& Lappeenranta
University of Technology

Ville Sihvo

INSULATION SYSTEM IN AN INTEGRATED
MOTOR COMPRESSOR

Thesis for the degree of Doctor of Science (Technology) to be presented with
due permission for public examination and criticism in the Auditorium 1382
at Lappeenranta University of Technology, Lappeenranta, Finland on the 16th

of December, 2010, at noon.

Acta Universitatis
Lappeenrantaensis 411



Supervisor

Reviewers and opponents

Prof. Juha Pyrhonen

LUT Energy

Lappeenranta University of Technology
Finland

Dr. Eero Keskinen
Kone Oyj
Hyvinkid

Finland

Dr. Li Ming

ABB Corporate Research
Visteras

Sweden

ISBN 978-952-265-011-5
ISBN 978-952-265-012-2 (PDF)
ISSN 1456-4491

Lappeenrannan teknillinen yliopisto

Digipaino 2010



Abstract

Ville Sihvo

Insulation System in an Integrated Motor Compressor
Lappeenranta 2010

201 p.

Acta Universitatis Lappeenrantaensis 411

Diss. Lappeenranta University of Technology

ISBN 978-952-265-011-5
ISBN 978-952-265-012-2 (PDF)
ISSN 1456-4491

A high-speed and high-voltage solid-rotor induction machine provides beneficial features for
natural gas compressor technology. The mechanical robustness of the machine enables its
use in an integrated motor-compressor. The technology uses a centrifugal compressor, which
is mounted on the same shaft with the high-speed electrical machine driving it. No gearbox is
needed as the speed is determined by the frequency converter. The cooling is provided by the
process gas, which flows through the motor and is capable of transferring the heat away from
the motor. The technology has been used in the compressors in the natural gas supply chain
in the central Europe. New areas of application include natural gas compressors working at
the wellheads of the subsea gas reservoir. A key challenge for the design of such a motor is
the resistance of the stator insulation to the raw natural gas from the well. The gas contains
water and heavy hydrocarbon compounds and it is far harsher than the sales gas in the natural
gas supply network. The objective of this doctoral thesis is to discuss the resistance of the
insulation to the raw natural gas and the phenomena degrading the insulation.

The presence of partial discharges is analyzed in this doctoral dissertation. The breakdown



voltage of the gas is measured as a function of pressure and gap distance. The partial dis-
charge activity is measured on small samples representing the windings of the machine. The
electrical field behavior is also modeled by finite element methods. Based on the measure-
ments it has been concluded that the discharges are expected to disappear at gas pressures
above 4 — 5 bar. The disappearance of discharges is caused by the breakdown strength of
the gas, which increases as the pressure increases. Based on the finite element analysis, the
physical length of a discharge seen in the PD measurements at atmospheric pressure was
approximated to be 40 — 120 pm.

The chemical aging of the insulation when exposed to raw natural gas is discussed based on
a vast set of experimental tests with the gas mixture representing the real gas mixture at the
wellhead. The mixture was created by mixing dry hydrocarbon gas, heavy hydrocarbon com-
pounds, monoethylene glycol, and water. The mixture was chosen to be more aggressive by
increasing the amount of liquid substances. Furthermore, the temperature and pressure were
increased, which resulted in accelerated test conditions. The time required to detect severe
degradation was thus decreased. The test program included a comparison of materials, an
analysis of the effects of different compounds in the gas mixture, namely water and heavy hy-
drocarbons, on the aging, an analysis of the effects of temperature and exposure duration, and
also an analysis on the effect of sudden pressure changes on the degradation of the insulating
materials.

It was found in the tests that an insulation consisting of mica, glass, and epoxy resin can
tolerate the raw natural gas, but it experiences some degradation. The key material in the
composite insulation is the resin, which largely defines the performance of the insulation sys-
tem. The degradation of the insulation is mostly determined by the amount of gas mixture
diffused into it. The diffusion was seen to follow Fick’s second law, but the coefficients were
not accurately defined. The diffusion was not sensitive to temperature, but it was dependent
upon the thermodynamic state of the gas mixture, in other words, the amounts of liquid com-
ponents in the gas. The weight increase observed was mostly related to heavy hydrocarbon
compounds, which act as plasticizers in the epoxy resin. The diffusion of these compounds is
determined by the crosslink density of the resin. Water causes slight changes in the chemical
structure, but these changes do not significantly contribute to the aging phenomena. Sudden
changes in pressure can lead to severe damages in the insulation, because the motion of the
diffused gas is able to create internal cracks in the insulation. Therefore, the diffusion only
reduces the mechanical strength of the insulation, but the ultimate breakdown can potentially
be caused by a sudden drop in the pressure of the process gas.

Keywords: epoxy, high voltage, induction motor, insulation, life estimation, mica, natural gas
compressor
UDC 621.51 : 537.226
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Chapter 1

Introduction

The topic and scope of the doctoral thesis are related to the harvesting of natural gas resources.
It is, therefore, a very sensitive subject nowadays. The introductory chapter is written in a
rather conservative manner regarding the general attitudes towards the global warming and
energy policy. A realistic approach is taken to renewable energy sources (i.e., renewables
are addressed in their actual scope and significance among global energy sources), while the
role of fossil fuels is highlighted. Nevertheless, the need for less polluting energy sources is
emphasized.

The world’s energy market is facing winds of change; in practice, this is actualized in two
ways. On the one hand and almost literally, it means major efforts to exploit renewable
energy sources, particularly wind, solar, and biofuels, instead of traditional fossil fuels, coal,
oil, and natural gas, in order to fight the climate change. On the other hand and relating
to the topic of this doctoral thesis, it means that the world’s resources for oil and natural
gas are diminishing. The resources are no longer easy to exploit as the reserves lie in very
challenging places, such as in the bottom of the Arctic Sea. Oil and gas are getting more
expensive to drill, and meanwhile, their use is taxed more heavily in Europe.

The world’s energy usage as of 2007 is illustrated in Fig. 1.1. It can be seen that the combined
share of fossil fuels is over 80%. The world is accustomed to using these energy sources, and
their prices are far lower than the prices of renewable energy sources. They are thus essential
to modern lifestyle and their replacement — even to some degree — requires significant efforts
and takes many years.

The political leaders of the world have still to set their objectives to replace notable parts of
fossil fuels by renewable energy sources. Fossil fuels do not participate in the carbon cycle,
since they have been lying beneath the earth’s surface for millions of years. The burning
of them creates additional carbon to the carbon cycle, which the natural processes cannot
handle. The surface temperature of the earth has increased significantly within the past 150
years essentially as a result of human activity, which basically refers to the burning of fossil
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Oil
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/ Hydro
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Fig. 1.1. World’s energy consumption in 2007. Combustible renewables include biofuels, biomass,
municipal waste, and wood. The total usage is 12 029 Mtoe, which corresponds to a total power of
15.97 TW. Data collected from IEA (2009).

fuels. The fossil fuels were the prerequisite of the industrial revolution in the 19" century.
The global warming itself was already going on before the industrial revolution, and such
warm periods have taken place earlier in the earth’s history also. However, the human activity
has accelerated the climate change.

One of the key reasons for the global warming has been the increasing amount of carbon
dioxide (CO,) in the atmosphere. CO, is released in the burning process of any organic
fuel. The natural processes can convert the carbon dioxide into sugar and oxygen. Therefore,
another reason for global warming has been the deforestation of tropical rain forests, which
reduces the effectiveness of natural processes.

The environmental effects of fossil fuels, namely coal, oil, and natural gas, can be summa-
rized according to EIA (1999) as follows. When burning, coal releases ash containing small
metallic particles, sulfur dioxide (SO;), carbon monoxide (CO), and carbon dioxide, and ni-
trous oxides, which form corresponding acids when they react with water in the atmosphere.
The burning process of petroleum releases practically the same hazardous substances as the
burning of coal, excluding the ash. Some amount of particles is released because of the in-
complete burning process, but it is much less than that with coal. Natural gas, on the other
hand, produces no sulphur dioxide, because the source of sulphur, hydrogen sulphide (H;S),
is removed from the gas in the processing stage. Natural gas produces very small amounts of
particles and essentially less nitrous oxides than oil and coal. The carbon dioxide emissions
from the burning process of coal, oil, and natural gas, are 178, 140, and 100 units of CO,,
respectively, per produced amount of energy (adapted from EIA, 1999). The above compari-
son on the environmental effects only takes the burning process into account. The harvesting
and processing of such resources also create notable pollution. Nevertheless, natural gas is
significantly less dangerous to the environment than oil and coal. Therefore, the politicians
have been encouraging the use of natural gas for instance in domestic heating applications as
a replacement for coal and oil.

The climate change cannot fully be prevented by renewable energy sources. Furthermore,
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some of their desired effects on global warming can be argued. Large hydroelectric plants
are not favored, because they change the local ecosystems so drastically. In addition, in many
developed countries, such as in Finland, most of the rivers have already been harnessed for
hydroelectric energy conversion. Wind energy has its limitations in many areas. It is usable
in coastlines, where the wind is steady and constant, but the technology is sophisticated and
expensive. Furthermore, it is too rarely realized by the politicians that a wind power plant can
only convert energy when the wind blows, which strongly limits its use as a primary energy
source. In the short term, the biofuels cannot solve the global warming problems, because
they keep releasing carbon dioxide into the air, even though the fuel itself has been harvested
from living plants. Furthermore, in many occasions the exploitation of biofuels means de-
forestation of rain forests into fields, thus reducing the earth’s capability to handle carbon
dioxide. Consequently, the climate change gets actually worse, which has been pointed out
by Fargione et al. (2008), Searchinger et al. (2008), and Melillo et al. (2009).

The western world seems to agree now that it has to change its lifestyle by replacing at
least some of the fossil fuels with renewable energy sources or with fuels generating less
CO, emissions. The latter category contains nuclear power, towards which there has been
increasing enthusiasm. Also the fuels with less CO, emissions include natural gas. However,
there are not too many alternatives to combustion processes, and in many occasions the old
habits still apply; airplanes need kerosene, ships need diesel and cars need fuel. Industries
in all these forms of transportation have been searching for and investigating for replacing
energy sources, such as biofuels for airplanes and cars and liquefied natural gas for ships, but
on a global scale, significant changes take a very long time. Furthermore, there have been
attempts to reduce traffic emissions by cars powered with electrical engines, but in many
cases the philosophy is not very comprehensive. For instance, if the traditional cars in the
city of Helsinki were replaced with electrically powered ones, the city would have to build
another coal power plant to recharge them. Electricity itself is not a renewable energy source,
but it has to be generated somehow.

Despite the encouragement to utilize renewable energy sources, and despite their most obvi-
ous needs, the world will be dependent upon fossil fuels for years to come. From an economic
point of view, they are the most attractive choice. The use of renewable energy can gener-
ally be cost-effective only if the pollution caused by fossil fuels is charged with an additional
fee. Such fees have been set in Europe, but globally this has a negligible effect, since Euro-
pean companies can move their factories to the Third World and provide them with energy
generated from coal. Furthermore, changes needed to replace the old applications that use
coal or oil will take a long time. For instance, the airplanes and ships built today for the
use of kerosene or diesel will be replaced after 20 years or so. Moreover, the actual amount
of energy that needs to be replaced is colossal. For instance, if all the oil (i.e. 34% of the
total power of approximately 16 TW) were replaced with wind energy, it would require more
than 5.4 million wind power plants to be built assuming that one plant can deliver 3 MW of
power to the grid with the utilization period of a maximum load of 2900 h (121 days) per
year. Therefore, it may well be assumed that the world will replace oil no sooner than its
price climbs above a certain economic limit not because of pollution fees, but because the
resources get too expensive to harvest, that is, the world runs out of cheap oil. The same
applies also to natural gas.
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Natural gas is more environmentally friendly than oil or coal, and in many applications, for
instance in domestic heating, it is even an encouraged energy source. However, the world’s
resources for natural gas are diminishing. The natural gas fields that are relatively easy to
exploit have been largely taken into use already. Many of such fields are located in the
Persian Gulf area and Russia. A great number of fields providing high potential for the future
are located underneath ocean floors. Such include the Snghvit field located at approximately
200 km from the coast of Northern Norway and the Shtokman field located in the Barents
Sea 600 km north of Kola Peninsula. Hence, the gas vendors have to go further away to
the sea to find their resources, which means increased costs and need for more sophisticated
technology.

1.1 Natural gas production from subsea wells

The role of subsea reserves in natural gas production is getting more important. It has been
estimated (Lecarpentier, 2009) that 27% of the world’s natural gas resources lie in offshore
gas fields, and the share is expected to rise to 35% by 2020. Harvesting of such resources is
more challenging and requires more sophisticated technology than the exploitation of onshore
fields.

