shape
of the percolating column. The dimensions are: Height 70 cm, the diameter of circular base is 30 cm and the
volume is approximately 50 L. The characteristic parameters of the original and modified rapeseed oil are
shown in Table 4.
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(a) (b)

Figure 7. Percolation device: (a) Device for oil treatment; (b) scheme of rapeseed oil treatment (1—oil
container, 2—pump, 3—heating unit, 4—sorbent column, 5—filter).

Table 4. Parameters of original and treated rapeseed oil.

Parameter (Unit) Limit Value from IEC 62770 Original Oil Modified Oil

Water content (mg/kg) Max. 200 87.4 44.3
Density at 20 ◦C (g/mL) Max. 1.0 0.913 0.915

Breakdown voltage (kV/2.5 mm) Min. 35 73.5 58.5 *
Dissipation factor at 90 ◦C (-) Max. 0.05 0.00477 0.00315

Acid number (mgKOH/g) Max. 0.06 0.091 0.02

* No degassing.

As it is seen from Table 4, the acid number has been significantly lowered by the oil treatment
and meets the criteria of IEC 62770. The value of breakdown voltage was reduced due to the partial
foaming of oil during the treatment, but it is still within the limit value.

Another necessary step in the treatment of rapeseed oil is inhibition, i.e., the addition of an oxidation
inhibitor. After an experimental verification, the anti-oxidation inhibitor dibutyl-para-cresol (DBPC) [22,23]
was added to the obtained rapeseed oil. The results show that pure sunflower oil has slightly better oxidation
stability than rapeseed, however after addition of phenolic type of antioxidant the stability of rapeseed oil is
higher. The final concentration in the oil was set to 0.5 wt %.

The electro-insulating liquid from the rapeseed oil that has undergone the described modifications
was ready for direct use in hermetic distribution transformers and it was protected by utility model
number CZ 29982 [24] from 15. 11. 2016 with name ENVITRAFOL. The comparison of its properties
with the values given in IEC 62770 is evident in Table 5.

Table 5. Comparison of the characteristic parameters of the ENVITRAFOL with the limit values
according to IEC 62770.

Parameter (Unit) Limit Value from IEC 62770 ENVITRAFOL

Before Test of Oxidative Stability

Appearance Clear, free of sediment and suspension Fulfill
Viscosity at 100 ◦C (mm2/s) Max. 15 8.26
Viscosity at 40 ◦C (mm2/s) Max. 50 35.84
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Table 5. Cont.

Parameter (Unit) Limit Value from IEC 62770 ENVITRAFOL

Pour point (◦C) Max. −10 –24
Water content (mg/g) Max. 200 45.8

Density at 20 ◦C (g/mL) 1.0 0.915
Breakdown voltage (kV/2.5 mm) Min. 35 60

Dissipation factor at 90 ◦C (-) Max. 0.05 0.00358
Acid number (mgKOH/g) Max. 0.06 0.011

Corrosive sulfur/DBDS absent/below the limit of determination absent
Additives antioxidants DBCP (wt %) Max. 5 0.53

Additives all (wt %) Max. 5 DBPC only

After Test of Oxidative Stability

Dissipation factor at 90 ◦C (-) Max. 0.5 0.02157
Viscosity at 40 ◦C (mm2/s) maximum increase of previous value of 30% 35.3
Acid number (mgKOH/g) Max. 0.6 0.041

As can be seen from Table 5, the new application of natural esters resulting from the treatment
of rapeseed oil fully complies with the requirements of IEC 62770. Its properties are comparable to
similar products based on natural esters—Midel eN [3] or Envirotemp FR3 [4]. The main advantage is
the usage of domestic raw materials with a relatively low price and suitable properties, one of which
is biodegradability. This fact means that this oil is applicable in distribution transformers, many of
which (in the Czech Republic alone there are more than 125,000 units) are often in exposed areas such
as municipalities, and in proximity of drinking water sources or protected natural areas.

5. Improvements of Electrical Properties

As can be seen from the above, the new electro-insulating liquid resulting from the natural
ester modification has suitable electrical properties. According to the present state of knowledge,
the properties of the electro-insulating fluids can be further improved. The authors of numerous papers
have dealt with the modification of the properties of mineral oils with nanofillers [25–31]. However,
these fluids, as known, cannot meet the OECD–301D requirement for biodegradability. Therefore,
the attention is focused on natural based electrical insulating liquids and their possible modification
and improvement of some properties using inhibitors, depressants and nanoparticles.

The incorporation of the nanoparticles is proposed in order to improve the electrical properties,
especially the key parameters—breakdown voltage and dissipation factor. Nanoparticles incorporated
into the fluid system suppress the development of an electrical discharge in the liquid after applying
the electrical potential.

The discharge path spreads by the nanoparticles, which leads to a slowing of its development
and thus to an increase of the value of the flashover/breakdown voltage as well as to an improvement
of the other electrical properties while preserving the overall physical and chemical parameters of the
oil. Therefore the attention is focused on the modification of the natural ester by nanoparticles in this
matter. The access is described in the following.

Based on the previous experience, and taking into consideration the conclusions of the above
cited articles concerning mineral oils, these were the selected nanoparticles for the verification of the
possibility of modifying the electrical properties of natural esters: TiO2, Al2O3, SiO2, ZnO. Table 6
gives an overview of the selected nanoparticles.

Table 6. Overview of selected nanoparticles to modify new oil properties.

Nanofiller Oxide Purity (%) Primary Particle Size (nm) Variation Surface Treatment

TiO2
>96 TiO2
<4 SiO2

20 hydrophilic
UV resistive SiO2

TiO2 99+ 20 - -

Al2O3-γ 99.97 20–30 - -
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Table 6. Cont.

Nanofiller Oxide Purity (%) Primary Particle Size (nm) Variation Surface Treatment

Al2O3-γ 99.99 10 - -

SiO2

≥98 SiO2
≤2 (3-Aminopropyl)

triethoxysilan
20 hydrophilic

lipophilic
(3-Aminopropyl)

triethoxysilan

SiO2 99+ 20 hydrophilic -

ZnO
≥98 ZnO

≤2 (3-Aminopropyl)
triethoxysilan

30 hydrophilic
lipophilic

(3-Aminopropyl)
triethoxysilan

ZnO 99+ 20 - -

ZnO 99+ 30 - -

The selection was carried out in several respects. The first is a type of nanoparticle. The second is
material purity and particle size in nm. The third is surface treatment (ST), since it is known to play
a significant role [29], particularly in terms of the incorporation of particles into the fluid system.

6. Incorporation of Individual Types of Nanoparticles

The first test selected for verification of prepared ENVITRAFOL nanofluids was the breakdown
voltage test. This test was performed according to IEC 60156:1995 [32] in a standardized electrode
system and ambient temperature, 2.5 mm distance, 440 mL of nanofluid, six breakdowns with
five-minute pauses between breakdowns.

The weight content of nanofillers in the base oil was chosen from zero (pure ENVITRAFOL) and then
fractions of a weight percent—0.05, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5 and 1 wt %. All samples were prepared using
the same procedure. The obtained results of maximal breakdown voltage are shown in Table 7.

Table 7. Maximal breakdown voltages of the nanofluids.

# Nanofiller Surface Treatment
Primary

Particle Size
(nm)

Max. Breakdown
Voltage BDV
(kV/2.5 mm)

Weight Content
at max. BDV

(%)

1 TiO2 SiO2 20 80.1 0.25
2 TiO2 - 20 75.6 0.25
3 Al2O3-γ - 10 74.3 0.2
4 Al2O3-γ - 20–30 73.2 0.2
5 ZnO - 20 72 0.3
6 ZnO (3-Aminopropyl) triethoxysilan 30 70.8 0.3
7 ZnO - 30 68.5 0.2
8 SiO2 (3-Aminopropyl) triethoxysilan 20 65.9 0.2
9 SiO2 - 30 64.5 0.2

The selected nanoparticles and ester oil samples were first dried at 110 ◦C for 18 h. During cooling
the given amount of nanofillers was mixed into the oil. The resulting fluid system was then mixed
with a double helix stirrer for one hour and subsequently a 200 W ultrasonic mixer was used for two
hours using a frequency of 40 kHz. After this process, the sample of the fluid system was ready for
testing. All nanoparticles listed in Table 6 have been tested. The obtained results are shown in Table 8
and Figure 8.

7. Results and Discussion

From the results (Table 7 and Figure 8), the following conclusions can be drawn: titanium dioxide
with a silica surface treatment (SFT TiO2) has the maximal positive effect on BDV (80.1 kV/2.5 mm by
0.25 wt % vs. 60 kV/2.5 mm for the pure oil) from tested samples. As expected, the influence of surface
treatment of the nanoparticles plays significant role as seen from results of BDV of nanofluids with
TiO2 75.6 kV/2.5 mm. As seen from results with Al2O3–γ: the values of BDV with the nanoparticles
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with a size of 10–20 nm are nearly the same as for 10 nm, 74.3 vs. 73.2 kV/2.5 mm. Thus, in this
case, the particle size does not have an impact on BDV. The maximal BDV is in this case for 0.2%
a mass of Al2O3–γ, but is still nearly 6 kV lower than for those with silica-coated TiO2. BDV of
nanofluids with ZnO is 72 (20 nm) respectively 70.5 kV/2.5 mm for SFT ZnO (30 nm) and 68.5 for
ZnO (30 nm). In this case, nanofluids have the highest BDV with 20 nm nanoparticles, the surface
treatment of the particles is beneficial in the case of 30 nm particles. The lowest BDV has nanofluid
with SiO2 nanoparticles. Here, the influence of surface treatment (3-aminopropyl) triethoxysilane is
low (65.9 vs. 64.5 kV/2.5 mm). However the all samples proved increasing of BDV compared to pure
ester oil at around 0.25 wt % of nanofiller.

Figure 8. Breakdown voltages of nanofluids.

The increase of the BDV and volume resistivity by addition of nanofiller in concentration of
0.25 wt % can be explained by the creation of surface charges on the particles. These charges act against
the outer electric field in the fluid, and thus the local field is lowered and electron cascades from the
electrode are shifted toward a higher voltage. This phenomenon appears as an improvement of the
listed properties. We can observe similar phenomena as e.g., in case of the electrical tree growing
in material with and without nanoparticles. Reference [33] claimed that nanoparticles distributed
in polymers could create a “fence effect”, and make the growing path of the electrical tree twist
and turn like a “Z” shape, so that more energy would be consumed. Similar phenomena can be
expected in liquid dielectric, but due to the higher mobility of the molecules there is lower effect
of the carbonization of the channel and therefore the increase of the high field at the end of the
channel/avalanche does not occur. Still, due to the presence of nanoparticles, the more complicated
path of the pre-breakdown channel consumes more energy and leads to the improvement of the
measured BDV.

The abovementioned results tell us that the addition of nanoparticles significantly improved
the BDV, which was already confirmed earlier for mineral oils [34]. Generally, the improvement
of breakdown voltage of nanofluids may be caused by increased shallow trap density in the liquid.
These traps could convert fast electrons to slow electrons by the trapping and de-trapping processes [35].
However, other factors are also important. The hydrophilicity of nanoparticles plays a great role in
comparison with the effect of the surface treatment itself [36], because the hydrophilic surface can
bind the water absorbed in the insulation liquid. Nevertheless, from the results it is also visible that
the origin and usability of surfactant is also important [37]. The next one is the filler concentration.
Figure 8 further shows a tendency of the BDV with the oil filling concentration. The BDV increases
to a concentration of approximately 0.2 wt %, the maximum is in the range of 0.2–0.3 wt %. Higher
concentrations of nanoparticles have a negative effect on the BDV. A higher concentration may cause
an overlap of the interaction layers on the particle surface. Taking into account the fact that the particle
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is usually covered by 5–10 H2O molecules tightly bound to its surface and that they may absorb
additional water from oil, then the conductive paths may be created [38]. However, there are many
additional variables which may also contribute in a minor effect to changes of breakdown voltage
behavior (size, specific surface area, morphology, viscosity, moisture, etc.) [39]. The abovementioned
investigations confirm that these hypotheses which were obtained for mineral oils are valid for natural
ester oils as well.