The natural gas, which is used in power stations or for other purposes, consists essentially of
methane. For example, a gas mixture distributed to the end user from Kéarstg gas processing
plant in Norway contains roughly 90% of methane (CH3), 6% of ethane (C,Hg), 1% of nitro-
gen (N»), 2% of carbon dioxide (CO,), and fractions of a percent of propane (C3Hg), butane
(C4Hj0), and pentane (CsHj2). The sales gas undergoes a complex processing scheme before
transportation to the end user.

Raw natural gas existing in the well is a far more complex and hazardous mixture of different
elements. Most of the processing steps take place in gas processing plants, but prior to trans-
porting the raw natural gas to such a plant, the condensate and produced water are removed
from the mixture. This process takes place near the gas wells; at subsea fields it takes place
in the platforms.

The raw natural gas in the well consists mainly of methane, but also of many other com-
pounds, the amounts of which depend essentially upon the reservoir. The raw natural gas
contains the components in the sales gas mixture mentioned above but also hydrocarbon con-
densate, water, monoethylene glycol (MEG), hydrogen sulfide (H;S), and mercury. The hy-
drocarbon condensate contains pentanes and hydrocarbons of higher molecular weight, that
is, hydrocarbon compounds containing five or more carbon atoms. The condensate is liquid
at room temperature, and it is typically sent to an oil refinery for further processing. The
water produced from the well can include various salts and ions; this is highly dependent on
the well, though. It is very corrosive and requires additional care with the design of pipelines
and processing equipment. Some gas fields are not allowed to produce any water, and they
are shut down immediately, if such occurs. Monoethylene glycol is added to the gas mixture
at the wellhead to prevent hydrate formation in the pipelines.
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The natural gas reserves usually lie far, say 2000 meters, below the surface. The water depths
at Asgard field in the North Sea are approximately 250 m, at Shtokman field 350 m, and at
Snghvit field 310 — 340 m. The gas inside the reservoir needs high pressure to be even able
to flow to the surface. The pressure loss from the reservoir to the platform can be 20 — 50 bar,
depending on the gas flow rate and design of the pipelines.

At the initial stage of production, the gas is able to flow from the reservoir to the surface by its
own pressure, which naturally decreases as the production goes on. When the pressure is too
low to aid the gas flow up to the surface at a rate economically worth producing, the field is
forced to shut down. At this point, roughly 35 — 40% of the gas is still left into the reservoir.
The exploitation of the field in the tail production stage can be improved by an artificial lift.
The lift can be provided by a compressor installed near the wellhead on the sea floor. The
subsea compressor must be driven by an electrical motor.

Subsea installations have potential of offering several advantages over the old platform-based
production techniques. The gas flow is directed from the wellhead to the pipeline leading
to the gas processing plant located on the continent. The gas flow is increased with the aid
of a compressor installed near the wellhead at the sea floor. Therefore, the platform or any
other topside installation is not required. Cost savings are achieved, but also the exploitation
of fields in challenging locations is made possible. Such challenging fields include the ones
located in arctic areas, where the weather conditions cause continuous difficulties to topside
installations, and the fields located in environmentally vulnerable areas containing diverse
fish population and nesting areas for birds.

The advantages of subsea compression technology are considerable, but so are also the chal-
lenges. Obviously, a technological breakthrough of this kind requires new innovations in
many areas of engineering. The electrical motor driving the compressor and in particular its
insulation system, which is in the focus of this doctoral thesis, is only one of them. But it
is, like other innovations required, vital for the whole technology. The thesis focuses on a
certain integrated motor-compressor concept, which is proposed as an alternative to subsea
compression.

1.2 Integrated motor compressor

The compressor concept consists essentially of the centrifugal compressor and a high-speed
electrical motor mounted on the very same shaft and supported by active magnetic bearings.
Owing to the high and adjustable speed of the electrical motor, the concept does not need
a gearbox, which is a very critical component in this kind of an application, because the
maintenance costs of the subsea compressor are considerable. The subsea compressor is
designed to operate for approximately five years without any maintenance. The simplicity of
the compressor is therefore a clear advantage. Traditional compressor and motor concepts do
not generally meet this requirement. In an integrated structure, the gas from the compressor
flows also through the motor. The flow of process gas provides motor cooling, since the
gas has a high pressure and a high flow rate. On the other hand, the gas mixture is rather
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aggressive and the insulation system of the motor has to tolerate it at all times.

There are a few alternatives for the integrated motor-compressor technology, which are cur-
rently under consideration. The benefits and drawbacks of different technologies are at least
to some extent industrial secrets, and not within the scope of this thesis. Therefore, they
are not compared or discussed any further here, and the reader is referred to (Brenne et al.,
2008) for more information. This thesis discusses the technology that relies on the use of
a high-speed induction motor. The investigations for the uses of other motor types are cur-
rently ongoing, but they are not discussed in this thesis. The output power of the compressor
motor is relatively high, 9 MW. Basically, with sophisticated design features, it is possible
to build a motor of such output power with low-voltage technology. However, the current in
a low-voltage machine is very high and the cable penetrators of subsea installations cannot
handle high currents. It is, therefore, less risky to use high-voltage motor technology and the
operating voltage of 6.6 kV.

The electrical motor is a high-speed, solid-rotor induction motor. It is a close relative to the
axially slitted solid rotor construction, which has been used in the natural gas distribution
network (Pyrhonen et al., 2010). The motor with a typical high-voltage insulation system
can operate in the sales gas quality, but does not tolerate raw natural gas containing heavy
hydrocarbons and water.

This is the first attempt to operate a high-voltage electrical motor subsea and in direct con-
tact with raw natural gas. It was found early in the reasearch that there are no commercially
available insulation systems that have been shown to tolerate such conditions. Therefore, the
insulation system used in the sales gas compressor presented in (Pyrhonen et al., 2010) was
taken as a starting point. It consists of glass-backed mica tape and polyesterimide impregnat-
ing resin. The insulation system also contains a stress grading layer and protective tapes made
of a polyester or polyethylene terephtalate (PET) film. The insulation system and its compo-
nents are illustrated later in Fig. 2.1. The polyesterimide impregnating resin and materials
based on polyester and PET have been found not to withstand raw natural gas. The prob-
lematic component in the insulation system in this respect is the stress grading layer, because
all commercial stress grading materials are based on a polyester or PET film. The insulation
system to withstand raw natural gas requires further evaluation, which is the objective of this
thesis.

The motor is driven by a frequency converter located onshore. It is connected to the motor
by a high-voltage subsea cable. The transformers are located at both ends of the high-voltage
link, that is, onshore and in the bottom of the sea at the wellhead. They act as filters and
smooth the fast transient components potentially caused by the inverter. Fast transients in the
windings are known (Stone et al., 2004) to cause partial discharges and thereby degradation
of the insulation. However, the transformers cause the voltage waveform to be closer to a
sinusoidal. Therefore, the motor insulation is not expected to suffer from degrading effects
caused by the variable speed drive.
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1.3 Objectives of the work

The primary objective of the work was to find an insulation system that works in an electrical
motor operating in direct contact with raw natural gas. Furthermore, the goal was to define
the required changes to the fundamental machine design including insulating materials. The
most reliable way to achieve the primary objective is to go through a complicated set of
experimental tests in actual conditions and with a full-scale test apparatus, which is far too
complicated and time-consuming for a single thesis. Thus, the approach was taken and the
objective achieved by investigating the physical phenomena related to the materials and the
environment.

The role of partial discharges, which are perhaps the most common reason for an insulation
system in an electrical machine of such size and operating voltage to fail, was approached by
measuring them as a function of pressure. The results indicated that no discharges are present
at the gas pressures at which the motor operates. This conclusion rules out the given failure
cause. Additional design features were discussed with theoretical methods, but practical tests
indicated that there is no need for such features. Another purpose for the theoretical study
was to create a tool for the electrical field analysis of an insulation system in a high-voltage
electrical machine. It provided a viewpoint on the insulation of high-voltage machines in
general, not only regarding the application at hand.

The chemical effect of the raw natural gas on the insulation is also an apparent failure cause
of the machine. The objective was to detect these effects. The materials were investigated and
it was discovered that certain epoxy resin and glass-backed mica tape can provide adequate
chemical resistance. It was observed that the insulation system is facing the diffusion process
under the influence of the raw natural gas. The diffusion reduces the properties of the insu-
lation, but not severely if the system can protect the machine from additional stress factors.
The role of rapid pressure changes was emphasized. Moreover, it was seen that diffusion is
the dominating influence, and the performance of the insulation system is dependent upon it.

The investigation for aging effects in hydrocarbon gas mixture under high temperature and
pressure is difficult to carry out. In order to meet the objectives above, the test procedures had
to be designed and tested. The objective of the practical work was to define a test method that
can distinquish the effects caused by the aging phenomena, and minimize the effects caused
by the test arrangements.

1.4 Outline of the thesis

This doctoral thesis consists essentially of two parts: partial discharge measurements and
chemical aging tests. The performance of an electrical motor in a natural gas environment
and the aspects that need to be taken into account are discussed based on the results of these
two investigations.
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Chapter 2 provides the background study on the high-voltage electrical motor technology
over the past 100 years. The materials that can be used in the insulation systems of modern
high-voltage electrical motors are described. The main philosophy of the aging phenomena
in an electrical insulation is depicted with a few relevant aging models. The theory behind
the physical phenomena (namely diffusion and dielectric relaxation) related to the study are
provided.

Chapter 3 describes the methods of analysis. First, the test matrix is presented and the stress
factors and their significance discussed. The test arrangements for gas properties and partial
discharge measurements are described. Finite element modeling is also briefly enlightened.
The preparation of the test specimens is described. The chapter also describes how the natural
gas mixtures are prepared for chemical aging tests and how the tests are carried out. The
methods used to discern what has happened to the materials, including measurements on
mechanical and electrical parameters, chemical composition, and certain physical properties
are presented together with a statistical analysis.

Chapter 4 presents the results on partial discharge and surface tracking investigations. First,
the measurements on breakdown strengths of the gas mixtures are illustrated. Second, the
measurements on partial discharges at different pressures are presented and discussed. Such
measurements have also been analyzed with finite element methods. Finally, an investigation
on ways to prevent surface tracking is shown. Such a study is fully theoretical and carried
out with the model based on the measurements of partial discharges. A comparative analysis
on different methods is shown, and the applicability of each method for the use in a subsea
compressor discussed.

Chapter 5 covers the chemical aging experiments. Comparative studies on the suitability
of different materials are shown. More detailed aging tests focusing on the analysis on the
effects of individual components in the raw natural gas on the insulating materials, the effect
of temperature on the aging phenomena, long-term performance of insulating materials, and
the influence of rapid decompression are evaluated. The results are presented in Sections 5.1
— 5.6 with the focus on the observations. The discussion on the chemical aging phenomena
and on the implications of the observations is presented in Section 5.7. The discussion aims
to interpret the results in the whole context and to discern the physical meaning of them.
Finally, the validity of the test matrix used is critically discussed.

Chapter 6 summarizes the primary conclusions of the work and discusses the topics of future
research.

1.5 Scientific contribution

The scientific contributions of this doctoral thesis can be listed as follows:

e Definition of the linear sections of Paschen curves for nitrogen, methane, a mixture of
hydrocarbon gases, and wet methane.
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e Determination of a pressure limit above which the partial discharges disappear in an
electrical system similar to the winding of an electrical motor.

e Development of a two-dimensional calculation model for dielectric problems and in
particular for the behavior of electrical field in an electrical system similar to the wind-
ing of an electrical motor.

e Evaluation of the suitability of the insulating materials when exposed to raw natural
gas. The materials suitable for the environment were identified, and materials that
cannot withstand the conditions were also discerned.

o Analysis of the effects that the individual components in raw natural gas, such as heavy
hydrocarbon compounds and water, have on the insulating materials.

o Identification of the effects that rapid pressure changes have on the insulation system.

e Observation that degradation is related to the amount of gas mixture that the materials
have absorbed.
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Chapter 2

Insulation system of a high-voltage
electrical machine

This chapter contains the theory on which the research is based. In order to understand the
functions and purposes of the insulating materials and to tailor them as parts of an insulation
system of an electrical motor, it is useful to review the evolution of the technology starting
from the first high-voltage machines ever built. The modern insulation systems aim to be
essentially cost-effective, and their performance is "adequate’ instead of being *maximized’.
Many decades ago the philosophy was, explicitly, to introduce a new insulation system, be-
cause the old system simply did not work.

An insulation system is a key factor in the reliability of an electrical machine. Thorsen and
Dalva (1995) investigated failures of electrical motors used in oil and gas applications in
Norway. According to them, the stator winding failures account for 13% of all failures of
high-voltage electrical motors. However, the most dominating cause they observed was the
bearing faults with the share of 42%. It was mentioned earlier that the subsea compressor
is supported by active magnetic bearings. Therefore, the contribution of the stator insulation
is expected to be higher in a subsea compressor. The reliability is emphasized in special
applications that do not include spare equipment in parallel with the operating one. In a
subsea compressor, a broken motor causes a long outage, because the whole compressor has
to be lifted from the bottom of the ocean, a new motor installed, and the compressor re-
assembled to the bottom of the ocean. Therefore, the price of a failed insulation is extremely
high.

The basic structure of an insulation system in a high-voltage motor is illustrated in Fig. 2.1.
Such an insulation system is used in common motors operating in industrial applications. The
turn insulation is typically laid on the copper in the manufacturing process of the coils. It is
provided by the vendor of the conductors. The mainwall insulation and all the protective and
field grading tapes are wrapped on the coils, and finally, the insulation is impregnated with
resin.
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Fig. 2.1. Basic structure of the insulation system in a high-voltage induction machine stator.
Cross-section of the slot area on the left and end-winding area on the right.

In the resin rich (RR) technology, the resin is provided within the mainwall insulation tape.
The mainwall insulation is pressed into a desired shape and heated so that the resin inside
the tape cures and a solid composite insulation is formed. The RR process has been used
in large motors and generators for decades. An alternative to resin rich is vacuum pressure
impregnation (VPI), in which the mainwall insulation tape does not contain impregnating
resin — although it does contain a small amount of resin to bind the mica flakes and glass
together. The winding is submerged into impregnating resin under vacuum and then under
pressure allowing the impregnating resin to fill all the voids inside the insulation. Then, the
insulation is cured. The VPI process has many advantages over the RR process; for instance,
the whole stator is impregnated and also the voids outside of the mainwall insulation tape are
filled with resin. However, the VPI process requires more sophisticated properties from the
resin, such as low viscosity.

The functions of different parts in the insulation system change when the machine is oper-
ating in harsh environments. The protective layer is not capable of protecting the insulation
system from gases and liquids present in the surrounding environment. It has been observed
(Sihvo et al., 2008) that water can penetrate through the polymeric materials and it can cause
damage to materials that are covered by other materials, which can withstand water. Hence,
all materials in the insulation system must be resistant to the surrounding environment. Con-
sidering Fig. 2.1, the protective layer is not able to protect the materials underneath it from
the natural gas mixture, but the gas can penetrate through the protective layer. Thus, there is
no distinct purpose for the whole protective layer. It is used in industrial motors to protect the
winding from dirt, contaminants, and moisture.
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The purpose of and need for the stress grading layer in Fig. 2.1 are discussed in Chapter 4.
The chemical aging tests have been performed on the mainwall insulation and impregnating
resin.

2.1 Partial discharges and electrical breakdown in gases

High-voltage electrical motors must typically deal with partial discharges, which are small
discharges taking place in the stator slot or in the end-winding region. They occur as a result
of a high local electrical field strength. When the field strength exceeds the breakdown field
strength of the medium between the electrodes, a discharge takes place. If the discharge takes
place along the insulation surface, it is called a surface discharge, and the phenomenon caus-
ing degradation to the insulating materials is referred to as surface tracking. It has slightly
different symptoms in the windings, but it originates from the same reason as partial dis-
charges located inside the internal voids in the insulation.

There are some ways to reduce partial discharges and surface tracking, but normally, high-
voltage electrical machines can tolerate them to some extent. They do not instantly cause a
failure, but gradually weaken the insulating materials, which ultimately leads to a breakdown
of the machine. In high-voltage motors and generators, a great deal of breakdowns and faults
are, in one way or another, linked to partial discharges.

The role of partial discharges is essential in air-cooled motors having a voltage rating above
4 kV. The breakdown strength of air is approximately 3 kV/mm at atmospheric pressure.
The breakdown strength of air increases as the pressure increases, which holds also for other
gases. This was first observed by Paschen (1889). Therefore, with respect to partial dis-
charges, a motor operating with a higher pressure in the air-gap would be a less vulnerable
one. This is a known issue in hydrogen-cooled large generators. Emery (2005) reported that
the partial discharge inception voltage, that is, the voltage above which the discharges appear,
is approximately doubled if the pressure is increased to 4 bar. This happens even though the
dielectric strength of hydrogen is lower than that of air (Meek and Craggs, 1953).

The dielectric breakdown of a gas medium is caused by the ionization of the gas molecules,
as described by Townsend (1915). When exposed to a high electric field, gas molecules
produce ions, which, having either positive or negative sign, are attracted to the electrode of
opposite sign. Thus, they acquire a velocity and frequently collide with other gas molecules
that happen to be in their way. Collisions produce new ions, which also begin to move. The
energy needed to ionize the gas molecule is obtained from the kinetic energy of the colliding
ion. The kinetic energy itself has been obtained from the external electrical field. As the
activity goes on, the motion of ions will reach from electrode to electrode giving the gas
a constant conductivity. In practice, the result of ionization, or the conductive state of the
gas, is seen as an arc or a lightning, in which a very large amount of energy is released.
This is also called a Townsend avalanche referring to the ionization process, which, when
initiated, progresses uncontrollably like an avalanche. The voltage needed to maintain the
constant current does not need to be very high, if enough current is provided. However, the
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voltage required to initiate the ionization process, which then more or less feeds itself, is
rather high. As the pressure of the gas increases, the gas medium between the electrodes
contains more molecules and more energy is needed to ionize them. Furthermore, the ions
are located more densely and provided less space to acquire the velocity. This is seen as a
higher voltage needed to cause a breakdown, in other words, as the pressure increases, the
breakdown strength of gas increases.

2.2 Mainwall insulation

An overview of trade-marked insulation systems for high-voltage electrical motors by Stone
et al. (2004) shows that all primary motor vendors use glass-backed mica tape and epoxy
resin. Still, the majority of the insulation systems for 6.6 kV electrical machines use either
polyester or polyesterimide resins nowadays. With respect to performance, they are both
worse than epoxies, but they can significantly lower the costs of the machines, and their
properties are still adequate for normal operation. However, polyesterimide and polyester
resins do not have good chemical resistance. It has been reported (Sihvo et al., 2008) that
neither of them is able to tolerate water at a high temperature. Apart from glass fabric, the
backing material for mica tape can also be a PET film (polyethylene terephthalate), Kapton®
polyimide, or Nomex® aramid fabric. Also glass fabric can be modified. These solutions are
discussed in more detail later in this section.

2.2.1 The first high-voltage machines

In the early days, there was no distinct way to build the insulation system. Nowadays, there
lies a rather clear division between low-voltage and high-voltage machine insulations, that
is, mica-based and fully organic insulators, but it was not so in the dawn of the 20 century.
Large low-speed machines had mica-based insulation. As an example, the first generators
(3750 kVA, 2200 V) of the Niagara Falls hydro power plant built in 1894 used mica splittings
applied on a cambric (Newbury, 1915). However, turbo-generators favored cellulose, because
mica was difficult to apply on long stators (Lamme, 1913).

Soon after such turbo-generators with cellulose insulation began to prematurely break down,
laboratory tests for alternative insulation systems showed that mica does not suffer any dam-
age because of partial discharges even if the wrapper material surrounding it has been “eaten
away” as described by Lamme (1913). Earlier findings had shown that mica possessed the
best thermal properties of the materials then considered as insulators in electrical machinery.
Considering its properties and performance, mica was put in the position of a superior mate-
rial. Lamme (1913) seized the opportunity and stated: “This is one of the rare cases in large
turbo-generators where two desirable conditions do not conflict with each other.” Almost 100
years later it still seems that this kind of a statement cannot be expressed too often.



2.2 Mainwall insulation 29

2.2.2 Mica and asphalt varnish

In the early days, a common way to build a mica-based mainwall insulation was to apply mica
flakes on a cambric or some strong paper (e.g. fish paper or kraft paper) and to use shellac or
copal resin as a binder (Stone et al., 2004; Flight, 1923; Fleming and Johnson, 1913; Flynn
et al., 1958). To improve the mechanical properties, varnish-treated cotton cloth or tape was
applied as outermost layer in the end-winding region (Laffoon, 1930; Miner, 1941; Fleming
and Johnson, 1913). However, shellac or copal resins became very hard and brittle especially
when they were heat-aged (Flynn et al., 1958). They were replaced by asphalt varnish in
the early 1920s. Asphalt varnish provided better flexibility, thermal stability, and a longer
service life than the shellac-bonded insulation (Hill, 1928; Flynn et al., 1958). Insulation
systems consisting of mica paper and asphalt varnish were used widely for approximately
three decades. Such an insulation was used for instance in Queenston plant generators built
in 1922 by Westinghouse (McCarty and Hart, 1922) and in Niagara Falls generators built in
1923 by General Electric (Foster and Glass, 1924). Both generators were designed for 12 kV
operation. During the 1920s and 1930s there was a trend to go for higher voltages, which led
to voltage levels such as 13,8 kV, 22 kV, and 33 kV. Concurrently with the increasing voltage,
the output power was increased. As a consequence, more stress was put on the insulation
requiring better materials.

With the increasing power, the problems related to machine cooling were stressed even fur-
ther. Machines were seen to heat easily and the thermal stability of insulating materials was
not very good, especially asphalt was performing poorly at high temperatures (Laffoon et al.,
1951). The insulation — its thickness and heat conductivity — was probably one of the reasons
for poor cooling. Almost all the heat from the conductors flows through the insulation, and
engineers in the 1920s were aware of this (e.g. Steinmetz and Lamme, 1913). The engineers
did not, obviously, want to increase the thickness of the insulation any further. It was already
taking notable space inside the stator slot.

Mica-asphalt insulation had its benefits and drawbacks. Such an insulation system was able to
provide a very long service life. It was mostly inorganic and able to tolerate partial discharges.
Timperley and Michalek (1994) defined the remaining service life for an insulation system
of a machine put into service 37 years ago, and David et al. (2004) investigated windings of
a machine put into service 52 years ago. Mica-asphalt insulation was subjected to vacuum
and pressure treatments (Miner, 1941). Basically, the manufacturing procedure was similar
to that of the resin rich method used today. However, mica-asphalt insulation was rather
difficult and time-consuming to manufacture, since the viscosity of the varnish was very
high and the insulation had to be varnished after each layer of mica tape applied and even
multiple times (Laffoon et al., 1951). Furthermore, it produced high dielectric losses and was
mechanically weak at a high temperature. The asphalt varnish is a thermoplastic material.
At a high temperature, it does not behave like a solid, but rather like a fluid with a high
viscosity. According to Laffoon et al. (1951), the temperature limit is approximately 100 °C.
At a high temperature the asphalt bonding is not able to keep the mica splittings in place,
which leads to delamination of the mica tape layers and further to mechanical damage. In
fact, this was called a “’thermal damage” at that time, while “mechanical damage” referred
to the flaws and errors originating from the manufacturing process, (Flynn et al., 1958). The
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poor performance of mica asphalt insulation at high temperatures was emphasized in stators
with long coils, which are used for instance in turbo-generators. The asphalt bonding was
modified to improve thermal stability and strength (Hill, 1928; Laffoon and Calvert, 1935;
Flynn et al., 1958) and, finally, it was replaced by synthetic resins in the 1950s.

Synthetic resins, both epoxy and polyester, were developed during the 1940s. They were
instantly being investigated for electrical machine insulation purposes and soon replaced as-
phalt varnishes in many machine applications. However, the resins were not the only inno-
vations of the insulation systems of the new generation. Perhaps one of the prerequisites for
their use in high-voltage machines was the introduction of semi-conductive paints for stress
grading materials. Previously, mica-asphalt insulations used asbestos in the slot portion of
the coil, but mostly the partial discharge problems were escaped, because the insulation sys-
tem simply tolerated them. It was mentioned by Alger (1928) that his company had 22 kV
machines without any protection that had been operating without problems for five years.
But then he adds: “These machines have so much corona on the end-windings that the lines
between the terminal coils of each phase and the adjacent end-windings of the next phase are
continually illuminated by a line of light during operation.”

2.2.3 Mica, glass fabric, and synthetic resin

Laffoon et al. (1951) published an insulation system containing mica tape impregnated with
a solventless polyester resin. The coils were reinforced with a glass fiber tape in the end-
winding regions. Such an insulation system was used by Westinghouse in 1949. Laffoon
et al. (1951) reported the new insulation system to have superior performance in a high tem-
perature when compared with mica-asphalt insulation: they reported the tensile strength to be
over 30 times as high and the loss tangent to be less than one fourth at 100 degrees centigrade.
However, they did not discuss whether the changes were caused only by the new resin, or by
the modified, more porous backing of mica tape. A few years later, a new generation insu-
lation concept by General Electric was introduced (Flynn et al., 1958). It utilized a modified
epoxy resin as a binder and glass fabric as the backing material of the mica tape. Flynn et al.
(1958) reported similar improvements in the insulation performance as Laffoon et al. (1951).