The behavior of the modified oil samples is also interesting to observe in terms of statistical
parameters, which are detailed in Table 8. The analysis of the basic statistical values of the BDV of
the oils samples provides the titanium dioxide with silica surface treatment at 0.25 wt % at 25 ◦C has
a minimal variation coefficient.

Table 8. Breakdown voltages (BDV) of the nanofluid samples.

# 1 2 3 4 5 6 7 8 9

Max (kV) 82.96 78.52 77.21 75.69 74.23 73.35 70.88 70.86 68.31
Min (kV) 77.61 73.11 69.46 69.33 69.15 66.06 61.96 60.16 59.52

X0.25 (kV) 79.12 73.83 73.03 71.66 70.18 67.56 66.15 62.42 63.36
X0.75 (kV) 81.03 76.68 76.31 75.24 73.12 72.31 69.62 68.64 66.62

σ2 (kV2)—dispersion 3.24 3.81 7.53 5.59 3.70 7.94 9.78 15.63 9.04
v (%)—variation coefficient 2.25 2.58 3.72 3.25 2.67 4.02 4.64 6.06 4.66

The sample with the addition of surface treated with TiO2 was further studied in order to
characterize the basic electrical characteristics: Volume resistivity 
v, minute polarization index PI and
dissipation factor tan δ. The Tettex 2830/2831 Solid and Liquid Dielectric Analyzer with Tettex 2903
liquid dielectric capacitor (distance 2 mm, oil volume 40 mL) was used for these measurements.

In Figure 9, the temperature dependence of volume resistivity is presented. Volume resistivity
(25 ◦C) of nanofluids with surface treated with TiO2 particles rise from 1.09 × 1011 to 7.42 × 1011 Ω·m
for 0.25 wt %. The measured increase of the volume resistivity by addition of nanofillers is in agreement
with the measured BDV increase. The particles create a charge on its surface (Stern layer [40]) acting
against the main electric filed. The probability of electron scattering increases. This leads to a reduction
of the impact energy of electrons and thus prevents the oil from ionizing [37]. The re-drop of the
resistivity with a higher concentration than 0.25 wt % can be explained by an increase of free charge
carriers caused by s higher concertation of the nanofillers and the activation of the interaction between
particles and their interface layers. The column diagram in Figure 10 shows the dependence of the
volume resistivity of the oil at 90 ◦C on the concentration of the surface treated TiO2 with maximum at
concentration of 0.25 wt %.

Figure 9. Temperature dependence of the volume resistivity of nanofluids with ST TiO2.
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Figure 10. Dependence of the volume resistivity of nanofluids with ST TiO2 on nanoparticle
concentration, 90 ◦C.

The minute polarization index has the same trend since the same polarization current I60s is
used for calculation. The application of the ST TiO2 yielded an increase in the minute polarization
index from 1.12 to 1.67. This fact corresponds with the phenomena of particle surface charge which is
described above.

The dissipation factor tan δ was improved as well by the addition of ST TiO2 (from 0.00148 to
0.00045), measured at 25 ◦C. The temperature dependence of the dissipation factor is presented in
Figure 11. It can be seen that the minimum is at the concentration of 0.25 wt %. The dissipation factor
increases for higher concentrations than 0.25 wt %. The column diagram in Figure 12 captures the
dependence of the dissipation factor on the nanoparticle concentration at 25 ◦ C.

Figure 11. Temperature dependence of the dissipation factor of nanofluids with ST TiO2.
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Figure 12. Content dependence of the dissipation factor of nanofluids with ST TiO2, 25 ◦C.

As was mentioned above, the application of natural esters in transformers has several pros and
cons [2,6,12]. The main advantage is their environmental compatibility, biodegradability and high
flash (<200 ◦C) and fire points (<300 ◦C). For this reason, these natural ester oils can be classified as
a “substance nonhazardous to waters” [41]. From the experiments which were carried out, it can be
said that the presence of oxygen greatly affects the oxidative stability. For this reason, it is necessary to
avoid the access of air to the transformer tank. This fact leads to the recommendation for application of
natural ester oils in hermetically sealed transformers, in our case distribution transformers. The next
discussed point is the higher viscosity of natural ester oil in comparison with mineral oil. This may
cause an increase of temperature in the whole transformer [42]. This is solved by changing the cooling
circuit design, which would lead to a reduction of the oil temperature [43]. On the other hand, it results
in an increase of the power consumption of the oil pumps because these pumps must be able to
pump a medium of higher viscosity [44]. The other thing which has to be changed is impregnation
process of cellulose pressboard. This is also associated with a higher viscosity of natural ester oils.
Increasing the impregnation temperature and prolonging the standing time will ensure satisfactory
impregnation [45]. From these overviews is visible that it is difficult to apply natural esters without
further transformer adjustments. However, if all these features are already included in the machine
design itself, the potential of natural esters can be fully utilized e.g., in areas of increased environmental
protection [6], such as shopping centers, protected natural areas, natural parks, proximity to water
sources, etc. The next possibility for using a natural ester is retrofilling mineral oil transformers. It may
reduce the moister content absorbed in cellulose-based pressboard due to moister migration and
subsequent hydrolysis [13]. It leads to a slower aging process of cellulose pressboard [46].

8. Conclusions

The main aim of this paper was to describe the step-by-step development of an alternative
electro-insulating liquid based on natural esters grown in Central Europe. The oxidative stability and
long-term AC voltage exposure were the criteria parameters for rapeseed oil selection in comparison
with sunflower oil which was also pre-tested. Rapeseed oil contains a high number of saturated fatty
acids which make the oil oxidation stable and thus usable in long-term applications.

The original rapeseed oil had to be modified to meet the standards given by IEC 62770:2013.
The percolation device was constructed. The acid number was significantly lowered by the oil treatment
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and acid number met the criteria given by IEC 62770:2013. The treated oil was also inhibited by the
addition of DBPC in a concentration of 0.5 wt %. The modified rapeseed oil is ready for direct use
in hermetized distribution transformers and it is protected by utility model number CZ 29982 with
name ENVITRAFOL.

ENVITRAFOL was then modified with different kinds of nanoparticles to achieve even better
parameters, according to the modern development trend. The silica-coated titanium dioxide (ST TiO2)
particles in a verified content of 0.25 wt % uniformly dispersed in ENVITRAFOL resulting in the
largest improvement of several properties. The most significant change was observed in BDV behavior.
The average value of BDV was increased from 60 to 80.15 kV/2.5 mm. However, other parameters
were also improved. The dissipation factor decreased by an order, volume resistivity raised from
1.09 × 1011 to 7.42 × 1011, 25 ◦C and the polarization index was raised from 1.12 to 1.67.

The resulting ENVITRAFOL with ST TiO2 is proposed to be a liquid component of electrical
isolation systems for electric equipment, e.g., distribution transformers (voltage levels tens of kV,
rated power tens of kVA to tens of MVA) operated mainly in areas requiring increased environmental
protection (municipalities, protected natural areas, natural parks, proximity to water sources, etc.)
where any possible contamination would be an environmental issue. The use of this biodegradable
electro-insulating nanofluid further supports the fact that its production is not technologically
demanding and as an advantage it uses an easily accessible domestic renewable source which makes it
economically beneficial compared to synthetic fluids.
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Abstract: Due to the low biodegradability of mineral oil, intense research is conducted to define
alternative liquids with comparable dielectric properties. Natural ester liquids are an alternative
in focus; they are used increasingly as insulating liquid in distribution and power transformers.
The main advantages of natural ester liquids compared to mineral oil are their good biodegradability
and mainly high flash and fire points providing better fire safety. The dielectric strength of
natural ester liquids is comparable to conventional mineral oil for homogeneous field arrangements.
However, many studies showed a reduced dielectric strength for highly inhomogeneous field
arrangements. This study investigates at which degree of inhomogeneity differences in breakdown
voltage between the two insulating liquids occur. Investigations use lightning impulses with different
electrode arrangements representing different field inhomogeneity factors and different gap distances.
To ensure comparisons with existing transformer geometries, investigations are application-oriented
using a transformer conductor model, which is compared to other studies. Results show significant
differences in breakdown voltage from an inhomogeneity factor of 0.1 (highly inhomogeneous field)
depending on the gap distance. Larger electrode gaps provide a larger inhomogeneity at which
differences in breakdown voltages occur.

Keywords: dielectric breakdown voltage; dielectric liquids; natural ester liquids vs. mineral oil;
power transformers; vegetable oils

1. Introduction

Natural ester liquids (NE) are increasingly used as insulating liquids in distribution and power
transformers. A reason for this is the environmental advantage in comparison to the traditionally used
mineral oil (MO). Good biodegradability, generally high flash and fire points, low toxicity and their
contribution to lower risks for humans and the environment has already been evaluated [1] for the
natural ester liquid used in this contribution. The dielectric strength of insulating liquids is one of the
main parameters relevant for power transformers. Several studies showed a comparable dielectric
strength of the same used natural ester liquids compared to mineral oil under homogeneous and
slightly inhomogeneous fields at lightning impulse (LI) [2–4] or with a different natural ester liquid [5].

Tests were performed with different polarities over a range of gap distances and electrode
diameters. Other tests showed significantly lower dielectric strength of natural ester liquids at highly
inhomogeneous fields using needle—plate arrangements under LI [6–8]. Differences in breakdown
voltage occur due to differences in streamer propagation between (well-investigated) mineral oils [9–12]
and natural ester liquids [13–16]. Differences increase by growing gap distances and by growing
inhomogeneity factors. Insulating liquids used for the described tests are EnvirotempTM FR3TM

(Minnetonka, MN, USA) fluid as natural ester liquid produced by Cargill, Inc. and Nytro Lyra X
(Stockholm, Sweden) as mineral oil produced by Nynas Inc.

Energies 2018, 11, 1964; doi:10.3390/en11081964 www.mdpi.com/journal/energies122
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This study evaluates the breakdown voltages of arrangements with different electrode settings
forming a large range of inhomogeneity factors. Its aim is to define those parameters at which
differences in breakdown voltage and breakdown field strength emerge between different liquids.

To get closer to transformer geometry, a series of tests with a transformer conductor at defined gap
distance and inhomogeneity were conducted to compare the results to the results of the initial study.

2. Measurement of Breakdown in Insulating Liquid

Two different setups were used. The used generator and measurement procedure are the same
for all following investigations.

2.1. Lightning Impulse Generating and Measurement Setup

A 1 MV Marx generator was used for all tests. Its maximum rated energy is 30 kJ. A standard
1.2/50 μs lightning impulse was applied in all tests. Investigations with different inhomogeneity
factors were performed at negative lightning impulse, investigations with the transformer conductor
were conducted under positive lightning impulse in order to provide a complete, but feasible range of
measurement results and to be able to compare to previous tests.

Inhomogeneity tests were performed with large (volume V = 16 L) and small (V = 1.6 L)
measurement cells adapted to different voltage levels which limits the quantities of required insulating
liquid. Transformer conductor tests were performed in a separate large steel tank (see Figure 1) with
bushing (BIL 750 kV).

 

 
(a) (b) 

bushing

tank

h = 3700 mm 

Figure 1. (a) Steel test tank (V = 320 L) with bushing and (b) copper electrode for transformer conductor tests.