Andersson and Orbeck (1967) presented the insulation system of the Swedish motor man-
ufacturer ASEA (now ABB), which contained no binder resin inside the mica tape. The
binding between mica and glass was produced by a film, which was melted. The insulation
was then impregnated with epoxy resin under vacuum. Also Siemens used the VPI method
in the 1960s (Wichmann, 1972). At present, the VPI method is preferred in many occasions,
but RR still remains in use.

Since the 1950s, the construction of mica-based mainwall insulation in high-voltage machines
has been essentially similar: mica, glass fiber, and epoxy impregnating resin. Although the
last component is nowadays more frequently polyester or polyesterimide, it is still epoxy, if
excellent chemical resistance is required. The development has been mostly pointed to reduce
the number of internal voids and to improve the thermal conductivity of the insulation. There
have been advantages in mica tape manufacturing and taping methods leading to a better
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quality of tapes and the whole insulation, and thereby to a lower partial discharge level.
Yet, improvements may not have been that significant, that is, the insulation systems built
in the 1960s can be considered competitive also from today’s point of view. The tensile
strength reported by Andersson and Orbeck (1967) is close to that reported by Emery and
Williams (2007). Also the discharge levels reported by Andersson and Orbeck (1967) and
by Wichmann (1972) are not essentially higher than the ones reported for modern insulation
(Emery and Smith, 2001).

2.2.4 Insulation systems used in the present-day high-voltage machines

Regarding normal operating conditions and the voltage level of 6.6 kV, there are several
alternatives today. PET films can decrease the costs of the insulation system (Briitsch et al.,
1999) without reducing its performance (McNaughton, 1993). Also Kapton® polyimide films
can be used as a more corona-resistant Kapton CR® quality (e.g. Emery and Smith, 2001).
The film provides a thinner backing than the glass fabric, which allows more space to be filled
with mica or reduction of the thickness of the whole mainwall insulation. Applying more
mica inside the insulation improves both the dielectric strength and thermal conductivity of
the insulation. Even though the film increases the dielectric strength of the tape, mica is still
considered the primary dielectric barrier. The film is only a reinforcement. This philosophy
is based on the poor PD resistance of the film materials. The dielectric barrier is not allowed
to be damaged by the partial discharges.

A disadvantage of the film backing is that the impregnating resin is not, obviously, capable of
flowing through the film. Therefore, the resin is only allowed to flow along channels parallel
with the conductors. This may lead to imperfect impregnation of the insulation, and thus, to
a higher number of voids inside the insulation, and further, to a higher partial discharge level.
However, the penetration through different layers is not very good with the glass backing
either. During the impregnation of the glass-backed tape the resin is able to flow easily along
the tape layers, but cannot pass through them. The resin gets between the different layers at
the end-winding where the taping is less dense, and then flows along the layers into the slots.
Inside the stator slots, only little resin can pass through the tape layer.

Aramid fibers (Nomex®) can also be used as a backing material. Such a mica tape is more
flexible and it can be more easily impregnated than the common glass-backed tape. To im-
prove the impregnability, the amounts of glass and mica can be optimized. Further optimiza-
tion can be done on the particle size and distribution of mica flakes. The backing glass fabric
can also be modified into a thinner shape (Grubelnik et al., 2005). A thinner glass fabric re-
duces the thickness of the tape, thus allowing to apply more layers or to reduce the thickness
of the insulation. In both cases, the heat transfer through the insulation is improved, because
the insulation contains more mica and less resin, which has a lower thermal conductivity than
glass or mica. It has been reported that a thinner glass fabric can provide a lower partial
discharge level and a higher tensile strength (Grubelnik et al., 2005; Emery and Williams,
2007), but it was noted by Emery and Williams (2007) that such a tape is difficult to fully
impregnate. Yet another method to increase thermal conductivity is to apply fillers inside the
mica tape (Tari et al., 2002).
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The epoxy resins used for high-voltage machine insulation today are mainly bisphenol A
epoxy resins and epoxy novolac resins. A common chemical structure of the base epoxy
component of the former is illustrated in Fig. 2.2 and of the latter in Fig. 2.3. The complex
polymer matrix of an epoxy resin is produced with a curing agent, which attaches to the
epoxide groups (aring C-O-C at both ends of the polymer chain in Fig. 2.2). The curing agent
combines the base epoxy groups into a complex polymer matrix by producing crosslinks
between the epoxy groups of adjacent bisphenol A molecules. The curing reaction with an
anhydride curing agent is illustrated in Fig. 2.4. The illustration covers only the reacting part
of the anhydride. The rest of the chemical structure depends on the type of the anhydride
curing agent used. The presence of the crosslinks is determined by the base epoxy resin. The
crosslink density is determined based on how large a chemical structure there is between the
epoxy groups. If the crosslinks are allowed to form close to each other, the crosslink density
of the cured resin is high.
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Fig. 2.2. Chemical structure of a bisphenol A epoxy resin (Sperling, 2006).
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Fig. 2.3. Chemical structure of an epoxy novolac resin (Petrie, 2000).

In addition to bisphenol A and epoxy novolac resins, also bisphenol F resins can be used.
They are very similar to bisphenol A and cure in the same way. As compared with bisphenol
A epoxies, bisphenol F resins have a lower viscosity and a greater flexibility. The resin is
more flexible, because its glass transition temperature is lower. Epoxy novolac resins differ
significantly from bisphenol A epoxy resins regarding their chemistry. The epoxy groups
appear densely in the chemical structure, which provides a high crosslink density when the
epoxy groups react during the curing process. They typically have a better high-temperature
performance, a better chemical resistance, and a higher adhesion strength than bisphenol A
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Fig. 2.4. Typical curing reaction of the bisphenol A epoxy resin and the anhydride curing agent
(Petrie, 2006). The CO groups in the anhydride component are initially connected with an -O- linkage.
Prior to the curing reaction, this linkage is opened.

resins. The high crosslink density of epoxy novolac resins is responsible for their rigid and
brittle nature. The properties of different resins were collected from Petrie (2006).

One of the key properties of polymers is their glass transition temperature 7. It is the tem-
perature at which the polymer undergoes a second-order phase transition from stiff and rigid
”glassy” state into more flexible “rubbery” state. The terms in quotation marks are used
widely to describe the phenomenon, even though they are rather arbitrary and not precise.
Yet, they illustrate the phenomenon quite well, because it is a statistical one. The glass tran-
sition is related to the motion of molecules inside the polymers. At T, the internal energy of
a certain polymer chain exceeds the energy barrier that prevents its motion, and the molecule
can slide past the other molecule that stands on its way. Glass transition is a statistical phe-
nomenon, because all the molecules are not allowed to move at the exact same temperature,
and the changes observed in the measurements of heat flow (the measurement is described
briefly in Section 3.6.4) can be seen in a wide temperature range of 20 °C for instance. The
T, is located in the middle of this region. The T, is dependent upon many properties of
the polymers, such as the crosslink density and molecular weight, but the researchers still
have difficulties to fully and thoroughly explain the phenomenon and all of its implications
(Sperling, 2006).

There are many possible curing agents for epoxy resins, such as bisphenol A. The curing
agent depends on the application and its requirements, because the curing agent also affects
the properties of the finished resin system. Anhydrides and aromatic amines are commonly
used in electrical machine insulation, because they provide good heat resistance. Both cur-
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ing agents require a long curing time, and anhydrides are rather sensitive to the mixing ratio
(Petrie, 2006). The curing reaction as described in Fig. 2.4 can be activated with an addi-
tional accelerator component, which opens the ring structure in the epoxide groups. Boron
trichloride (BCl3), tertiary amines and metallic salts can be used for the purpose.

The accelerators used in high-voltage electrical machine insulation include mainly BCI3; and
zinc naphthenate. The advantage of zinc naphthenate is that it can be applied inside the
mica tape, and it does not need to be premixed with the resin. The resin mixture does not
contain any accelerator and its pot life is thereby increased. In addition, the amount of BCl3
accelerator needed is precise and very small, roughly 1/1000 parts by weight versus resin
and curing agent, and it has to be thoroughly mixed with the base component and the curing
agent. Furthermore, the curing time of the resin with zinc naphthenate (e.g. 8 hours) is lower
than that with BCl3 (usually in two steps, e.g. 12 hours + 16 hours). The faster gel time,
that is the time until the resin begins to turn into solid, of the resin with zinc naphethenate
accelerator also leads to a reduced amount of resin flow-out in the winding. The viscosity of
the resin is very low before it reaches the gel point and begins to turn into solid. It has been
reported (Emery and Smith, 2001) that mica tape with zinc naphthenate accelerator provides
lower dielectric losses, higher breakdown strength, and higher tensile strength than a similar
tape with the BCl3 accelerator. However, zinc naphthenate is generally not able to provide
very good thermal stability. The technical reasons listed above reduce the costs of the zinc
naphthenate-accelerated insulation without significant compromises on the performance.

2.3 Stress grading

The stress grading or field grading is related to the reduction of the local electrical field
strength at the end of the conductive layer in the end-winding region, as seen in Fig. 2.1. High
local field strengths are caused by the sharp edge of a ground electrode, which is virtually
formed by the conductive layer and the stator stack. High fields cause partial discharges in
the insulation and surface tracking on the surface. Materials with a high and nonlinearly
field-dependent resistivity are used for stress grading nowadays.

2.3.1 Early implementations and introduction of nonlinear materials

The machines built with mica and asphalt varnish were not as vulnerable to partial discharges
and surface tracking as the modern machines. The old insulation construction with a larger
thickness and a lower relative permittivity did not generate as much discharges as the modern
insulation. Furthermore, the insulation systems used in the early high-voltage machines were
completely inorganic and experienced very little degradation caused by partial discharges
even at very high voltages. Nowadays, 6.6 kV is considered a dangerous voltage level, if
the issue has not been solved in the machine design. The dielectric constant of the mainwall
insulation built of mica and asphalt varnish is approximately 3 (Alger, 1928), whereas that
of a present-day mainwall insulation is in the range between 5.5 and 6 (e.g. Hong et al.,
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2009b). The insulation system used in the experimental program had a dielectric constant
of approximately 5. Furthermore, the old insulation needed more space than the modern
insulation. The thickness of 2 mm is more than enough with modern materials, but according
to Miner (1941) the recommended thickness was 3.2 mm for the 6.6 kV insulation. The
difference between old and modern constructions is linked to the materials used then and
now.

One of the earliest approaches to stress grading was presented by Hill (1928). He introduced
a stress grading method having a resistive layer at the end of the conductive film installed
inside the slot. He said that in the ideal case the resistance would have to change as a func-
tion of voltage — like the present-day stress grading materials work. Hill proposed a highly
resistive ”"damping layer” made of asbestos that contained no organic fillers. Some time later
in his book Miner (1941), who together with Hill worked with Westinghouse, instructed to
implement the stress grading in a similar way, basically by terminating the conductive layer
with well-varnished mica tape and covering the whole insulation with asbestos tape. The
purpose of varnish in this case is to fill all the voids. Before vacuum impregnation processes
were introduced, the insulation system, even if very carefully constructed, contained a large
amount of internal voids.

The Parsons generator (25 MVA, 33 kV, 3000 rpm) built in 1929 applied a special winding
construction (Parsons and Rosen, 1929). Its winding consisted of concentric conductors as-
sembled in partially closed slots. The machine had thus to be wound by sewing. The coils
contained an inner conductor and two conductors inside the insulation. These conductors
formed different groups, which were connected in series. The insulation system only saw
the voltage of 11 kV, instead of 33 kV. The potential gradients were practically absent, be-
cause there were no sharp edges. Inspired by the Parsons generator, Laffoon (1930) proposed
a stress grading method having three conductive films assembled inside the insulation ev-
erywhere in the winding. He thought that the stress grading is most urgently needed at the
corners of the conductors, and therefore did not discuss the slot exit region.

Laffoon and Calvert (1935) proposed three methods of stress grading. The first one contained
semi-conductive foils inside the mainwall insulation in slot exit areas. This method was used
for a certain degree still in the 1960s (Manni and Schneider, 1960). The second method con-
tained a resistive stress grading region consisting of four different layers, all having different
resistivity. The need for nonlinear behavior of resistivity was tackled by changing the whole
material, not just its resistivity. They did not consider that the resistivity of the material could
change. The third method was a combination of the first two methods. The foils were con-
sidered semiconductive, because the authors suspected that conductive foils might cause high
eddy current losses.