Different electrode and gap arrangements were tested. Some configurations were tested in both
test cells to exclude possible influences of volume effects. The used steel electrodes were mainly
manufactured at the institute. Needle electrodes were purchased. The specified tip radius of the steel
needles was confirmed by scanning electron microscopy (SEM).

The electrode diameters used were 120 μm, 0.6 mm, 0.8 mm, 3 mm and 13 mm. Gap distances
used were 10, 15, 25, 40 and 50 mm. Using larger gap distances than 50 mm would have resulted in
breakdown voltages too high to handle (oil volume, electrode abrasion) for these investigations
for all configurations but the needle. As the focus of our investigations was on degrees of
inhomogeneity between the highly inhomogeneous needle configuration and slightly inhomogeneous
sphere configuration and not on the extremes, investigated gap distances were limited to 50 mm.
An overview of the test configurations used is given in Table 1.

Electrodes used for transformer conductor tests were made from copper and use the same
dimensions as the conductor used in former tests at the institute to guarantee comparability.
Conductors were not wrapped with paper; bare conductors were used. The design was changed in
comparison to former tests to avoid the possibility of a breakdown from the ends of the conductor to
the rounded ground plate. The minimal radius of curvature of the conductor used for these tests was
1 mm.
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Table 1. Configurations for inhomogeneity tests under lightning impulse (LI) at negative polarity.

10 mm 15 mm 25 mm 40 mm 50 mm

Sphere Sphere Sphere - -
Blunt point (Bp) 3 mm Bp 3 mm Bp 3 mm - -

Bp 0.8 mm Bp 0.8 mm Bp 0.8 mm - -
Bp 0.6 mm Bp 0.6 mm Bp 0.6 mm - -

Needle 120 μm - Needle 120 μm Needle 120 μm Needle 120 μm

2.2. Procedure

Oil samples were prepared from dried, degassed and filtered samples. Relative moisture rH was
set to values smaller than 12% for all liquids and tests. Moisture measurement and breakdown tests
were performed at ambient temperature. Filtering cartridges with element size smaller than 5 μm
were used. Ten breakdown tests per configuration and per insulating liquid are performed for the
sphere, blunt point and needle tests. Waiting times before starting tests were much longer for natural
ester liquid than for mineral oil and depend on the oil volume. Minimum waiting time for tests with
the 1.6 L cell was five minutes for mineral oil and 15 min for natural ester liquid. Liquid was poured
in carefully; nevertheless, minimum waiting time was 15 min for mineral oil and 30 min for natural
ester liquid for the large 16 L test cell. Necessary waiting time was investigated in five-minute steps
previously. Too short waiting time resulted in lower breakdown voltage and especially higher standard
deviation. Previous tests were conducted to define the waiting time at which no considerable decreases
in breakdown voltage and standard deviation could be noticed compared to the five-minute shorter
waiting time. Waiting time for tests with the large steel tank was one day after complete change of
liquid and two hours in between tests. Thirty breakdown tests were performed for each insulating
liquid at this arrangement.

2.3. Electrode Conditioning

As surface defects are the dominant breakdown effect during LI stress [17], electrode surface
effects need to be considered and tested before the actual investigation. Preliminary tests were
conducted to define electrode replacement intervals and polishing intervals [18].

A preliminary test was performed to assure the usability of the chosen needle electrodes. Needles were
electrically tested at different stress levels: No stress, one impulse, 10 impulses, 15 impulses, one breakdown
and several breakdowns. Results and scanning electron microscope images can be found in [18].
ASTM D3300 standard with which mentioned investigations were performed suggests electrode polishing
intervals of five breakdowns for sphere electrodes and immediate replacement of needle electrodes after
one breakdown. These suggestions were considered, and intervals were determined for the electrode
configurations of blunt points with radii smaller than sphere and larger than needle tip. Blunt points were
manufactured and polished by the institute’s workshop.

The polishing of blunt points with small tip radii changes radii over time. Therefore, blunt points
with 0.6 and 0.8 mm are polished only one time. After the second use they are replaced. Blunt points
with larger radii could be polished several times. Corresponding polishing intervals can be found
in [18].

Additionally, electrode conditioning is investigated. Blunt points are stressed with many
breakdowns. In most cases, the first breakdown after polishing shows a significantly larger breakdown
voltage than following impulses. Therefore, the first breakdown after polishing is not taken into
account for statistics.

Preliminary tests were performed to determine the replacement intervals of the copper
conductor and the influence of breakdown on the ground electrode (plane with rounded edges)
for conductor tests.
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2.4. Calculation of Inhomogeneity Degrees

In order to quantify the degree of inhomogeneity, the Schwaiger Factor η is used.

η = Emean/Emax (1)

The Schwaiger Factor defines the relation between mean (Emean) and maximum (Emax) field strength
and can be derived analytically from geometry factors for simple arrangements [4,19]. For arrangements
that are more complex, computer-aided design (CAD) and numerical field simulation is necessary to
calculate inhomogeneity factors. Field simulation is performed using a three-dimensional electrostatic
model. Special care needs to be taken for meshing of needle arrangements (Figure 2). The maximum
calculated field strength of a configuration depends on the selected mesh for the use of default
physics-controlled mesh options. Element size needs to be reduced to the point where no dependency
between varying element size and maximum field strength is given anymore.

  
(a) (b) 

Figure 2. Meshing of needle electrode in field simulation. (a) manually with finer mesh than the finest
automatic meshing; (b) automatic with “extra fine” mesh.

Considered Schwaiger Factors (see Figure 3 range between highly inhomogeneous arrangements
commonly made up with needle electrodes at high voltage potential and sphere or plate electrodes at
ground potential and only slightly inhomogeneous arrangements like sphere-to-sphere. The aim is to
represent a large range of inhomogeneities at the limits of radii used in transformer design. The field
inhomogeneity η for transformer conductor tests is calculated to be η = 0.21.

Figure 3. Mean breakdown field strength over the range of investigated inhomogeneity at negative
polarity for mineral oil and natural ester liquid.
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3. Measurement Results

Breakdown voltages and breakdown field strengths are determined for all investigated
configurations. First, breakdown behavior of fresh insulating liquids is determined.

3.1. Mean Breakdown Field Strength, Mean Breakdown Voltage and Withstand Voltage

Figure 4 shows mean breakdown voltage versus gap distance; Figure 3 shows mean breakdown field
strength over the investigated range of inhomogeneity. Field strengths during an ongoing discharge can be
a lot higher than the calculated ones due to space charges depending on the distance of the streamer tip
from the electrode and the diameter of the streamer. This effect was investigated in [20–25].

Figure 4. Mean breakdown voltages versus gap distance at negative polarity for mineral oil and natural
ester liquid.

Mean breakdown voltages are comparable between the two investigated liquids for small gap
distances and slightly inhomogeneous electrode arrangements. Natural ester liquid shows significantly
reduced mean breakdown voltages for highly inhomogeneous arrangements at large gaps (blunt points
0.6 mm, 0.8 mm and needle at gaps ≥25 mm).

Mean breakdown field strengths are plotted versus Schwaiger factors to show the influence of field
inhomogeneity. They are small for highly inhomogeneous electrode arrangements (needle) compared
to slightly inhomogeneous electrode arrangements (sphere). An explanation therefore is that highly
inhomogeneous arrangements show high breakdown field strength next to the inhomogeneous needle
tip, but comparably small field strength in the main volume. Homogeneous or slightly inhomogeneous
arrangements show a more homogeneous distribution of the field strength over the whole arrangement
showing smaller maximum values than the highly inhomogeneous arrangements, but larger mean
values. Overall, mean breakdown field values are decreasing from small inhomogeneities to large
inhomogeneities with a few exemptions for the small gap distance tests with 3 mm blunt point.

Mineral oil shows higher mean breakdown field strength than natural ester liquid for the
configurations with highly inhomogeneous fields from an inhomogeneity factor η of η < 0.1.
Differences between the two liquids increase towards larger gap distances and higher inhomogeneity.

The needle configurations at 40 mm and 50 mm gap distance show the largest differences between
the two liquids: Natural ester liquid depicts 60% of the mean field of mineral oil at 50 mm gap distance.
At inhomogeneities of 0.1 < η < 1, both insulating liquids show comparable mean breakdown field
strengths for all electrode configurations and gap distances.
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Regarding the mean breakdown voltages, the following effect can be observed: The larger
the electrode gap and the larger the homogeneity of the field, the larger the resulting breakdown
voltage. Natural ester liquids and mineral oils show comparable breakdown values for homogeneous
and slightly inhomogeneous field strength values with η > 0.1. Mean breakdown voltages drop
significantly for natural ester liquids for inhomogeneous arrangements. With larger gap distances,
the differences between the breakdown voltages of natural ester liquids and mineral oil also increase in
this area. The standard deviation is comparable for both insulating liquids for nearly all configurations.
Configurations with low breakdown voltages generally show a low standard deviation. The more
homogeneous the electrode arrangement, the higher the standard deviation. Breakdown data is fitted
to normal and Weibull distribution. Normal distribution fitting is slightly better for the measured
impulse breakdown data than Weibull distribution. Furthermore, 2% withstand voltages are calculated.

Slightly inhomogeneous configurations with higher standard deviation show lower withstand
voltages than highly inhomogeneous arrangements with low standard deviation compared to the
mean breakdown values. Figure 5 shows Weibull and normal distribution fitted to breakdown data for
an exemplarily configuration.

Figure 5. Weibull and normal distribution for natural ester liquid and mineral oil at 10 mm gap distance
fitted to the measured needle—sphere data at negative polarity.

3.2. Homogeneity Factor and Breakdown Voltage—Differences between Mineral Oil and Natural Ester Liquid

A Schwaiger Factor ηs = 0.1 can be determined as the degree of inhomogeneity required to see
differences between the two liquids. Considering the entire available range of gap and electrode
configurations by extrapolating the general interrelationships of the measured data, it is expected
that for far larger gap distances than the tested ones, ηs is shifted towards larger values of η. For gap
distances around 10 mm, ηs is shifted towards smaller values of η. The selected range of η for further
testing is determined to be 0.03 < η < 0.3. Differences in breakdown behavior of natural ester liquids
and mineral oils at highly inhomogeneous field condition are caused by different streamer propagation
mechanisms. Easier propagation at high propagation modes leads to lower mean and withstand
breakdown voltages. A possible explanation for this effect is the presence of polyaromatic molecules
in mineral oil that do not appear in natural ester liquids [26].

3.3. Conductor Breakdown Test

A new test set-up is built to investigate breakdown voltages and breakdown field strengths of
natural ester liquids compared to mineral oil in a set-up more suitable to electric field constellations
occurring in a real transformer. The gap distance is set to 20 mm. Results are again fitted to normal
and Weibull distribution to determine 1% withstand voltages. Results for all distributions are shown
in Tables 2 and 3.
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Table 2. Breakdown results for conductor test at positive polarity, normal distribution fitting for
mineral oil (MO) and natural ester liquid (NE).

Liquid
Normal Distribution

Ud,1% (kV) Ud,50% (kV) σ

MO 291.6 356.6 28.0
NE 252.3 318.3 28.3

Table 3. Breakdown results for conductor test at positive polarity, Weibull distribution fitting.

Liquid
Weibull Distribution

Ud,1% (kV) Ud,50% (kV) α β

MO 248.3 358.5 370.1 11.5
NE 222.8 321.2 331.5 11.6

Table 2 shows normal distribution fitted breakdown values with 50% breakdown and 1%
withstand voltages for natural ester liquid and mineral oil. Natural ester liquids show 89% of the
breakdown voltage of mineral oil for 50% mean values and 87% for 1% withstand voltages. The results
for the Weibull distribution fitted data in Table 3 depict natural ester liquids holding 90% of the mean
breakdown voltage values of mineral oil, and 90% for 1% withstand voltages. A comparison between
the fittings of normal and Weibull distribution shows higher 50% breakdown voltages for Weibull
distribution and higher 1% withstand voltages for normal distribution for both insulating liquids.
A probability plot is given in Figure 6. Normal distribution fits slightly better than Weibull distribution
to the measurement data for both insulating liquids.