Manni and Schneider (1960) proposed their method of stress grading with conductive foils
inside the insulation. They also defined the desired places for foils. Such a method was
mentioned earlier by Fleming and Johnson (1913). There are some practical limitations to the
use of foils. The space the foils take cannot be occupied by the insulation and the breakdown
strength of the insulation is thus weakened. Furthermore, the foils are difficult to assemble
(Roberts, 1995). Considering the former difficulty, Laffoon and Calvert (1935) mentioned
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that the maximum number of foils (in their proposal the foils were semi-conductive) can be
three. If increased, the thickness of insulation would become insufficient.

In the 1950s and 60s, semi-conductive paints were introduced. Soon they became widely
used as stress grading materials (Moses, 1951; Wichmann, 1983). They were later replaced
by nonlinear materials (Kelen and Virsberg, 1964; Thienpont and Sie, 1964). Today, sili-
con carbide, SiC, is almost universally used for stress grading because of its simplicity and
efficiency (Roberts, 1995).

2.3.2 Recent studies

Rivenc and Lebey (1999) studied resistive and capacitive stress grading methods in a theoret-
ical manner. They concluded that a capacitive stress grading layer cannot provide adequate
performance, even if the permittivity is 10. Resistive stress grading, on the other hand, is
said to provide sufficient protection when the resistivity of the material is 0.1 MQm. If the
resistivity is increased from that, the stress grading properties are weakened. Rivenc and
Lebey conclude that the resistivity of a proper stress grading material does not need to be
nonlinearly dependent on the electrical field but it can also be constant.

It has been found that SiC stress grading materials face severe difficulties in the motors fed
by a high-voltage PWM drive (Espino-Cortez et al., 2005; Sharifi et al., 2008; Wheeler et al.,
2007). It was earlier reported by Kadotani et al. (1980) that SiC-based materials do not
perform well with high frequencies. Based on calculations, Espino-Cortez et al. (2005) con-
cluded that the stress grading material must have some conductivity in addition to its nonlin-
ear resistance behavior. Sharifi et al. (2008) have proposed conductive foils to be used inside
the mainwall insulation together with stress grading SiC tapes on top. Previously, Kimura and
Hirabayashi (1985) had reported that an embedded semi-conductive sheet inside insulation
improves the heat suppression in that area. Wheeler et al. (2007) proposed a more complex
stress grading structure having a layer of mainwall insulation between two layers of stress
grading tape.

For the cases for which the most commonly used stress grading materials are not suitable,
the cable industry has provided inspiration for a long time. High-voltage cables operate with
a voltage significantly higher than what could even be considered in electrical machines,
although higher voltage levels can be used with cable windings (Nestli et al., 2003). High-
voltage cable terminations and joints are to a certain degree similar spots as the terminations
of conductive layers in high-voltage electrical machine windings. However, all the methods
suitable for cable terminations cannot be applied to electrical machines, because the space
available for terminations is very limited. The distance between adjacent coils is usually less
than a few centimeters and the termination of both coils should fit in there. Roberts (1995)
mentions two possible ways for stress grading both adapted from cable industry; termination
with a high-permittivity layer, which is actually a straightforward derivation from the laws of
physics, and a stress cone. The latter was already mentioned by Short (1949), and perhaps
this was not the first time such a solution was employed.
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Termination of a high-permittivity material is a very simple solution. It requires only a layer
of material applied on the termination spot. Basically, it works, if the permittivity is high
enough. However, the permittivity needed for this is another matter. Roberts (1995) defines
that it has to be over 30. As mentioned above, Rivenc and Lebey (1999) studied materials
with a permittivity of 10 at highest and concluded that such materials do not provide notable
improvement. For the requirements of cable industry, there are materials capable of providing
the permittivity values in the desired range (Nelson and Hervig, 1984), but such materials
cannot be used in an electrical machine insulation system. Their geometry and mechanical
strength do not meet the requirements.

2.4 Insulation systems for harsh environments

One of the future trends in the field of electrical machines is to operate them in harsh oper-
ating conditions. The frequency converters and adjustable speed drives provide significant
advantages for the control of the application and energy efficiency. Such benefits drive the
engineers to beat the traditional obstacles related to heat or chemical resistance of the materi-
als, namely motor insulation. The processes containing aggressive chemicals, water, or some
other degrading components are powered by electrical motors exposed directly to the process
conditions.

Water is one example of harsh environments. For many years, submersible water pumps have
been exposed to water at the temperature of 90 °C at highest. These machines have windings
made of special polyethylene-insulated wire, which looks like cable. The insulation can toler-
ate water up to 90 °C, above which temperature the water begins to react with polyethylene.
Another approach to hot water resistant insulation has been taken with a biofuel-powered
combined heat and power (CHP) plant (Sihvo et al., 2007). The plant was basically a com-
mon steam power plant, but the adjustable-speed generator was mounted on the same shaft
with the steam turbine. The gearbox and axle seal, which both require a lot of maintenance,
were not needed in this case, because the generator was able to operate in the same speed
range with the turbine, but the insulation system in the generator stator had to withstand
steam. The experiments with the insulation system, although the machine was a low-voltage
one, suggested that Nomex® aramid paper and epoxy resins of bisphenol A and F can tolerate
the environment. By contrast, polyester and polyesterimide resins and Kapton® polyimide
film were found to react with water.

There has also been attempts to use cable windings in electrical machines. The benefit of such
technology is that the transformer can be omitted, because the stator voltage can be increased
to the level of the distribution network. The lack of the transformer offers cost savings, but
the motor itself is very complex, large, and expensive. Such technology can be considered
for the motors of very high output power. Cable windings are used in a 40 MW synchronous
motor in Troll A gas production platform in the North Sea (Nestli et al., 2003). Basically, the
cable windings can be built of materials that tolerate very aggressive environments. However,
the cable winding takes a lot of space and drastically increases the length and outer diameter
of the stator.
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There are no commercially available insulation systems that have been proven to withstand
raw natural gas. Yet, the historical development of the insulation systems provide some
starting points for the quest for such an insulation system. At first, it appears beneficial
to go back in time and change the cost-effective polyesterimide impregnating resin back to
the more chemically-resistant epoxy resin. Furthermore, the stress grading materials based
either on polyester or PET films that are used in modern high-voltage insulation systems must
be replaced. However, there are no replacements, because all the stress grading materials
widely available use a backing material that does not tolerate the environment. It is therefore
important to look for other means to implement the stress grading than the resistive stress
grading tape, which is, according to Roberts (1995), used almost universally today. Yet, the
need for stress grading is not imminent under high pressure. The old development provides
some ideas for the design of an insulation system that withstands raw natural gas. However,
the suitability of an insulation system for a completely new application can only be verified
by experimental tests.

2.5 Aging of insulating materials

When exposed to different stressing environments, insulating materials deteriorate and their
key properties such as dielectric or mechanical strength decrease. This is called aging and in
normal applications it is a relatively slow process taking for instance 20 years. IEC (2004)
states that aging contains irreversible changes to the materials, and leads to the degradation
of the insulation system. But the standard also points out that some changes can be partly
reversible, if the ambient conditions change.

The aging can be caused by several stressing factors, which are normally categorized as
thermal, electrical, ambient, and mechanical. This is well known order of the stresses, be-
cause their first letters form the word "team’, which illustrates that the stress factors usually
interact. Yet, almost in every case when the machine insulation suffers a service failure and
despite the root cause, the failure is indicated by an electrical breakdown, which triggers the
safety equipment and shuts down the process.

The first two factors in the ’team’ refer to the temperature and electrical field, respectively.
Mechanical stresses are related to the vibration of coils, which is caused by the AC stator
current and also influenced by transient components caused by power electronics or some
other part of the drive system. Also continuous changes in the operating temperature cause
mechanical stresses. Ambient stresses are caused by the surrounding environment, and in
common applications they include for instance moisture, oil from bearings, chemicals, abra-
sive particles, dirt, and debris (Stone et al., 2004). IEC (2004) states that these stresses include
all ambient physical, radiative, chemical, and biological processes.”

The message of the listings by Stone et al. (2004) and IEC (2004) is that the possible causes
of aging have to be thoroughly contemplated for any new application. To some extent all the
stress factors are usually present and they also interact. The lifetime is therefore determined
by the combined effect of all the stresses. However, one stress factor may still be the dom-
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inating one and cause initial forms of degradation. After the initiation of degradation, other
stress factors step into the picture and accelerate the aging process. Furthermore, the physical
phenomena causing the degradation tend to interact.

For instance electrical stress is caused by partial discharges, which degrade the insulating
materials. When a discharge takes place in an internal void in the insulation, an amount of
electrons are accelerated towards the walls of the void. If the wall consists of organic material,
this causes chemical reactions, which decompose the insulating material. The influence of
partial discharges is more severe at a high temperature, because chemical reactions tend to
occur at an increased rate at higher temperatures. However, the partial discharge activity
typically reduces slightly over time, because as a result of the chemical reactions the walls
of the internal voids become slightly conductive. The interaction of thermal and electrical
stresses has been investigated widely both from the perspectives of high-voltage cables and
high-voltage electrical machines. Also, the thermal stress factor easily interacts with the
ambient stress factor by accelerating the rate of chemical reactions caused by contamination
or water.

From the subsea compressor’s point of view, the classification of stress factors differs con-
siderably from the common industrial applications. The raw natural gas and the components
within it constitute the most severe stress factor. The insulating materials suffer from degra-
dation as the gas penetrates into them. The penetration is enhanced by high temperature and
high pressure. Furthermore, the gas mixture may contain components, which cause chemical
changes in the materials. From the stress factors mentioned, the ambient factor is the domi-
nating one and it is likely to interact with the thermal stress factor. By contrast, the electrical
stress is more or less canceled out by the pressure, which reduces the amount of partial dis-
charges. Yet, the electrical field can possibly accelerate the phenomena causing the aging,
but the issue is not discussed in this thesis; it has been left for a future research topic. The
effect of the electrical field is not likely to be dominating, because the voltage in the electrical
machine is still rather low and certain high-voltage phenomena, such as space charges, are
not dominantly present.

The prevailing temperature of the machine is not very high. The materials used in the exper-
iments belong to thermal class 180 or higher while the operating temperature of the motor
is approximately 100 °C. If the surrounding environment were air, the temperature would
probably cause no aging at all, in other words, it would take very long time to observe any
changes. However, temperature is an accelerating factor for diffusion and for chemical reac-
tions. When polymer materials are heated close to their glass transition temperature T, they
begin to soften. The glass transition temperature of epoxy resins used in electrical machines
is typically over 140 °C, but the diffusion process causes a reduction in their glass transition
temperature.

The lifetime of the winding of an electrical machine is a measure of its weakest point. An
electrical flashover or a mechanical crack, which are typical reasons for the breakdown of the
insulation, take place at the weakest point of the system. At this point, the insulation is poor,
but elsewhere it might still be in acceptable condition. In other words, when a breakdown
takes place in one of the coils in the electrical machine, the other coils may still have several
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years of operation left.

When the degradation of insulation progresses, it is typically indicated by the increased par-
tial discharge intensity. Therefore, the measurement on partial discharges is a good indication
that some degradation has taken place, and in some cases it can even give predictions on the
remaining lifetime. However, partial discharges take place, because there are voids filled
with air or some other gas inside the insulation. Partial discharge activity may expand these
voids, but initially they need some other form of stress or a manufacturing flaw to appear.
The measurement on partial discharges is therefore only an indicator of the void content, but
it cannot give information on the aging processes causing the voids. In the pressurized subsea
compressor, the voids are filled with pressurized raw natural gas. The pressurized gas mixture
inside the insulation does not increase the partial discharge activity similarly as the air does
in air-cooled machines. Obviously, the measurements carried out during an outage for a dried
stator would reveal the voids, but during operation the partial discharges are not expected to
accelerate the formation or expansion of the voids.

The service lifetime of the insulation system in an industrial electrical machine is at least 20
years. The tests in the laboratory are performed by accelerating the aging stresses, which
causes the specimens to break down much faster than they would in service. The test condi-
tions and the level of acceleration of the stresses are difficult to determine. One of the most
common disadvantages of insulation testing and evaluation is that the laboratory test results
do not correlate with the experience. There are several reasons for this, one of them being the
wrong design of the aging test matrix. Too harsh acceleration of stresses may create aging
phenomena that are not present in reality. For example, if the electrical stress is too harshly
accelerated by increasing the voltage too excessively, space charges may form in the insu-
lation and distort the field. This causes higher peaks in the field than expected based on the
voltage level. The aging is then accelerated more than anticipated. Correspondingly, too high
a temperature can cause chemical reactions, which would not happen at all during service.