Figure 6. Weibull and normal distribution for natural ester liquid and mineral oil fitted to the measured
conductor data at a gap distance of 20 mm and positive polarity.

The LogLikelihood method was used to determine the quality of each fit. The quality of the fits is
comparable for both insulating liquids and distributions. Standard deviation of both insulating liquids
is comparable and fulfills the standard requirements.

A comparison to other investigations with comparable electrode arrangement and comparable
low relative moisture [2] is provided in Figure 7. The main difference between the two setups is a
change in curvature of the ends of the transformer conductor. This change was performed to compare if
the larger inhomogeneity represented by the exposed ends of the conductor in the former tests possibly
influences the differences between natural ester liquid and mineral oil. The mentioned conductors are
shown in Figures 1 and 8.
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Figure 7. Comparison with results from the former measurement setup in [2] with comparable gap
arrangement at positive polarity.

Grounded electrode

Conductor

A BC

 

Figure 8. Curvature of conductors used in comparative tests in [2].

The experiments described here show reduced differences in breakdown voltage between natural
ester liquids and mineral oil. The mean breakdown voltage of natural ester liquids is higher than in a
previous study, compared to the mineral oil being equal. Comparative tests showed a significantly higher
standard deviation for mineral oil than for natural ester liquids. The withstand voltages of both liquids
are therefore comparable. Current experiments show comparable standard deviations for both insulating
liquids. As it was also observed for the mean values, natural ester liquids show slightly lower withstand
voltages than mineral oil (87%). Because the knowledge of comparative experiments is only based on the
information given in the published data, reasons for the differences can only be assumed.

Differences in electrode surface treatment, handling and conditioning of insulating liquids could
cause differences in measurement results between different laboratories and different researchers.
It is quite demanding to define a uniform proceeding for highly reproducible measurements because
influencing factors mainly depend on many individual set-up factors. For example, the waiting time
prior to breakdown tests in natural ester liquids needs to be significantly higher than that in mineral oil
due to its higher viscosity. Waiting times for both liquids should be long enough that a longer waiting
does not affect the result significantly. Tests showed that the required waiting time strongly depends
on the used oil volume. It is small for small cell volumes and high for large test tanks. Therefore, some
researchers provide detailed recommendations about their experience [3]. Abrasion of electrodes
strongly depends on the breakdown energy. Abrasion is significantly higher for inhomogeneous
arrangements using high breakdown voltages. Suitable electrode replacement intervals have to be
assured for the highest test voltage used.

Previous studies about fluid treatment of natural ester liquid showed differences to the required
treatment of mineral oils that need to be respected [27].

Experiments with large volumes of insulating liquids require oil replacement management.
Replacing hundreds of liters of insulating liquid after one lightning impulse breakdown needs many
liters of insulating liquid which is not always required. In order to define reasonable replacement
intervals, preliminary tests with at least one oil volume stressed until mean breakdown voltage starts
decreasing have to be conducted.

By comparing all measured data of both setups, it can be stated that both tests were conducted
considering the same findings. Differing results should be caused by the change of the conductor shape.
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3.4. Comparison of Different Setups and Explanation of Their Breakdown Results

Comparisons to further test arrangements and studies investigating natural ester liquids and
mineral oils at inhomogeneous field arrangements under impulse voltages are drawn to support data
interpretation. Performed test study can therefore be compared to a larger database. The following
studies are compared to the two analyzed setups in this contribution: [3–5,8,28,29]. First comparisons
are drawn on the different electrode arrangements selected. Self-provided simplified drawings of the
arrangements used are shown (if available) in Figure 9.
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Figure 9. Different test arrangements for impulse testing of natural ester liquid compared to mineral oil.

Test arrangements can be separated into two different groups: Oil gap breakdowns with needle
—plate or needle—sphere arrangements (i) and arrangements with transformer conductors (oil gap
and creepage breakdowns). (ii) Breakdown voltage values and standard deviations of the compared
liquids are compared for each individual group.

3.4.1. Needle Arrangement Group (i)

Group (i) consists of the arrangements of studies [5,8,29] and the present study. Liu et al. in [5]
shows a comparable mean breakdown voltage for natural ester liquid and mineral oil at 25 mm oil gap
under positive 1.2/50 μs impulse for needle—sphere and needle—plate arrangements. For negative
impulse voltages, mineral oil shows significantly larger breakdown voltages than the natural ester
liquid. Negative impulse arrangements are comparable to the present arrangements, results for
needle—sphere arrangements also fit. Needle—sphere mean breakdown voltages are higher than
needle—plate mean values and breakdown values under positive impulse are smaller than the ones
under negative impulses (polarity effect). A comparison of breakdown voltages of the different studies
is given in Figure 10.
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Figure 10. Comparison: mean breakdown voltages of present investigation vs. data from study [5] for
natural ester liquid and mineral oil.

The electrode and gap arrangement in [8] is similar to the one presented in [4], results are also
comparable. The study in [29] is also conducted with a point—plane arrangement at positive and
negative impulses, but under a step voltage of 0.5/1400 μs and at 50 mm and 100 mm gap distance.
Therefore, results are not directly comparable to the previous studies. They show a comparable mean
breakdown voltage for natural ester liquid and mineral oil for positive step impulse at 50 mm, but a
significantly reduced mean breakdown voltage of natural ester liquid (73% of the mineral oil value) at
100 mm gap distance. For negative step impulse, mean breakdown voltage of natural ester liquid is
reduced significantly for both gap distances (50 mm ≈ 63% of the one of mineral oil, 100 mm ≈ 80%).

All investigated studies for group (i) have some characteristics in common: The difference in
mean breakdown voltage between natural ester liquid and mineral oil at highly inhomogeneous
needle configurations is small or not significant for small gaps at positive impulses. The difference
between the two liquids is high for negative impulses and large gaps and can reach a 50% reduced
mean breakdown voltage. The standard deviation of breakdown data of group (i) is not available
from all studies. No significant difference in standard deviation for highly inhomogeneous needle
arrangements could be found in the present study. Study [29] shows a significantly higher standard
deviation of mineral oil, but also significantly higher breakdown values for mineral oil.

3.4.2. Conductor Arrangement Group (ii)

Group (ii) represents the arrangements of the studies [2–5] and the present study. A comparison
between [2] and the present study has already been performed in Section 3.3.

U-type conductor arrangements (see Figure 9) were initially used by [4]. This arrangement can
be used for oil gap or creepage breakdown investigations. T. Prevost in [4] used the arrangements
for creepage investigation. Therefore, results are not directly comparable to this study because the
oil-pressboard interface, is different versus the oil volume. Both polarities are investigated under
1.2/50 μs with gap distances from 10–35 mm. The results of the mean breakdown voltages for negative
polarity show comparable values of natural ester liquid and mineral oil for a 10 mm gap and a slightly
reduced mean value for natural ester (95% of the one of mineral oil) for 20 mm and 35 mm. For positive
polarity, the largest differences between the two liquids emerge at the smallest gap distance of 10 mm
with natural ester liquid showing 90% of the mean breakdown voltages of mineral oil. The differences
are not significant for larger gap distances. The standard deviation of both liquids is comparable
overall; some tests show a higher standard deviation for mineral oil and some tests show a higher
standard deviation for natural ester liquid in the same scale.

Liu et al. in [5] used an arrangement built on the suggestion in [4] (see Figure 9) and measured oil
gap breakdown and creepage breakdown at positive polarities with 1.2/50 μs impulse at 35 mm gap
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distance. Oil gap tests show an insignificantly reduced mean value of natural ester liquid compared to
mineral oil (96%); creepage tests showed a reduced overall breakdown level of the interface systems for
both liquids and a slightly reduced mean breakdown voltage for mineral oil (88%) compared to the one
of natural ester liquid. Not all creepage breakdowns occurred along the interface. Differences between
results of [4,5] for positive polarity impulses with creepage arrangements at 35 mm gap distance could
be due to different handling of the solid-liquid insulating system in this comparatively complex setup.

Investigations in [3] composed of two opposed transformer conductors at small (3 mm) to large
(50 mm) gap distance to represent a coil-to-coil arrangement instead of one conductor and a ground
plate electrode as used in the previous studies. Shielded ends were applied for large gaps to prevent
alternative breakdown paths. The results show a slightly reduced mean breakdown voltage of mineral
oil of about 89% of the one of natural ester liquid at small gap distances (3–5 mm) and comparable
results for 8–12 mm gaps. Larger gaps show an increasing difference between the two liquids with
reduced mean breakdown values for natural ester liquid comparable to former mentioned studies in
this range of gap distance (and respective inhomogeneities). Natural ester liquids show 88% of the
mean value of mineral oil at 25 mm and 84% at 50 mm.

A general comparison between different studies using transformer conductor at 1.2/50 μs impulse
voltages in comparable ranges of inhomogeneity in oil gaps shows comparable breakdown values for
small gaps (condition: gap distance <25 mm). Comparison shows mainly slightly reduced breakdown
voltages of natural ester liquid of around 90% of the ones of mineral oil for larger gaps (between 25 and
50 mm). There are also a few studies showing a comparable breakdown voltage for the larger gap
distances. The study in this contribution shows slightly reduced mean breakdown voltages of natural
ester liquid (90%) compared to mineral oil at a gap distance of 20 mm at positive polarity. The overall
comparison reveals the difficulties in finding a suitable conductor arrangement built up in a simple
way to avoid handling differences coming up with complex arrangements but also to reach a single
wanted point of breakdown in the geometry without breakdowns at unwanted points of the geometry.
The setup in [3] with shielded ends seems to be an arrangement that fulfills both requirements.

4. Conclusions

Different studies show the same trends for comparison of natural ester liquid and mineral
oil under impulse voltages in inhomogeneous field arrangements. The higher the inhomogeneity,
the larger the difference between natural ester liquid and mineral oil with natural ester liquid showing
a reduced mean breakdown voltage. Differences in mean breakdown voltages over inhomogeneity
can be explained by different streamer propagation of the two liquids built up of different chemical
compounds. The larger the inhomogeneity, the higher the influence of fast streamer events leading
to breakdown at lower voltages in natural ester liquids. These events occur mainly in highly
inhomogeneous field arrangements made up of needle constructions (η < 0.1). Less inhomogeneous
arrangements with transformer conductor (0.1 < η < 0.5) show less significant differences in fast
streamer propagation and therefore less differences between the two different liquids. Typical mean
breakdown values of natural ester liquid in this range of inhomogeneity are 90% of the mineral
oil values. Differences are small for small gaps (e.g., gap distance 10 mm) and increase with the
gap distance.
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Abstract: This article presents the results of the studies on negative streamer propagation in a
point-to-sphere electrode system with a pressboard barrier placed between them. The proposed
electrode system gave the opportunity to assess the influence of the insulating barrier on streamer
development in the conditions close to the actual transformer insulating system where the liquid
gap is typically divided in parts by using pressboard barriers. The studies were performed for
five commercial dielectric liquids. Among them two were biodegradable synthetic esters and
two were biodegradable natural esters. Mineral oil, as the fifth liquid, was used for comparison.
The measurements were based on electrical and optical experimental techniques. From the results
obtained it may be concluded that, independently of the liquids tested, the electrical strength of the
insulating system considered was increased by about 50%. In the case of streamer development
assessed using photomultiplier-based light registration it is not possible to indicate clearly which
of the liquids tested is better under the conditions of the experiment. In all cases streamers always
developed slowly (2nd mode) at all voltage levels applied during the studies. In turn, the intensity
of the discharge processes, comparing the same voltage levels, was mostly higher when streamers
developed in ester liquids, however, the differences noticed were minimal.

Keywords: streamer propagation; mineral oil; synthetic ester; natural ester; lightning impulse; breakdown

1. Introduction

Ester-based insulating liquids, as eco-friendly products, have been developed providing the
transformer market with an interesting alternative to mineral oils. For both natural and synthetic
esters, several experimental studies have been conducted providing knowledge on different aspects of
ester properties [1–7]. Without a doubt the synthetic and natural esters are friendly for the environment,
being biodegradable and having high flash points. Simultaneously, they are also characterized by
quite good dielectric properties, among which special attention is directed to the higher electrical
permittivity of the esters than mineral oils, which is an advantage for electrical field distribution
in paper-dielectric liquid insulating systems. The esters also have similar alternating current (AC)
breakdown voltages to the mineral oils. In this field the benefit of the esters is their lower susceptibility
to moisture content in a volume of the liquid. There is a lack of change in the AC breakdown voltage
up to a moisture content of 600 ppm for synthetic esters, and up to a moisture content of 300 ppm for
most of the natural esters, respectively. In turn, considering the interaction with the solid insulation in
the case of ester liquids, the moisture from thermal aging of the paper is absorbed by the esters, which
lengthens the paper lifetime [2,7–10].

One of the significant parameters considered in terms of dielectric properties of the liquids is
the lightning impulse breakdown voltage. This parameter describes the behavior of a given liquid
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under lightning impulse voltage stress. This may be determined in accordance with International
Electrotechnical Commission (IEC) 60897 or American Society for Testing and Materials (ASTM)
D3300 standards. However, standard-based approaches limit the information only to the value of the
breakdown voltage, its standard deviation and, sometimes, the time to breakdown [11–16]. Thus, with
the usage of one of the above-mentioned standards, there is no possibility to assess the pre-discharge
phenomena (usually called streamers) which precede the breakdown. This is possible only through
the use of certain experimental techniques, among which a photomultiplier (PMT) registration of
light emitted by the pre-breakdown channels is treated as one of the most valuable techniques. It is,
however, a well-known fact that the intensity of light is strictly connected with the intensity of the
ionization processes occurring during discharge phenomena. Developing discharges generate the
pulsed light, which may be registered using proper detectors and then, in the form of waveforms, may
be presented on the screen of an oscilloscope. The higher frequency of light pulses registered the more
frequent step lengthening of the occurring discharge channels. The higher peak values of the light
pulses reflect the higher energy of the discharge itself [15–21].

The studies which are described in this paper concern solely the mentioned PMT-based technique
used for the assessment of pre-discharges (streamer development) in specific experimental electrode
systems in which a point-to-sphere system recommended by the IEC 60897 standard was modified by
placing an insulating plate between the electrodes. Such an approach caused the formation of a liquid
gap above and below the plate. Thus, it represents, to some extent, a real situation which appears
in transformer insulation—an oil gap is divided into parts by a pressboard barrier in order to limit
the development of discharges which are able to form the breakdown channel. The observation of
streamer development when this development is blocked by an insulating barrier became the main
issue of the study.

The measurements were carried out for two synthetic esters, two natural esters, and mineral oil
for comparison. Therefore, the results obtained are presented in a comparative form showing the
similarities and differences between the characteristics of the liquids and the streamers developed in
them under the assumed conditions of the experiment.

2. Methodology Description

The measurements were performed using the experimental setup presented schematically in
Figure 1.

Figure 1. Laboratory setup used in the experiment: LIG—lightning impulse generator, R—limiting
resistor, PMT—photomultipliers, OSC—digital oscilloscope, and PVM—peak value meter.

A source of the testing voltage was a Marx generator with a rated voltage of 500 kV and a storage
energy of 2.2 kJ. It generated a negative standard lightning impulse voltage of 1.2/50 μs. The peak
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value of the lightning impulse was measured using a resistive voltage divider and a peak value meter.
The voltage waveform was also registered by a digital oscilloscope. The voltage was supplied to the
electrode system which is presented in Figure 2. This system was placed in the transparent test cell
made of perspex. The volume of the test cell was 5 L.

Figure 2. Electrode system used in the studies.

A high voltage needle was made of tungsten and had a 50 μm radius of curvature while the
grounded electrode was a sphere 13 mm in diameter. The distance between the tip of the needle and
the grounded sphere was set to 25 mm. The above-quoted dimensions of the electrodes, as well as
the assumed inter-electrode distance, was based on the recommendations of the IEC 60897 standard
which is used for the determination of lightning impulse breakdown voltage of dielectric liquids.
The recommended electrode system was, however, modified by placing between the high voltage
needle and the grounded sphere a pressboard plate 5 mm in thickness, which constituted an insulating
barrier for the developed streamers. The diameter of the barrier used was 15 cm. Finally a 10 mm
free liquid gap between the tip of the needle and the pressboard plate, as well as between the
pressboard plate and the grounded sphere, was obtained. Before the beginning of the experiment
the used pressboard plates were dried and then impregnated. The adopted procedure of drying and
impregnation carried out in a vacuum chamber included:

- 24 h of drying in vacuum at a temperature of 105 ◦C;
- filling the chamber with a given liquid under vacuum conditions and impregnating at a

temperature of 80 ◦C for 24 h; and
- lowering the temperature to the ambient temperature and leaving the samples for 24 h in the

liquid bath.

As was mentioned above, the studies were focused on the observation of streamer development
on the basis of light emission registration using the photomultiplier technique. The choice of
photomultipliers as a light detector resulted from the commonly known fact that light generated
by the streamers is very weak and may be detected only by very sensitive optical instruments of high
gain and with a proper time response for registration of fast pulses with rise times of the order of 1–2 ns.
The light from the processes observed was registered by two independently-operated photomultipliers.
Both of them were Hamamatsu R1925 photomultipliers (Hamamatsu Photonics K.K., Hamamatsu,
Japan) with a wavelength range from 300 to 850 nm. The light signal was delivered to the PMTs
through optical fiber cables which consisted of 37 individual fibers. The active surface of the cables
collecting the light from the processes registered was 5 mm in diameter. The ends of both cables were
placed directly at the wall of the test cell at a distance from the point-sphere axis of ca. 10 cm. As it

137



Energies 2018, 11, 1088

was presented in Figure 1, the end of one of the optical fiber cables was placed above the line defined
by the surface of the insulating plate while the end of the second optical fiber cable was placed below
the quoted line. In other words, the first PMT recorded light from the processes occurring between
the high-voltage needle and the insulating barrier, while the second PMT recorded the processes
occurring between the insulating barrier and the grounded sphere. The output signals from both
the PMTs, after being amplified, were registered using the oscilloscope in the form of waveforms
(the temporal sequence of discrete negative pulses having rise-times of nanoseconds). Simultaneously,
the waveforms obtained were saved on a hard disk of a PC computer where they might be analyzed
and compared with the other measurement results. During the whole experiment the PMTs were
supplied by the same supply voltage (800 V), which means that the light was acquired with the same
gain factor for both the PMTs. Additionally, the same types of amplifiers were used to amplify the
output signal from the photomultipliers.

Five different commercial dielectric liquids were tested during the experiment. They included
two synthetic esters, two natural esters, and mineral oil for comparison. The data concerning
the fundamental physico-chemical and dielectric properties of the liquids tested are presented in
Table 1. These data come from the datasheets provided by the manufacturers or from other available
documents [1,2,22–25].

Table 1. Basic dielectric parameters of the liquids tested.

Parameters
Synthetic Ester

I
Synthetic Ester

II
Natural Ester

I
Natural Ester

II
Mineral Oil

Density at 20 ◦C (kg/dm3) 0.97 0.97 0.92 0.89 0.88

Viscosity at 40 ◦C (mm2/s) 29 29 32 17 10

Viscosity at 100 ◦C (mm2/s) 5.25 5.6 7.7 4.6 2.6

Flash point (◦C) 260 265 320 200 191

Pour point (◦C) −56 −54 −23 −28 −42

Biodegradability readily
biodegradable

readily
biodegradable

readily
biodegradable

readily
biodegradable

not
biodegradable

Moisture saturation in
ambient temperature (ppm) 2700 2700 1100 no data 55

AC breakdown
voltage—mean value (kV) >75 78 73 70 70

Dielectric dissipation factor at
90 ◦C and 50 Hz <0.02 <0.02 <0.02 0.04 <0.002

Electrical permittivity at 20 ◦C 3.2 3.2 3.1 2.8 2.2

As can be seen in Table 1, the synthetic esters tested have similar properties in both the chemical
and dielectric range, and are of similar origin with respect to the manufacturing process. The natural
esters tested have the same vegetable origin, but are characterized by different values of some
fundamental parameters. Firstly, natural ester II has lower viscosity, which is not a typical property for
natural esters for electrical purposes. Like other natural esters it is based on triglycerides, but their
content is reduced in the direction of using more monoesters. This is made by chemical modifications
to the liquid. The ratio between the content of triglycerides and monoesters (in the case of the
considered ester it is ca. 50% to 50%) which drives the balance between the properties of the final
product. With this, the viscosity was optimized by reducing the flash point, but still keeping the
biodegradability. Finally the reference liquid-mineral oil-is of a naphthenic type and is uninhibited.

Prior to the measurements carried out at the lightning impulse voltage, the mineral oil tested
was first preprocessed by drying, degassing, and filtering. However, the ester liquids tested were
studied as received. In order to be sure that the liquids fulfill the criteria specified individually
for a given liquid the quality of the liquids was verified by AC breakdown voltage tests using the
IEC 60156 standard. For all the liquids considered, the average values of the AC breakdown voltage
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exceed 60 kV, which confirmed the appropriate properties of the liquids for lightning tests. In turn,
the moisture content of the liquid samples was also measured using IEC 60814. The values obtained
were, respectively, 12 ppm for mineral oil, 128 ppm for synthetic ester I, 88 ppm for synthetic ester II,
62 ppm for natural ester I, and 49 ppm for natural ester II. According to the well-known fact that higher
natural moisture saturation of the esters and the above-mentioned lack of influence of moisture content
on the breakdown voltage of the esters, the data concerning moisture were also assessed as satisfactory.

The measurement procedure was established on the basis of previously-performed studies on
lightning impulse breakdown voltage determination [15,16]. Schematically, the used procedure is
presented in Figure 3.

Figure 3. Schematic representation of the measurement procedure; Δt1—time between distinctive
voltage steps, ΔU—assumed voltage step, and Umax—assumed maximum value of the testing voltage.

The experiment began from the so-called starting value, which was 100 kV. This value was lower
than previously-evaluated negative lightning impulse breakdown voltages for all the liquids tested in
point-to-sphere electrode systems [15,16]. Since the evaluated negative lightning impulse breakdown
voltage oscillated around 125 kV with ca. 5–7 kV of standard deviation, it was assumed that a value of
100 kV would be the right starting value at which streamers will develop as a basic, slow mode [18–21].
Then the subsequent lightning impulses were supplied to the electrode system with the assumed
voltage step (ΔU) equal to 5 kV. One shot per step was applied with time between the subsequent
steps (Δt1) equal to 1 min. The measurements were stopped at the value of the testing voltage equal
to 180 kV (Umax in Figure 3). The next measurement procedure was carried out after a 20 min break
wherein during this time the liquid sample was stirred. Based on our own experience [15,16,19],
as well as recommendations of the standards [11,12], it was decided that the liquid samples would
not be changed to a new one after a given measurement procedure. This was because breakdown
was not reached during the tests. The confirmation of the correctness of the approach adopted was
an unintended spread of the data obtained from the measurements. The influence of the previous
test on the results obtained from the next measurement procedure was not noticed. The total number
of measurement procedures was 6. For each voltage level the oscillograms were registered. They
included two courses of light (separately for both the PMTs) and one course of supplied voltage. In this
latter case it was possible to identify probable breakdown events [15,16,18,21,26]. However, for all the
voltage levels applied during the experiment the voltage collapse in the voltage waveforms registered
never took place, so it may be stated that breakdown never happened.
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3. Measurement Results

Firstly, the analysis was focused on the comparison of the threshold value of the voltage at
which the light signal was registered by the PMT that was placed below the insulating barrier.
This value was called Vt, meaning that the streamers also started to propagate in the space between the
insulating barrier and grounded sphere. As was mentioned above, six measurement procedures were
performed so the Vt in each case was determined as an average value calculated from the six individual
observations. Simultaneously, standard deviations were also evaluated. The results obtained are shown
in Table 2. In order to relate these results to the previously-estimated negative lightning impulse
breakdown voltages (Vb-) for a point-to-sphere electrode system without a pressboard barrier [15,16],
the table also includes the mentioned Vb-.