The problem of correct stress levels was approached by Paloniemi (1982) by equally acceler-
ating all the components affecting the aging process. The stresses he considered were thermal
stress as oxidation on the insulation surface, electrical stress as AC voltage, and mechanical
stress as a number of starts. He defined the acceleration of thermal stress by other tests on the
amount of oxidation. He then used the temperature calculated to produce correspondingly ac-
celerated oxidation rate. He accelerated the electrical stress by increasing the frequency. The
approach led to similar aging curvatures to what had been obtained for service conditions.

The lifetime of the insulation is generally determined with the aid of some test procedure. The
evaluation of the procedure is done based on the stress factors present in the application. A
general principle is to determine the end-point criterion at which the insulation is considered
no longer usable. This can be an electrical breakdown, loss of mechanical strength, or some
other criterion, or a combination of the criteria (IEEE, 2007). The time to meet the end-point
criterion is recorded and analyzed statistically over a number of samples. The estimate is
then taken as expected lifetime. The selection of end-point criterion is related to the stresses
causing the aging, but it can also be dependent upon the test procedure used. For instance,
the guide for evaluation by IEEE (2007) recommends using electrical breakdown as an end-
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point for the thermal cycling test, but points out the validity of mechanical strength after
the thermal endurance test. The thermal endurance test exposes the specimens to a high
temperature without applied voltage or any other stress factor. The specimens are exposed
to a high temperature for a certain amount of time, and their properties are evaluated to see
how much they have deteriorated. The exposure is repeated for different durations and at
least three different temperatures. The guide by IEEE (2007) points out that the evaluation
should be done by investigating the rate at which the properties decline as functions of time
and temperature (the guide advices to carry out measurements for several properties). The
decline in properties is expected to follow the Arrhenius relationship (inverse power law,
Eqg. (2.1) later in this section). According to Stone et al. (2004), the end-point criterion is
typically defined as the point at which either the mechanical or dielectric strength is reduced
by 50%. Therefore, the thermal endurance test does not aim at determining the end of life,
as for example the voltage endurance test does. In such a test, the specimens are exposed to
high voltages until they break down, and the time for that is recorded. IEEE (2007) advices
to use a large scale of voltages so that the time to failure ranges from 1 min to 10 000 h.

In this study, the recommended test procedures cannot be followed step-by-step, because the
test environment is so complicated, and furthermore, because the expected aging mechanism
is chemical aging by nature. As can be seen from the descriptions above, the evaluation ac-
cording to IEEE (2007) requires a large number of repeated tests. The repetition of tests by
varying the stress only little is very difficult, if the insulation degradation is caused by the
presence of rich hydrocarbon gas under high temperature and pressure. The variation of tem-
perature changes the thermodynamical state of the gas mixture, which is discussed in more
detail in Section 3.5. As a result, also the liquid content in the gas mixture is changed, which
then changes the chemical stress factor, not only the thermal stress factor. Correspondingly,
the equal acceleration approach defined by Paloniemi (1982) is not as such applicable, be-
cause the increase in stresses is determined by the thermodynamics of the gas mixture, and
only certain combinations of acceleration can be obtained. Furthermore, in an equal accel-
eration method all the stress factors and their influences should be known in advance to be
able to accelerate them equally. The test matrix had, therefore, to be designed differently.
Nevertheless, the evaluation followed the general philosophy and recommendations by IEEE
(2007) that several measurements have to be performed and the degradation of properties an-
alyzed. Also, the acceleration of stresses follows in a way the logic of Paloniemi (1982) as
the acceleration is applied to several stresses. The test matrix is shown in Chapter 3.

In addition to the challenges of the complicated test environment, the application of volt-
age was not possible with the chemical aging experiments carried out. With hydrocarbon
gas mixtures and high pressures, the arrangements for applying voltage become very com-
plicated. Thus, the effect of electrical stress, particularly in the form of partial discharges,
was investigated by other means. It was only detected that partial discharges are not present
under high pressures. This was approached by investigating the electrical breakdown in hy-
drocarbon gases and measuring the discharge level as a function of pressure. Therefore, the
evaluation of electrical aging relied on detecting whether or not such stress is present, not on
how much it actually degrades the insulation.
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2.5.1 Considerations on the philosophy of aging

Over the years, the investigation on the degradation of insulating materials has been motivated
by the detected failures that were due to poor insulation. The key to the symptoms like this
one was the reason for more thorough search for materials that withstand the conditions.
Another motivation was provided by the measurements on the insulation resistance. The
engineers at the beginning of the 20" century could only measure the insulation resistance
and the breakdown voltage. It was discovered that these measurements were influenced by
weather conditions. The insulation resistance was higher on a dry than on a rainy day.

Motivated by the observation on weather conditions, Evershed (1913) discussed insulation
resistance and pointed out the role of moisture the insulation absorbs. He stated that the in-
sulation resistance of any electrical system in which they are used is governed almost entirely
by the moisture they absorb.” Evershed’s materials included porous materials such as cotton
and paper, but also a varnished winding of an electrical machine. Steinmetz and Lamme
(1913) discussed the effect of temperature on the properties of insulating materials. They
pointed out that the lifetime of insulation depends on many variables, only one of which is
the temperature.

Steinmetz and Lamme (1913) further stated that the insulation suffers mechanically when
exposed to high temperatures, but the mechanical properties may “recover” (quotation marks
by the original authors) when the temperature is decreased. This is somewhat strange, as they
also said that the insulation becomes brittle, which may then cause cracking and delamination.
From a modern viewpoint, the degrading changes in insulation are often irreversible and
the insulation cannot “recover.” This kind of aging is related to partial discharges, whose
effects on the insulation are always permanent as they erode the insulation. However, if the
properties of the insulating material are reduced as a result of diffusion of for instance water,
the insulation as a whole system does “recover” at least to some extent, when it is dried, as
pointed out by Evershed (1913).

Steinmetz and Lamme (1913) also proposed that there is a threshold value for the stress,
and no aging takes place below the threshold value. For instance, the lifetime of insulation
at room temperature is infinity. The threshold has also been approached by Montanari and
Mazzanti (1994), although their report also discusses a situation when no threshold can be
evidenced.

Montsinger (1930) studied the thermal aging of transformers and claimed that the insulation
suffers from degradation and ultimately cracks mechanically, instantly after which an electri-
cal breakdown takes place along the crack. Steinmetz and Lamme (1913) also hinted at this
theory. Thus, he claimed that the insulation breaks down, because its mechanical strength
is weakened too much and the electrical breakdown is merely a consequence. Nowadays
and regarding the materials of modern insulation system either in transformers or in elec-
trical machines, the claim by Montsinger feels somewhat bizarre. High-voltage electrical
machines tend to suffer from degradation caused by partial discharges, which erode the in-
sulation until the dielectric strength is too low to resist the field. At that point, the electrical
breakdown takes place, but the material may still have adequate mechanical strength.
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Montsinger (1930) studied insulation systems built of mica and asphalt varnish, and he used
high temperatures to stress the insulation. At high temperatures, the mechanical properties
of mica-asphalt insulation were very low, which was pointed out by Laffoon et al. (1951).
Asphalt varnish is a thermosetting material, which is not actually solid, but liquid with a high
viscosity. When the temperature is increased, the viscosity decreases, resulting in poor per-
formance from the insulation point of view. Modern insulating materials, namely the impreg-
nating resins, are thermoplastic and do not experience so severe degradation of mechanical
properties when their temperature is increased.

Revolutionary consideration of insulation lifetime was introduced by Dakin (1948). He dis-
cussed the reduction of insulation properties as functions of chemical changes. By that time,
the effect of temperature on the insulation was merely described by the 10 degree rule, which
simply states that the lifetime decreases to half, if the temperature is increased by 10 °C. It
was known that the 10 °C rule does not hold for all materials, and different temperature rules
were defined experimentally for materials. For instance, Montsinger (1930) used 8 degree, 10
degree, and 12 degree rules. Dakin (1948) assumed that the physical property of an insulating
material is dependent upon the concentration of a compound in the insulating material, which
is changed by the thermal aging. He then considered the Arrhenius law for the chemical rate
constant K, at which rate the chemical reactions occur:

K:Aexp{—?} 2.1

where A and B are constants. The constant B in Eq. (2.1) was later defined as the activation
energy E, divided by the universal gas constant R, but Dakin (1948) used a constant B without
deriving it. Dakin assumed that the degradation is dependent upon the constant rate K and
time, which resulted in
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where fj(P) is the magnitude of a physical property. Although the equation is nowadays
assigned to him, Dakin did not actually discuss the lifetime, but the physical properties, which
decline at a given rate. Furthermore, the Arrhenius relationship as in Eq. (2.1) was also used
by Montsinger (1930), when he defined his temperature rules. But he did not consider that the
aging could be caused by chemical reactions. It was stated by Lewis (2001) that the changes
in the chemical structure are related to all aging processes. He applied the rate theory also
to mechanical stresses. The Arrhenius relationship had previously been linked to mechanical
aging by Zhurkov (1984). He defined an equation for the lifetime of a solid under mechanical
stress as

4_70—}

L:Loexp{—E'k@ (2.3)



44 Insulation system of a high-voltage electrical machine

where o is the stress, @ the absolute temperature, E, “magnitude of the energy barrier deter-
mining the probability of breakage of the bonds responsible for strength” (Zhurkov, 1984),
v is a coeflicient proportional to the disorientation of the molecular structure, and Ly is a
coefficient related to the natural oscillation frequency of atoms in the solid. Zhurkov used his
vast experimental data and graphical methods to define the coefficients.

There have been plenty of approaches to the modeling of lifetime, but the different models are
not compared or criticized here. The models are mainly empirical and do not apply univer-
sally. The most undeniable conclusion on what has been reported is that the aging phenomena
are extremely complex and highly dependent on the materials and the applications. Further-
more, the subsea compressor is significantly different from the typical industrial motors, for
which the most of the aging models related to electrical machines have been defined. Further-
more, the majority of the aging modeling have been carried out with respect to high-voltage
cable insulation. The aging models by Montanari and Mazzanti (1994) and Crine (1991)
are only mentioned. They are derived from the rate theory and also contain thermodynamic
quantities. Moreover, they can be discussed, although merely suggestively, in the light of the
results of this doctoral thesis, which is done in Section 5.7.

The model by Montanari and Mazzanti (1994) is essentially analogous with Eq. (2.2). The
only difference is the reaction rate constant, which takes the electrical field into account.
According to Montanari and Mazzanti (1994), the lifetime of insulation L can be written as
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where e is the electron charge, i Planck’s constant, kK Boltzmann’s constant, AS the entropy
of the material in correspondence with the end of life criterion, and AH the enthalpy, while
I'y and I'y define the scattering distance as

I'=Ty+0rI (2.5)

Equation (2.4) contains many quantities, which seem arbitrary. Montanari and Mazzanti
(1994) did not even themselves seem to be fully aware of what their parameters physically
mean. Yet, their model could interpret their experimental data. The model in Eq. (2.4)
originates from the earlier model by Simoni (1973), which was strictly empirical, but was
reported to fit rather well to the aging data. Montanari and Mazzanti dressed Simoni’s model
into a physical outfit. The model by Crine (1991) is essentially similar and can be written as
follows

h AG eAE
L=-L exp{ 22 lesen( 2L 2.
eXp{k@ }CSC (k@) (2.6)

where AG is the Gibbs free energy, A the activation length, and the product eAE is the work of
deformation under the electrical field E. Neither did Crine explain the activation length any



2.5 Aging of insulating materials 45

further. It is only considered to be a constant, which can be determined based on experimental
data. The models by Montanari and Mazzanti (1994) and Crine (1991) are essentially similar,
because I" = A, and they are also similar with the model by Zhurkov. The most significant
difference is that Montanari and Mazzanti consider the activation length to be a function of
temperature. The models (2.4) and (2.6) can be further united by expressing the Gibbs free
energy with enthalpy and entropy as

AG = AH — OAS 2.7)

All the models are derived from the same basic assumption that there are two possible ther-
modynamic states for insulating material: original and failure. They can be illustrated as
potential wells A and B, respectively, like in Fig. 2.5. The distance between the wells is the
activation length A, and there is an energy barrier AG between the wells. If the potential in
well A exceeds the energy barrier, the ball, which represents the state of the insulation, can
freely roll into well B, and the insulation breaks down.

Free energy

A B
Fig. 2.5. Thermodynamic states of the original and failed insulation.

It has always been considered that an insulation ages until it breaks, and the breaking point
is the end of its life. Up to that point everyone seems to agree (even though the estimates
for lifetime are not necessarily derived based on breakdowns, which was mentioned earlier
in this section), but there are still no clear and undeniable explanations on what aging is like
and on what causes the actual breakdown. Obviously, the environment, materials used, and
the applications all have enormous effects on both phenomena. The aging is not a simple
phenomenon, but a complex combination of different activities going on in the insulation
system.