Table 2. Characteristic voltages for the discharge phenomena in a point-to-sphere electrode system
with and without an insulating barrier.

Type of the Liquid

Parameters

Vt (kV)
for Point-To-Sphere Electrode

System with Insulating Barrier

Vb- (kV)
for Point-To-Sphere Electrode

System without Insulating Barrier
Vt/Vb- Ratio

Average Value
Standard
Deviation

Average Value
Standard
Deviation

-

Synthetic ester I 135.83 5.84 123.00 5.23 1.10
Synthetic ester II 140.83 9.17 121.50 5.10 1.16

Natural ester I 132.50 10.37 123.25 4.94 1.07
Natural ester II 127.50 8.21 120.75 5.91 1.05

Mineral oil 130.00 9.49 127.50 6.98 1.02

The results from the table are also presented in graphical form in Figure 4.

Figure 4. Graphical representation of the measurement results: Vb-: negative lightning impulse
breakdown voltage from previous studies, and Vt: threshold value of voltage at which the light signal
was registered by the PMT placed below the insulating barrier.

Comparing the results concerning the threshold value of voltage for streamer inception below the
insulating barrier with the values of the lightning impulse breakdown voltage obtained during the
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previous studies, it may be said that, in all cases, the values of Vt are higher than the corresponding
values of Vb- (the Vt/Vb- ratio quoted in Table 2 is, in all cases, much higher than 1). Hence, the
conclusion in this field is not surprising—the insulating barrier prevents the breakdown which would
certainly take place at voltage levels equal to Vt, or close to this value. This applies to the same extent
to all the liquids tested. Nevertheless, comparing the distinctive liquids between each other there are
obvious differences in the values of evaluated Vt, which are confirmed by the individual Vt/Vb- ratios.
The best properties mean the best interaction of a given liquid with the pressboard plate in terms of
lightning strength is shown by synthetic ester II. The next, in turn, are synthetic ester I and natural
ester I. In the case of mineral oil and natural ester II, the properties are similar. Comparing the real
value of Vt, mineral oil has better properties, but looking at the Vt/Vb- ratio, natural ester II seems to
be better. Simply, it may be concluded that the liquids of higher electrical permittivity (both synthetic
esters tested) behave better under the conditions of the experiment. Simultaneously, it is important
to point out that, in any of the liquids tested, breakdown was not noticed. Thus, the improvement of
the electrical strength of the insulating system analyzed took place in a similar range—the lightning
breakdown voltage of the system increased from around 125 kV, up to 180 kV. It may be supposed that
the reason for this is the more favorable electrical field distribution in the synthetic ester-pressboard
insulating system than in the case of mineral oil-pressboard systems. Higher electrical permittivity
of the synthetic esters, which is closer to the electrical permittivity of the pressboard, causes lower
stresses on the border of the pressboard and liquid. Hence, the lower the electrical stress is, the higher
the value of the voltage that is needed to initiate streamers below the pressboard barrier.

The next part of the study concerns the analysis of the light oscillograms. As was mentioned
above, the oscillograms were registered at each voltage level. In general, for each of the liquids tested,
the sequence was such that, for the first few levels, the voltage light signal (discrete pulses increasing
in time) was registered only by the PMT placed above the insulating plate. After reaching a given
voltage level (meaning Vt) the pulses started to also appear in the course connected with the second
PMT (channel No. 2). In the case of both channels, with an increase of the voltage level, the frequency
of light pulses also increased. The sequence of the oscillograms registered with the voltage increase is
shown in Figure 5 and the example chosen is the synthetic ester II.

The appearance of the streamers on the lower side of the insulating barrier results from the
conditions which occurred in the space between barrier and grounded sphere after exceeding a given
value of the testing voltage. These conditions were forced by electrical field stress in the mentioned
space, which enabled the streamer initiation. At lower values of the testing voltage it was not possible
to initiate the streamers below the insulating barrier because the distance between this area and the
high-voltage point electrode was too long and the geometric electrical field resulting from the electrode
configuration and the applied voltage was too low. In such conditions even the space charge from
the discharge developed above the insulating barrier did not disturb the field strongly enough to
cause streamer initiation in the area close to the sphere electrode. For the higher values of the testing
voltages, when the light pulses are visible in course No. 2 connected with the PMT 2 placed below
the insulating barrier, the geometric electrical field stress existing below the insulating plate is high
enough, and by deformation of this field distribution by the appearance of the space charge it becomes
sufficient for ionization processes, initiating streamer development (because of the high value of the
local electrical field the streamers started to develop at the weak points occurring in the liquid volume).
Thus, for lower testing voltages, although the streamers developed above the barrier, none of the
phenomena were observed below it. Only by increasing the voltage, which causes a proportional
increase in the value of the electric field stress in the entire space between the point high voltage (HV)
electrode and the grounded sphere, the discharge propagation was noticed below the pressboard
barrier. The next voltage levels strengthen the phenomena, which was confirmed by the more intense
light registered by the PMTs. The above-presented considerations concern, to the same extent, all the
liquids tested.
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Figure 5. The sequence of streamer development with the voltage increase for synthetic ester II:
(a) V = 100 kV; (b) V = 125 kV; (c) V = 140 kV; (d) V = 145 kV; and (e) V = 170 kV; 1—light from PMT 1
(arb. units), 2—light from PMT 2 (arb. units), 3—voltage (100 kV/div.), and t = 4 μs/div.

What is additionally interesting in the described situation is that the signal registered by the
PMT 2 includes some kind of continuous state visible, for example, in Figure 5d,e. An explanation
of this fact may be the effect of the space charge which accumulated on the surface or inside the
pressboard plate. When the electrical field affects the space around the plate and, of course, the plate
itself, it is possible to excite this space charge for ionization processes, which is reflected in the emitted,
and then registered, light.

What is also important to point out is that, in all cases and for all ranges of the testing voltage
applied, the streamers always propagated as the slow-type of discharge. The time of streamer
development was relatively long and the phenomena characteristics for the fast-type of discharges as
in [17–21,26] were not noticed.

The comparative assessment of the liquids tested may be done when we consider the set of
the oscillograms for distinctive liquids, which were registered at the same voltage levels. Such a
comparison is made in Figures 6 and 7, respectively, for two cases: when streamers developed only
above the insulating barrier and when the streamers were observed on both sides.

In the first case, that is, for the oscillograms presented in Figure 6, the main observations are
identical to those noticed during the studies in the point-to-sphere electrode system without an
insulating barrier [15,16]. The difference between the esters and the mineral oil is that in mineral oils
the light pulses are characterized by lower peak values and a slightly lower frequency. More detailed
analysis allowed formulating the statement that, in the case of both synthetic esters, the discharges
propagate longer than in the case of the natural esters tested and the mineral oil. When we set together
the oscillograms registered at the same value of the testing voltage at, for example, 125 kV, as presented
in Figure 6, the average time of discharge development for both synthetic esters is ca. 20 μs, while
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the same time corresponding with natural esters and mineral oil is 12–14 μs. On this basis it may be
concluded that the conditions for streamer propagation (lengthening of the streamer channels) under
the conditions of the experiment, are slightly better in the case of synthetic esters.

Figure 6. The set of oscillograms registered in the case of streamer development only above the
insulating barrier, V = 120 kV: (a) mineral oil; (b) natural ester I; (c) synthetic ester I; (d) synthetic ester
II; and (e) natural ester II; 1—light from PMT 1 (arb. units), 2—light from PMT 2 (arb. units), 3—voltage
(100 kV/div.), and t = 10 μs/div.
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Figure 7. The set of oscillograms registered in the case of streamer development below and above
the insulating barrier, V = 150 kV: (a) mineral oil; (b) natural ester I; (c) synthetic ester I; (d) synthetic
ester II, and (e) natural ester II; 1—light from PMT 1 (arb. units), 2—light from PMT 2 (arb. units),
3—voltage (100 kV/div.), and t = 10 μs/div.

In turn, comparing with each other the oscillograms from Figure 7, the conclusions are, in a
sense, consistent with the observations based on Figure 6. The time of discharge development in
mineral oil is the shortest. A slightly longer time is noticed for both natural esters, while the longest
time concerns the synthetic esters tested. Assessing, however, the waveforms registered by the PMT
placed above and below the insulating barrier, it may be noticed that there is some correlation between
the intensity of the light pulses registered for both sides. Thus, there is also a correlation between
the processes occurring above and below the barrier after exceeding a given threshold value of the
testing voltage. The typical waveforms are characterized by similar frequencies and peak values
independently whether the streamers develop above or below the pressboard plate. This is, in fact,
similarly visible for all the liquids tested. Hence, it may be said that the electrical field stress above
the barrier (mainly resulting from the applied voltage and the radius of curvature of the HV point
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electrode) is very close in value to the electrical field stress below the barrier, which is disturbed by
the existing space charge. However this conclusion is not unequivocal, because in some cases the
phenomena occurring below the barrier, represented by the light pulses, are less intense. The pulses
are less frequent and have lower peak values.

In conclusion, independently of the liquid type, it may be stated that insulating pressboard
barriers effectively prevent the development of the discharges leading to breakdown. Probably, the
discharges propagate in both areas in the direction of the insulating plate and accumulate on its surface.
Due to the high electrical strength of the pressboard, the intensity of the discharges in all cases are
too low to cause the formation of a breakdown channel. At least up to a peak value of 180 kV of
the standard lightning impulse voltage of negative polarity, such breakdown is not possible. Thus,
all the liquids tested, although the existing differences in the lightning impulse breakdown voltages
determined using the IEC 60897 standard, as well as the differences in the threshold value of the
voltage at which the streamers started to develop below the insulating barrier (Vt), behaved similarly
under the conditions of the experiment, allowing for an efficient stopping of the formation of the
discharge of a breakdown nature.

4. Conclusions

On the basis of the studies performed, the following conclusions can be drawn:

(1) Independently of the liquid tested, the insulating barrier similarly improves the electrical strength
of the tested electrode system. The barrier prevents the breakdown up to 180 kV (the maximum
applied voltage), which is almost 50% higher than the breakdown voltage measured in a
point-to-sphere electrode system.

(2) Comparing the obtained Vt/Vb- ratios the synthetic esters tested seem to improve the lightning
properties of the tested electrode system to the greatest extent. Since a longer time of discharge
development was registered in the case of both synthetic esters at all testing voltage levels, it may
be stated that the conditions for propagation of the discharges in synthetic esters are, however,
slightly easier than for other tested dielectric liquids (mineral oil and natural esters). Thus,
it is not possible to indicate clearly which of the liquids tested is better under the conditions of
the experiment.

(3) From the registration of light using two photomultipliers it may be said that the relationships
between the liquids are similar to the case of the system without an insulating barrier:

- streamers develop slowly (2nd mode) at all voltage levels applied during the studies; and
- the intensity of discharge processes, comparing the same voltage levels, was always higher

when streamers developed in ester liquids.

(3) Generally, the results obtained showed that, in real insulting systems of power transformers
where the oil gap is divided into parts using pressboard barriers, the use of ester liquids as
an insulating medium does not necessarily generate the problems of discharge nature when
considering lightning impulse stresses.
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Abstract: Vegetable insulating oil may replace the mineral insulating oil used in large power
transformers due to its extraordinary biodegradability and fire resistance. According to component
analysis, 1-methylnaphthalene and eicosane are considered the typical molecules in mineral oil.
Triolein and tristearin are considered the typical molecules in vegetable oil. The ionization potential
(IP) and the variation of highest occupied molecular orbital (HOMO) of typical molecules under
an external electric field are calculated using quantum chemistry methods. The calculation results
show that the IP of the triolein molecule is comparable to that of the 1-methylnaphthalene molecule.
The mechanisms of losing electrons are discussed, based on the analysis of HOMO composition.
The insulation characteristics of the triolein and tristearin are more likely to be degraded under
an external electric field than those of 1-methylnaphthalene and eicosane. Due to the fact that the
number density of low IP molecules groups in vegetable oil is much greater than that in mineral oil,
the polarity effect in vegetable oil is more obvious than that in mineral oil. This eventually leads
to different streamer characteristics in vegetable oil and mineral oil under positive polarity and
negative polarity.

Keywords: vegetable oil; mineral oil; electronic property; streamer; space charge; density functional theory

1. Introduction

Vegetable insulating oil is a nontoxic, reproducible and environmental dielectric fluid [1–7]. It can
be used as a substitute for mineral insulating oil, in transformer and oil-filled cables [8–11]. The basic
physical, chemical and electrical properties of vegetable oil and mineral oil are listed in Table 1 [3]. It is
attracting increasing research interest due to its high fire point of above 300 ◦C [4], which significantly
improves the safety level of the power grid. Moreover, the 21-day degradation rate of vegetable oil
is up to 97% by the CEC-L-33 test (Coordinating European Council, Leicester), which is superior to
mineral oil with 30% [5]. Generally speaking, insulating materials are very sensitive to moisture,
such as insulation paper and low-density polyethylene [12,13]. The frequency breakdown voltage of
mineral oil will collapse when the moisture is up to 30 ppm, however, the frequency breakdown voltage
of vegetable oil will not obviously decrease when the moisture is up to 320 ppm [6,14]. Vegetable
oil absorbs the moisture in insulation paper, leading to much more prolonged lifetime of oil-paper
insulations [7].
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Table 1. Basic physical, chemical and electrical properties of vegetable oils and a mineral oil [3].

Parameter Camellia Oil FR3 Oil Mineral Oil

Appearance Light Yellow Light Green Transparent

Density (20 ◦C)/kg·m−3 0.90 0.92 <0.895
Viscosity (40 ◦C)/mm2·s−1 39.9 34.1 ≤13.0

Pour point/◦C −28 −21 <−22
Flash point/◦C 322 316 ≥135

Acid value/mgKOH·g−1 0.03 0.04 ≤0.03
Interfacial tension/mN·m 25 24 ≥40

AC breakdown voltage/kV 70 56 ≥35
Dissipation factor(90 ◦C)/% 0.88 0.89 ≤0.1

Volume resistivity/Ω·m 1 × 1010/90 ◦C 2 × 1011/25 ◦C 7 × 1011/25 ◦C
Relative permittivity 2.9/90 ◦C 3.2/25 ◦C 2.2/90 ◦C

Vegetable oil has shown comparable electrical properties to mineral oil by some standard tests [8].
However, comparing with mineral oil, fast streamer seems to appear easily in vegetable oil especially
when the oil gap is longer than 50 mm. Liu’s study shows that [15], under positive polarity, the
streamer velocity in vegetable oil is about 10 km/s at 50 mm of oil gap and reaches 30 km/s at 100 mm.
The streamer velocity in mineral oil remains at a constant of 1–2 km/s for oil gaps of 25–100 mm under
positive polarity. However, under negative polarity, the streamer velocity in vegetable oil seems to
be suppressed and the streamer velocity in mineral oil obviously increases with the increasing oil
gap. For example, the streamer velocity in mineral oil is about 6 km/s at 75 mm of oil gap under
negative polarity, even higher than that in vegetable oil. The fast streamer (>10 km/s) in the insulating
liquid may connect the electrodes, resulting in serious disaster. However, the streamer propagation is
affected by many factors such as air-pressure, temperature, impurities and moisture. The mechanisms
of streamer propagation are not completely understood.

To date, considerable results have focused on the assessment of differences and similarities
between vegetable oil and mineral oil based on experimental measurements and analysis. There is
a lack of investigation at the molecular level into explaining the electrical discharge phenomena
happening in the oils. Density functional theory (DFT) is a quantum chemistry method to calculate the
electronic structure. DFT is widely used to speculate about the properties of molecular and condensed
matter in both physics and chemistry [16,17]. The molecular components of insulating oils are very
plentiful and we chose several typical molecules to study the molecular characteristics associated with
electric discharge.

Mineral oil, as transformer oil, is from petroleum by distillation at a temperature of 260–400 ◦C.
According to the component analysis, mineral oil is dominated by hydrocarbons that include
the aromatic, paraffinic and naphthenic [18–20]. Aromatic usually has two benzene rings (e.g.,
1-methylnaphthalene molecule) and the total proportion of aromatic is about 5%. Paraffinic and
naphthenic usually have 16~22 carbon units (e.g., eicosane molecule) and the total proportion of
paraffinic and naphthenic is about 95%. For vegetable oil, the component analysis has indicated that
the main molecules are triglycerides [21–25]. The triglyceride molecule can be considered a glycerol
molecule esterified by three fatty acid molecules. The fatty acids usually have 14~22 carbon units.
The unsaturated fatty acids (e.g., oleic acid, generating triolein molecule in vegetable oil) hold the
majority among the fatty acids (about 90%). A small amount of saturated fatty acids (e.g., stearic acid,
generating tristearin molecule in vegetable oil) are included as well (about 10%).

In this work, according to the component analysis, 1-methylnaphthalene and eicosane are
considered the typical molecules in mineral oil. Triolein and tristearin are considered the typical
molecules in vegetable oil. The electronic properties of typical molecules are calculated using the
quantum chemistry method. The mechanisms of fast and slow streamers in vegetable oil and mineral
oil are discussed based on the calculations.
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2. Methods

According to the component analysis, the four typical molecules are considered including
1-methylnaphthalene, eicosane, triolein and tristearin. The models for the typical molecules with a
Cartesian axis are shown in Figure 1.

Figure 1. Models of typical molecules with Cartesian axis. Gray: C, red: O, green: H.

The IPs of the typical molecules are calculated by quantum chemistry methods based on density
functional theory. The calculations are carried out using the Gaussian 09 program package [26].
The B3LYP method is employed at 6-31G* basis set [27,28].

The geometries of the molecules are optimized for energy minimization. The energy of a positive
ion is calculated based on the geometry optimized. The IP of molecule A is defined as the energy
difference of neutral molecule A and corresponding positive ion A+, written as:

IP = EA+ − EA (1)

The polarizable continuum model (PCM) is used to calculate the IP [29]. In PCM, the surrounding
liquid for a given molecule is considered as a continuum dielectric with a dielectric constant ε. It is set
to be 3.0 for vegetable oil and 2.2 for mineral oil. The DFT method (B3LYP) at the 6-31G* basis set is
used as before. The definition of the IP in liquid phase can be defined as:

IP = EA+ − EA + V0, (2)

where V0 is the energy of a quasi-free electron in a condensed state. The values of V0 are generally
much less than the IP of the molecules (<0.1 eV). Hence, the V0 is neglected in this work [30].

The electronic properties of molecules will be changed under the external field, resulting in
changes of the ionization characteristic [31,32]. The electric field intensity of streamer initiation is
about 108 V/m [33–35]. However, the electric field intensity of streamer fast propagation is at least
109 V/m [19]. The external field directions include X, X-, Y, Y-, Z and Z-. Electronic properties of
a triolein molecule under an external electric field were investigated in our previous study and the
direction of the electric field is along the Z axis [31].
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Koopman’s theorem points out that there is a negative correlation between the IP and the energy
of the highest occupied molecular orbital (HOMO). The increase of HOMO energy means that the
electrons easily escape from the molecular orbital and the insulation capacity declines. The HOMO
energies of those molecules under an external field are calculated. Under an external electric
field, the Hamiltonian of the molecule system is the sum of molecule Hamiltonian and interaction
Hamiltonian, described as [36]:

H = H0 + Hint (3)

The Hint is the interaction Hamiltonian between the electric field and molecule, which can be
described as:

Hint = −μ·F (4)

where μ is dipole moment and F is radiation field. External electric fields are applied along the X,
X-, Y, Y-, Z and Z-axis. The intensities are 0.0005 a.u. and 0.005 a.u. 1 a.u. of electric field is equal to
5.14 × 1011 V/m. The intensities are namely 2.57 × 108 V/m and 2.57 × 109 V/m.

3. Results and Discussion

3.1. Wavenumber of Functional Group

The infrared spectrum reflects the molecular structure. However, the molecular structure
determines the physicochemical and biological properties of the molecule. Wavenumbers of functional
groups of the molecules are calculated. A scale factor of 0.96 for B3LYP/6-31G* is used to address
the fundamental error [37]. The results are listed in Table 2 together with the experimental data
published previously [38–40]. The spectral peak of a wavenumber calculated for 1-methylnaphthalene
molecule is 3072.9 cm−1 from C–H stretching on benzene ring. The spectral peak of a wavenumber
calculated for eicosane molecule is 3072.9 cm−1 from C–H stretching. For a triolein molecule, the
wavenumbers of C=O stretching are 1775.7 cm−1, 1778.2 cm−1 and 1784.9 cm−1 from the three C=O
double bonds; the wavenumbers of C=C stretching are 1673.4 cm−1, 1673.5 cm−1 and 1673.6 cm−1

from the three C=C double bonds. For a tristearin molecule, the wavenumbers of C=O stretching are
1775.6 cm−1, 1778.2 cm−1 and 1784.8 cm−1 from the three C=O double bonds. The experimental values
of wavenumbers are also listed in this table, which show consistencies with theoretical results.

Table 2. Wavenumber of functional groups.

Typical Molecule Vibration Mode
Wavenumber (cm−1)

Calculated Value Experimental Value

1-Methylnaphthalene C–H stretching 3072.9 3077 1

Eicosane C–H stretching 2954.9 2934 1

Triolein
C=O stretching 1775.7, 1778.2, 1784.9 1746 2, 1745 3

C=C stretching 1673.4, 1673.5, 1673.6 1653 2, 1654 3

Tristearin C=O stretching 1775.6, 1778.2, 1784.8
1,2,3 Experimental values are taken from [38–40], respectively.

3.2. Ionization Potentials and HOMO

The IPs of the typical molecules are calculated by the methods mentioned in Section 2 and the
results are listed in Table 3. As shown in the table, the liquid-phase calculations are smaller than
the gas-phase values. This is ascribed to the fact that the energy of a neutral molecule EA is almost
unchanged and the energy of a positive ion EA+ is decreased in PCM. The IP of a triolein molecule in
liquid phase is 6.65 eV, which is comparable to that of a 1-methylnaphthalene molecule. The IP of a
tristearin molecule in liquid phase is 7.73 eV, which is near to that of eicosane molecule. The calculated
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value of 1-methylnaphthalene is close to the experimental value, which assures the reliability of
our method.

Table 3. Ionization potentials of typical molecules.