The models in Eqs. (2.4) and (2.6) have been defined for a high-voltage cable insulation.
Such cables are exposed to very high voltages; the thermal rating of XLPE (cross-linked
polyethylene) insulation, which is widely used in such cables, is only 90 °C and the insulating
materials are very vulnerable to partial discharges. The insulation systems in high-voltage
machines face a different kind of an application: they are exposed to less voltage, they tolerate
some amount of partial discharges, and the insulation is a combination of three different
materials: mica, glass, and epoxy.
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In a complex insulation the aging takes place both in the bulk materials and in the interfaces.
The latter effect has been emphasized by Park (1987), Jia et al. (2006), and Hong et al.
(2009a). Park (1987) studied mainwall insulation samples made of mica, glass, and epoxy and
he concluded that the dielectric losses of the insulation increase and the breakdown strength
reduces when mechanical stress is applied to the insulation. He discovered that the binding
of glass and epoxy was weakened as a result of the applied mechanical stress. Jia et al.
(2006) performed aging tests on a mainwall insulation consisting of mica, glass, and epoxy.
They observed with a scanning electron microscope that the attachment of epoxy and glass is
significantly reduced after a long period of aging. Hong et al. (2009a) studied the diffusion of
water into mainwall insulation consisting of mica, glass, and epoxy. They observed that the
permittivity and losses increased considerably because of water absorption. They concluded
that the diffusion process is closely related to the interfaces of epoxy, mica, and glass.

2.5.2 Diffusion

Diffusion is a process by which matter is transported from one part of a system to another as
a result of molecular motions, as described by Crank (1975). Here, it means the penetration
of raw natural gas into insulating materials. When polymers are submerged to water, their
properties weaken as a result of water absorption, which is rather rapid in the initial stage,
but then levels off when the saturation value is reached. After saturation, the material cannot
absorb more water. Diffusion of water into epoxy resins have been widely investigated (e.g.
Banks and Ellis, 1979; Fernandez-Garcia and Chiang, 2002; Fukuda et al., 1997; Hong et al.,
2009a; Kumazawa et al., 1994; Karner and Ieda, 1991; Liu et al., 2002; Musto et al., 2000;
Nogueira et al., 2001; Wu and Siesler, 2003; Xiao and Shanahan, 1998).

The internal structure of epoxy resin contains molecular chains and crosslinks, which attach
them to each other. However, between the molecular chains and crosslinks, there is empty
space called free volume. Such space is initially empty, but it can be filled with the diffusing
substance in the diffusion process. Water, for instance, fills the free volume inside the chem-
ical structure of epoxy resin. The diffusion into the free volume causes no volume change
of the material. This is typically an initial stage of the diffusion process. After all the free
volume is filled, the molecular chains are getting reorganized and the volume increases.

The properties of the insulating material are first reduced rather heavily, but after some time
the aging appears to stop. The degradation of physical properties is proportional to the water
absorption. The diffusion is, therefore, causing as if the opposite kind of a threshold than
mentioned by Montanari and Mazzanti (1994). The nature of diffusion usually follows Fick’s
second law (Fick, 1855)

dc d*c

where c is the concentration, D the diffusion coefficient, and x the direction. Fick studied the
concentrations and fluxes by putting salt into water. Nowadays, his research constitutes the
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basis for diffusion of liquids into solids, but his experiments actually discussed the opposite
phenomenon. Fick’s law can be observed by the increase in weight in polymer materials when
they are exposed to some diffusive substance, such as water. The weight increase is rapid in
the initial stages of the diffusion process and approaches a saturation value. With epoxy
resins that contain fillers, the diffusion process is a sum of two individual diffusion processes:
diffusion into epoxy and diffusion into fillers. The weight increase approaches the saturation
value in a slower rate than with plain epoxy. It is more difficult for water to penetrate into
the filler, because it has to go through the resin first. Composite insulation containing mica,
glass, and epoxy is expected to behave in a similar way as epoxy with fillers. The diffusion
process is illustrated in Fig. 2.6. Crank (1975) defined an equation for the weight increase at
time ¢ by solving Eq. (2.8) as

my - 8 DQ2n+ 1) 1%t
Y e
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where m; and m., are weights at time ¢ and infinity, respectively, and the region discussed
is defined by -/ < x < I. According to ISO (2008) the sufficient number of summands is
generally 20. An analytical approximation for Eq. (2.9) is given by (Jacobs and Jones, 1989)

m, D\075
ol —exp{—7.3(ﬁ) } (2.10)

where d is the thickness of the sample. It has been reported by Maggana and Pissis (1999) that
the approximation fits the data concerning bisphenol A epoxy resin that contains plasticizers,
and by Hong et al. (2009a) that it fits the data of a mainwall insulation of a high-voltage elec-
trical machine. The authors of the latter study pointed out that the slower diffusion process

—— Epoxy resin
—— Epoxy resin with fillers

t

Fig. 2.6. General behavior of diffusion of water into epoxy resin with and without fillers. The curve of

plain resin is based on (Nogueira et al., 2001; Xiao and Shanahan, 1998; Fukuda et al., 1997) and the

curve of resin with fillers on (Fukuda et al., 1997; Ferndndez-Garcia and Chiang, 2002; Maggana and
Pissis, 1999).
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involves diffusion into the interfaces of epoxy and glass or mica. The mica and glass do not
absorb anything.

Nogueira et al. (2001) reported that tensile strength, elongation, and toughness are reduced
as a result of diffusion. E-modulus was ultimately decreased, but in the early stages of diffu-
sion it increased slightly. Reduction of tensile strength was also reported by Kumazawa et al.
(1994). An early study by Banks and Ellis (1979) concluded that the glass transition tem-
perature of Bisphenol A epoxy resin decreases because of water absorption. Corresponding
results were also reported by Nogueira et al. (2001) and Xiao and Shanahan (1998), who both
reported in addition that the glass transition temperature correlates with the volume increase.

Hong et al. (2009a) investigated water absorption of a mainwall insulation constructed of
glass-backed mica tape and epoxy resin. They reported that the loss tangent and the permit-
tivity increase as a result of water absorption. Similar observations have also been reported
by Kirner and Ieda (1991) and Fukuda et al. (1997).

The diffusion is only one cause of changes in insulating materials. Diffusion, which is (re-
garding the lifetime of an electrical motor) a relatively fast phenomenon, may trigger other
aging phenomena or interact with them. If such takes place, the physical properties continue
to decline after the diffusion has set to the saturation value, which means that diffusion is not
the only aging mechanism. The decline in properties at this point can be caused by chemical
reactions between the insulation and the diffusing substance.

2.6 Dielectric material in an electrical field

The behavior of a dielectric in an electrical field is briefly described here. The description
in this section has been written roughly according to Solymar and Walsh (2004), Blythe and
Bloor (2005), and Jonscher (1983).

A dielectric material (an insulator) forms a capacitor, the capacitance of which, assuming that
it is a parallel plate capacitor, can be defined by the universal equation

€A A
C=—= Q&

y @2.11)

where A is the area of the electrodes and d is the distance between them. The permittivity €
is a complex quantity and depends on frequency. Its real part is related to the energy stored
in the material, and its imaginary part to the energy loss. The complex permittivity can be
expressed as

€ =¢g(e —i€"”) (2.12)
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Equation (2.11) holds only when the loss part in Eq. (2.11) is neglected, that is, €’ = 0. The
real part of complex permittivity € refers to the dielectric constant or relative permittivity
of the insulation ¢. The imaginary part €” is related to the losses defined by conductivity
divided by frequency, o/w. The dissipation factor or loss tangent tan § defines the angle of
complex permittivity.

7

tand = — (2.13)
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Accordingly to Eq. (2.12), also the capacitance in Eq. (2.11) is a complex variable. When an
AC voltage U(w) is applied over the capacitor, it produces a current /(w):

I(w) = % = lj;:) = U(w)iwe*% = wCy(ie’ + €U (w) (2.14)

where Cy is the capacitance of free space. The current, obviously, has resistive (real) Ir and
capacitive (imaginary) Ic components, which can be expressed separately as

IC = iwC()E/U (2.15)

Ir = wCoe"’ U (2.16)

The imaginary part of the permittivity €” is producing a resistive component to the current,
in other words, a component that produces losses in the whole electrical system. Correspond-
ingly, € is producing the capacitive component of the current.

2.6.1 Dielectric relaxation

The dielectric response is used to discern the polarization of the insulating materials. When
an insulator is exposed to an electrical field, ”the material will respond to the applied electric
field by redistributing its component charges to some extent, positive charges being attracted
towards the negative electrode and vice versa,” according to Blythe and Bloor (2005). In a
similar way, the polarization can involve whole molecules, the bonds between atoms in the
molecule, or electrodes. These three types of polarization have their characteristic frequen-
cies, which are roughly according to Blythe and Bloor (2005) 10° Hz, 10'2 Hz, and 10'° Hz,
respectively. In addition to these phenomena, materials that consist of several components
experience an additional polarization phenomenon, which is related to the interfaces of dif-
ferent components and takes place at low frequencies, that is, it is a very slow process. A
distinct example of this kind of a material is a composite insulation consisting of mica, glass
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fiber, and epoxy resin, which has been studied in this thesis. The interfacial polarization is
the only type of polarization that can be observed within the frequency frame and diagnostic
method used. However, in dielectrics it is often the most informative one, as the dielectric
spectroscopy aims at discerning the anomalies or impurities (e.g. voids filled by a foreign
diffusing substance) that the insulation contains.

The electronic and atomic polarizations are very fast and indiscernible with the common mea-
suring methods used. Thus, there are roughly two polarization processes: “fast” processes,
which cannot be observed and “’slow” processes, which can be observed. In the frequencies
close to the ’slow” region, the “fast” processes do not lag behind the applied field and their
permittivity appears constant, €. The permittivity can be expressed as

€(w) = € + f(W) 2.17)

At very low frequencies, w — 0, nothing lags behind the field and the permittivity is static ;.
Therefore,

fO)=6&-€v (2.18)

When the field is applied and sufficient time allowed, the molecules get aligned with the
field. When the field at this point is switched off, the molecules begin to turn back to their
original states and the polarization and internal field gradually diminish. The decay process
is following the Arrhenius relation, and the polarization at this point can be written as

P(t) = Py exp{—é} (2.19)

where 7 is the relaxation time. Blythe and Bloor (2005) pointed out that this is an inconsis-
tent description for 7, because the process is more like “retardation” than “relaxation.” The
solution of Eq. (2.17) can be written as

€ — €

€(w) = €0+ (2.20)

1+iwt

Equation (2.20) is called Debye dispersion equation. It was derived by Debye (1929), and its
real and imaginary parts can be separated as

’ € — €
=€t —5— 2.21
ew=e 1+ w?r? ( )
77 _ € — €oo
€'(w) =€x+ mw‘f (2.22)
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Equations (2.21) and (2.22) are commonly used to interpret the data obtained. At a polariza-
tion frequency, the €’ experiences a sudden drop and €’ a somewhat flat peak, as shown in
Fig. 2.7. At this point w = 1/7. The model by Debye does not, however, work with composite
insulation structures. As such, the Debye model can only describe the molecular polarization
phenomena, but not the interfacial phenomena.

Fig. 2.7. Dielectric relaxation with a solid dielectric. The figure represents an ideal case defined by
Debye. Common polymers normally depart somewhat from this form.

For composite structures, the dominating phenomena are called the Maxwell-Wagner effects.
Maxwell (1892) studied theoretically a system containing layers of materials of different per-
mittivities (ei, eé) and conductivities (o1, o). Maxwell’s objective was only to introduce
the ’electric absorption’ phenomenon, and he noted that the approach of layer-shaped mate-
rials was adopted to keep the calculation at a simple level. Wagner (1914) studied a system
containing a material (Ei , 0°1), which has impurities (eé, o) in the form of spheres.