Typical Molecule IP in Gas Phase (eV) IP in Liquid Phase (eV)

1-Methylnaphthalene 7.51 6.25/6.20 1

Eicosane 8.78 7.92
Triolein 7.24 6.65

Tristearin 8.21 7.73
1 The experimental value in Ref [41].

Electrons move on the HOMO of a molecule and may escape from the orbital by way of the
energy obtained from collision, illumination or otherwise [33,42]. Collisions occur between neutral
molecules and free electrons accelerated in the high electric field. A neutral molecule is ionized during
the collision. A neutral molecule can also be ionized under illumination, namely photo-ionization.
Table 4 shows the HOMO energies of typical molecules. The HOMO energies of typical molecules in
the gas phase are −5.67 eV, −7.61 eV, −6.28 eV and −7.32 eV, respectively. The liquid-phase results are
almost equal to the gas-phase ones. As discussed in Section 2, in PCM, the surrounding liquid of the
molecule is considered as a continuum dielectric with a dielectric constant ε. The PCM does not much
affect the electron structure of a neutral molecule.

Table 4. Highest occupied molecular orbital (HOMO) energies of typical molecules.

Typical Molecule HOMO in Gas Phase (eV) HOMO in Liquid Phase (eV)

1-Methylnaphthalene −5.67 −5.71
Eicosane −7.61 −7.60
Triolein −6.28 −6.33

Tristearin −7.32 −7.46

The isosurface of the HOMO of a 1-methylnaphthalene molecule is shown in Figure 2. The HOMO
compositions are analyzed by the Mulliken method using the Multiwfn program [43]. C10, C11, C5
and C2 make the primary contribution to the HOMO with the percentage of 18.33%, 17.23%, 15.12%
and 14.99%, respectively. Furthermore, the contribution of each C atom consists of two P-shells (10.87%
and 7.41%, take C10 for example). It can be speculated that the electrons of these atoms may escape
from the HOMO of 1-methylnaphthalene. The contributions of all the H atoms are all less than 1.5%.
The H atoms are least likely to provide electronic in the discharge process.

 
Figure 2. Isosurface of HOMO of 1-methylnaphthalene molecule.
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The isosurface of the HOMO of an eicosane molecule is shown in Figure 3 and only H’s labels are
excluded in order to be concise. HOMO compositions are distributed across all the C atoms. In the
order of the most contribution, it goes: C29 with 8.15%, C32 with 8.15%, C26 with 7.88%, C35 with
7.87%, C23 with 7.35%, C38 with 7.36%, C20 with 6.61%, C41 with 6.61%, C17 with 5.71%, C44 with
5.71%, C14 with 4.70%, C47 with 4.70%, C11 with 3.63%, C50 with 3.64%, C8 with 2.70%, C53 with
2.70%, C5 with 1.73%, C56 with 1.73%, C1 with 1.05% and C57 with 1.05%, respectively. From the
results listed above, the C atoms in the molecule center are more likely to lose the electrons than the C
atoms in two-ends.

Figure 3. Isosurface of HOMO of eicosane molecule.

Figure 4 shows the isosurface of the HOMO of a triolein molecule. HOMO compositions are
contributed by the C atoms in the cis C=C functional group at the position Sn-2. C100 and C102
make the primary contribution to the HOMO with the percentage of 39.67% and 39.66%, respectively.
The contributions from the two C atoms consist of two P-shells (about 22.46% and 16.92% for C100;
22.45% and 16.92% for C102). The cis C=C functional group makes the triolein molecule very active.
The molecule is easily ionized under a high electrical field. The IP of a triolein molecule is comparable
to that of a 1-methylnaphthalene molecule.

Figure 4. Isosurface of HOMO of triolein molecule.

The isosurface of the HOMO of a tristearin molecule is shown in Figure 5. O17 and the neighboring
atom C18 make the primary contribution with a percentage of 68.42% and 10.62%, respectively.
The contribution of O17 consists of two P-shells (about 43.60% and 24.83%). Compared with the cis
C=C, the C=O has improved chemical stability. The IP of a tristearin molecule is comparable to that of
an eicosane molecule.
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Figure 5. Isosurface of HOMO of tristearin molecule.

3.3. HOMO Variation under External Electric Field

The electronic structure of a molecule is not invariable under an external electric field as discussed
in Section 2. The HOMO energy variations of the four typical molecules with applied fields are shown
in Figure 6. The electric field intensities are 2.57 × 108 V/m and 2.57 × 109 V/m. The external field
directions include X, X-, Y, Y-, Z and Z- of the Cartesian axis as shown in Figure 1. The HOMO
energies of the four molecules have slight variations in all directions when the electric field intensity is
2.57 × 108 V/m, as shown in Figure 6. When the electric field intensity is 2.57 × 109 V/m, the HOMO
energies change obviously. It is noticed that the HOMO energies of the two triglyceride molecules,
including the triolein molecule and the tristearin molecule, increase sharply in all directions. There is
a negative correlation between the IP and the energy of the HOMO. That means that the insulation
characteristics of triolein and tristearin are more likely to be degraded under an external electric field
than those of 1-methylnaphthalene and eicosane.

 

Figure 6. Cont.
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Figure 6. HOMO energy variations with applied fields: (a) 1-Methylnaphthalene; (b) eicosane;
(c) triolein; and (d) tristearin.

Performance degradation of insulating material is affected by many factors, such as impurity,
moisture or ageing [44,45]. Under the external electric fields, the variations of HOMO energy can
be ascribed to the variations of composition of the HOMO. Figure 7 shows the isosurface of HOMO
of molecule under the external electric field along X-axis with the intensity of 2.57 × 109 V/m.
For 1-Methylnaphthalene as shown in Figure 7a, C10, C11, C5 and C2 also make the primary
contribution to the HOMO, which are similar with the molecule under no external electric field
as shown in Figure 2. However, the contribution rates of C5 and C2 increased to 16.81% and 16.77%,
respectively. For triolein, as shown in Figure 7c, C81 and C83 make the primary contribution to the
HOMO with the percentage of 40.12% and 34.04%, respectively. Comparison of Figures 4 and 7c, it is
noticed that the total contribution rate of atoms of cis C=C decreases and the contribution rate of the
atoms in the end of the carbon chain increases under the external electric field.

 
(a) 

(b) 

Figure 7. Cont.
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(c) 

 
(d) 

Figure 7. Isosurface of HOMO of molecule under the external electric field along X-axis with the
intensity of 2.57 × 109 V/m: (a) 1-methylnaphthalene; (b) eicosane; (c) triolein; and (d) tristearin.

4. Discharge Mechanisms

4.1. Streamer Characteristic Effected by the Distribution of Ionization Potential

Each oil is considered in terms of a low IP molecules group and a high IP molecules group.
The corresponding number densities within each group are NL and NH, respectively. For vegetable
oil, the low IP molecules group is formed by triolein molecules and the high IP molecules group is
composed of tristearin molecules. It is found that NL >> NH in vegetable oil. For mineral oil, the low
IP molecules group is represented by 1-methylnaphthalene molecules and the high IP molecules group
contains eicosane molecules. It is recognized that NL << NH in mineral oil. Additionally, the IP of
the low IP molecules group in vegetable oil is comparable to the IP of the low IP molecules group in
mineral oil.

Consider the positive streamer in oils. When enough voltage is applied to the needle electrode,
remarkable ionization of molecules happens. The generated electrons rush to the positive electrode
quickly due to the high electron mobility and the positive ions are left to form the tip of the streamer.
The generated positive ions move to the negative electrode slowly due to the low ion mobility.
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The separation of positive ion and electron will form the induced electric field E, which can be
written as:

∇·E = Σ
i
eni/ε, (5)

where ni is the number density of the molecule i which has been ionized and ε is the dielectric constant.
Assume that all the low IP molecules are ionized when breakdown happens. Equation (5) can be
revised as:

∇·E = eNL/ε. (6)

Due to NL >> NH in vegetable oil, there will be sufficient low IP molecules being ionized that form
the powerful induced electric field E, which facilitates the further ionization of molecules. The streamer
velocities of vegetable oils can reach or exceed 10 km/s. Due to NL << NH in mineral oil, the limited
low IP molecules can be ionized to form the weak induced electric field E. The streamer velocities of
mineral oil remain quite slow as 1–2 km/s. In order to observe the fast streamer in mineral oil, a higher
voltage is needed after breakdown happens. Assume that all the high IP molecules are ionized when a
fast streamer appears in mineral oil. Sufficient high IP molecules can be ionized to form a powerful
induced electric field E. Equation (5) can be revised as:

∇·E = e(NL + NH)/ε. (7)

4.2. Polarity Effect and Space Charge

In Reference [15], the breakdown voltage of vegetable oil is lower than that of mineral oil both
under positive polarity and under negative polarity. However, it is worth pointing out that the streamer
velocity of vegetable oil can reach 10~30 km/s (fast streamer) under positive polarity but be severely
suppressed under negative polarity. The streamer velocity of mineral oil is even higher than that of
vegetable oil under negative polarity. It is almost impossible that the streamer velocity of mineral oil is
higher than that of vegetable oil under positive polarity. Probably because the number density of low
IP molecules group in vegetable oil is much greater than that in mineral oil, that is NLV >> NLM, the
breakdown voltage of vegetable oil is always lower than that of mineral oil.

Also, due to NLV >> NLM, the polarity effect in vegetable oil is more obvious than that in mineral
oil. This eventually leads to the different streamer characteristics in vegetable oil and mineral oil
under positive polarity and negative polarity. Figure 8 shows the polarity effect in vegetable oil and
mineral oil.

Under positive polarity in Figure 8a, the electrons enter the positive needle electrode after the
neutral molecules are ionized. The positive ions are left near the needle tip. The space charges weaken
the field near the tip and strengthen the field forward. The effects of space charges on the electric
field in vegetable oil are more significant than that in mineral oil. The strengthened field facilitates the
further ionization process. The induced electric field will dominate the streamer propagation in the
long oil gaps. The insulation degradation of molecules in such high fields will further facilitate the
streamer propagation. Hence, the fast streamer appears easily in vegetable oils.

Under negative polarity in Figure 8b, the electrons rush to the positive plane electrode after the
neutral molecules are ionized. The positive ions are left behind. The space charges strengthen the field
near the tip and weaken the field forward. The effects of space charges on field in vegetable oil are also
more significant than that in mineral oil. The weakened field represses the further ionization process.
Hence, the streamer velocities of mineral oil even surpass those of vegetable oil in long oil gaps.
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Figure 8. Polarity effect in vegetable oil and mineral oil: (a) positive polarity; and (b) negative polarity.

5. Conclusions

In this work, 1-methylnaphthalene and eicosane are selected as the typical molecules in mineral oil.
Triolein and tristearin are selected as the typical molecules in vegetable oil. The electronic properties of
the typical molecules are calculated using the quantum chemistry method (B3LYP/6-31G*) based on
density functional theory. The mechanisms of fast and slow streamers in mineral oil and vegetable oil
are discussed based on the calculations. Several conclusions are summarized as follows:

(1). The IP of a triolein molecule is comparable to that of a 1-methylnaphthalene molecule. The IP of
a tristearin molecule is comparable to that of an eicosane molecule, especially in the liquid phase.
The mechanisms of losing electrons are discussed based on the analysis of HOMO composition.

(2). The HOMO energy variations with applied fields are calculated. The insulation characteristics of
triolein and tristearin are more likely to be degraded under an external electric field than those of
the 1-methylnaphthalene and eicosane.

(3). Due to the fact that the number density of the low IP molecules group in vegetable oil is much
greater than that in mineral oil, the polarity effect in vegetable oil is more obvious than that in
mineral oil. This eventually leads to different streamer characteristics in vegetable oil and mineral
oil under positive polarity and negative polarity.
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