The model by Debye (1929) is capable of describing the behavior of an ideal dielectric.
Experimental results have been seen to depart from Debye’s model, and many improvements
have been made to better match the experimental data. One of the well-known models is the
Cole-Cole equation, which was derived based on vast experimental data on different kinds of
dielectrics, solids, and liquids, by Cole and Cole (1941). It can be written as:

€ — €x

=€t —m———
) =e 1+ (iwt)l-a

(2.23)

The exponential parameter a (0 < @ < 1) represents the statistical nature of dielectric relax-
ation. In the case of an ideal dielectric, @ = 1, and Eq. (2.23) becomes Eq. (2.20). The
parameter « states that the polarization process does not take place in exactly the same way
everywhere in the material. All the molecules do not get perfectly aligned with the applied
field. This applies to the materials that contain defects or consist of several materials. The
mainwall insulation is an example of the latter, since it is built of mica, glass, and epoxy. Yet,
the Cole-Cole equation does not take the conductivity into account. The conductivity can be
expressed in the complex form o = ¢ +io”’ and it is inversely proportional to the frequency.
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Its real part o’ is the DC conductivity and contributes to the dielectric loss, and the imagi-
nary part o’ is the conductivity caused by localized charges. By taking the conductivity into
account, the Cole-Cole equation can be written as (Thongbai et al., 2008):

€ — € .o
: —i
1+ (wn)!= gw’

€(w) = €x + (2.24)

The exponent s (0 < s < 1) takes the statistical effect of conductivity into account, similarly
as the parameter @ on permittivity. In the case of ideal conductivity s = 1, which has been
used for instance with oil-filled cellulose insulation in transformers (Linhjell et al., 2007).
Fractional s has been used with ceramic materials, examples of which are some ferroelectric
oxides (e.g. nickel oxide, NiO) doped with metallic particles (e.g. aluminum or titanium),
by Thongbai et al. (2008). For such materials, the permittivity is very high (e.g. 1000), and
the material also has notable conductivity (approximately 10™* S/m). These properties em-
phasize the changes in the dielectric response so that the complex conductivity and fractional
exponent s have to be taken into account. The real and imaginary parts of Eq. (2.24) can be
written as

L+ (n)'sin() »
(W) = €0 + (6 — €x) . (2.25)
1+ 2(wr)l-® sin(a/g) +(wr)>2e Y
(wr)l— cos(a’—zr) o
e(w)” = (€ — €x) + " (2.26)

14+2(wt)l-@ sin(a/%’) + (wT)? 20

Derivations for Eqgs. (2.25) and (2.26) can be found in Appendix A.

2.6.2 Insulation resistance

The concept of insulation resistance is a time-domain phenomenon. It cannot be generally
derived from the equations for frequency domain. When a dielectric is exposed to a DC
field, it behaves seemingly as a resistor with a high resistance. However, when the voltage
is switched on, the insulator experiences the polarization phenomena as described above, be-
cause its structure is organizing itself aligned with the field. The transient is very fast, which
basically also causes fast polarization phenomena to occur during the first few moments after
switching. Because of these phenomena, the current is relatively high instantly after switch-
ing, but then slowly decreases and eventually levels off to a saturation value. During the
steady-state condition, the insulation resistance can be calculated according to Ohm’s law
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U
R=

7 (2.27)

The current through an insulation in the insulation resistance measurement (DC voltage ap-
plied) can be divided into several components. The guide by IEEE (2006) states that the total
observable current contains four components: leakage, capacitance, conductance, and ab-
sorption currents. The saturation value of the current is the leakage current and represents the
steady-state leakage. The insulation resistance is determined based on the leakage current.
Conductance current is caused by the natural conductivity of the insulation and is essentially
zero for modern insulation systems. The capacitance current is said to be caused by the ge-
ometric capacitance of the winding and by the disturbances from the measuring instrument.
Such current is said to reduce shortly after switching. The absorption current contains all the
polarization phenomena and it also reduces after some time, but, depending on the materials
and their polarization phenomena, it may take several minutes to reduce. In other words, it
takes some time for Maxwell-Wagner effects to level off. For a modern insulation, the in-
sulation resistance can be measured 1 minute after the application of voltage, but for an old
mica-asphalt winding, this value is said to be 10 — 15 minutes (IEEE, 2006).
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Chapter 3

Experimental methods

This chapter describes the test methods and manufacturing and preparation of the test spec-
imens. The procedure of testing with hydrocarbon gases is described. The work contains
plenty of tests and additional measurements. Measurements for electrical properties have
been carried out externally, and are described only briefly here.

3.1 Test matrix

As mentioned in the previous chapter, there are four stress factors: thermal, electrical, am-
bient, and mechanical, which form a “team”. The influences of each of these during the
service conditions of a subsea compressor are illustrated in Fig. 3.1. The majority of the
stresses the insulation experiences are related to the normal operation of a high-voltage elec-
trical machine: operating temperature, voltage, mechanical vibration, and fault conditions.
The vibration is created by the stator current and its frequency is twice the frequency of the
current (Calvert, 1931). The fault conditions include short-circuit conditions, which generate
high transient forces, but they are mostly absorbed by the support structures and the winding
itself, and not by the insulation system. The hypothesis is that the insulation system can tol-
erate these stress factors and their interaction, because a similar machine can operate safely
in a dry natural gas compressor. This hypothesis is expected to be valid even, if the insu-
lating materials are changed into more chemically resistant ones. A re-evaluation is needed
on the role of partial discharges, because the stress grading layer used in the dry natural gas
compressor cannot tolerate the raw natural gas and hence must be replaced or removed.

Therefore, the dominating stress factor is expected to be the ambient stress, which is created
by the presence of raw natural gas under high temperature and pressure. The ambient stress
factor is in close interaction with the thermal stress factor, because the thermodynamic state
of the gas mixture, including the amount of liquid components the gas contains, is dependent
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Fig. 3.1. Block diagram of the stress levels in operating conditions. Circles indicate forms of stress
factors, which have not been discussed in the experimental program.



3.1 Test matrix 57

on temperature and pressure. Therefore, pressure has been addressed to the thermal stress in
Fig. 3.1.

Depressurization is also an issue in the natural gas compressor. During steady-state opera-
tion, the pressure fluctuates only a little, but sudden fault conditions, such as a leak, in the
entire production system may trigger a steep decrease in the pressure. This takes place at the
operating temperature of the machine. Based on earlier experience on the gas production and
on the design aims for new technology, up to ten shutdowns can be experienced in a subsea
compressor during a year. Each shutdown may involve a rapid decompression, if the system
does not include proper safety and control equipment. Although rapid decompression is a
rather infrequent and unpredictable occurrence, the stress level has to be considered as part
of the normal operation of the machine.

The experimental test program tackled the effects of the stress factors listed in Fig. 3.1, and
the experiments carried out to discuss each stress factor are shown in Fig. 3.2. The test matrix
is divided into two main sections: investigation on the presence of partial discharges and study
on the effects of the raw natural gas. The former contains measurements on the breakdown
strength of gases and on the partial and surface discharges as functions of pressure. The latter
contains several exposures in different environments related to the raw natural gas.

The presence of partial discharges was investigated by measurements on the breakdown
strength of gases, partial discharges, and by a theoretical study with finite element methods
(FEM). These are not actually diagnostic methods, because they were all aiming at an expla-
nation of the physical phenomenon, not at determining the state of the insulating materials.
No aging was included in the investigation on the PD activity.

The test matrix for hydrocarbon gases is based on the environment referred to as “wellstream
gas,” which contains dry hydrocarbon gas, hydrocarbon condensate, and the mixture of MEG
and water at 130 °C and 150 bar. This environment acts as a kind of a reference case of raw
natural gas. It is, however, an accelerated aging environment, as explained below in Section
3.5. This environment was modified in the tests to emphasize individual effects of the entire
gas mixture.

To gather up information on the aging, various diagnostic methods were used. An overview
is shown in Fig. 3.3. The measurements with each method are described later in this chap-
ter. The backbone of the analysis of the insulation samples was based on measurements on
weight and volume, mechanical three-point bending test, infrared spectroscopy, differential
scanning calorimetry (DSC), and dielectric response. These measurements can give informa-
tion on diffusion, mechanical and dielectric properties, and possible chemical changes. Also,
insulation resistance was measured, but for one sample set only. The purpose of the micro-
scopic examination was to investigate the delamination of the mainwall insulation samples.
SEM provided a closer image on the mainwall insulation and also on resin samples. In the
aging experiments, it was not possible to record the parameters during the test. They were
measured only before and after the tests, and the analysis focused on the relative change.

The destructive nature of the mechanical properties measurements and DSC (to prepare a
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Fig. 3.2. Block diagram of the stress factors and tests to determine their significance.
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sample for this measurement, the original material sample is destroyed) required another set
of samples for measurements on each time marker. This increased the importance of the
statistical treatment. Weight, volume, and FTIR were measured on the exact same samples
before and after the exposures.

Method Measured quantities

Dielectric e(w)
response L
6 (((w)

Insulation resistance
measurement

@ Chemical spectrum

DSC

Dielectric

Insulation resistance

Chemical

G"

3-point bending
test

Mechanical

Weight and dimensions

Physical ] @
Microscope
o

B Non-destructive
A Destructive

Fig. 3.3. Block diagram of the diagnostic methods applied. The methods to investigate the PD activity
are also included, even though they are not used to define the state of the materials.
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3.2 Measurements on breakdown strengths of gases

The measurements were carried out in a small chamber designed for the purpose. The cham-
ber contained two plane-parallel electrodes, the positions of which could be adjusted. The
chamber and the dimensions of the electrodes are given in Fig. 3.4. The measurements were
performed on gap distances of 0.25 mm, 0.5 mm, 1.0 mm, and 2.0 mm. With nitrogen gas,
also a distance of 1.5 mm was used. One of the electrodes was connected to ground and the
other one to a high resistance and an adjustable high-voltage DC source capable of providing
80 kV. The breakdown was detected by measuring the current with an oscilloscope. The volt-
age was increased slowly until breakdown occurred, and then recorded. The measurements
were repeated five times for each pressure and gap length. After the measurements on each

Fixed electrode Adjustable electrode

Fig. 3.4. Chamber for the breakdown strength measurements on gases (bottom) and a schematic of the
electrodes inside the chamber (top) including the dimensions.
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gap length, the electrode surfaces were cleaned.

Table 3.1. Composition of the hydrocarbon gas mixture used in the breakdown measurements and in
the chemical aging tests.

Component ‘ Amount [mol %]
Carbon dioxide ‘ 1.0
Nitrogen ‘ 1.0
Methane | 85
Ethane | 9.0
Propane | 35
n-Butane ‘ 0.5

The gases investigated include nitrogen, methane, hydrocarbon gas mixture, and wet
methane. The composition of the hydrocarbon gas mixture is shown in Table 3.1. The wet
methane mixture was prepared in another chamber and then pumped into the test chamber.
No liquid water was added into the test chamber. It was seen to condense on the electrodes
and cause false results. Wet methane refers to the mixture of methane and water at the dew
point at room temperature and 120 bars, which was the pressure in the storage chamber. At
this pressure, the relative humidity of the mixture was 100%. At lower pressures, some of the
water from the gas condensed as the pressure decreased, but the relative humidity was still
100%. The relative humidity was not altered during the test. The control of relative humidity
is very difficult in the chamber of this size. In other words, only a single drop of water would
yield a relative humidity of 100%, because the volume of the chamber is so small.

3.3 Partial discharge measurements

The test samples were installed horizontally inside a pressure vessel. The measuring setup
inside a safety cell and the measuring circuit are illustrated in Fig. 3.5. The ground electrode
of a sample was connected directly to the chamber lid. The high-voltage electrode was con-
nected to a voltage supply via PD-free cable penetrator. The voltage was supplied by a variac
and a high-voltage transformer. A coupling capacitor and the measuring instrument (Omicron
MPD 600) were connected between the high voltage feed and ground. The measuring instru-
ment was connected to a PC, which used software provided by Omicron in the data analysis.
The data analysis defined the standardized discharge level Qigc, which is the apparent charge
of a PD pulse. Qigc represents the charge of a PD current pulse within a certain integration
time, but according to IEC (2000) it is not equal to the amount of charge locally involved at
the site of the discharge.” The maximum discharge level Onax Was manually traced from the
discharge plots.
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Coupling
—— capacitor
sample
Measuring D PC
Voltage shunt

source J

Fig. 3.5. Measuring circuit for PD measurements (top) and the setup located in a safety cell (bottom).

The voltage source in the circuit contains a variac placed outside of the safety cell and a high-voltage

transformer seen in the lower left corner of the setup. The pressure vessel is in the middle of the safety
cell and the nitrogen gas bottle on the right. Heat insulation on the chamber was used for other

purposes. The measurements were performed at ambient temperature, 20 °C. The coupling capacitor
can be seen in front with the measuring instrument and its power supply placed on the floor. The

brown rod touching the high-voltage end of the capacitor is part of the safety equipment, and it was
removed prior to the measurements.
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The measuring setup itself did not produce partial discharges. The PD level measured on the
equipment itself is illustrated in Fig. 3.6. Only a few discharges can be seen and they cannot
cause notable disturbances in the measurements. The discharge levels on the samples were
very high, which is illustrated later in Section 4.2. The sinusoidal curve in partial discharge
figures (Fig. 3.6 and the figures in Section 4.2) illustrates the voltage applied to the system
and the small dots indicate the partial discharges. The level of discharges in picocoulombs is
seen on the left. The intensity of the discharges, in other words, how frequently they appear,
can be determined according to the color scheme on the right.
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Fig. 3.6. Partial discharge level of the measuring equipment.

The samples included two kinds of bar samples, which were manufactured in a VPI process
(described in Section 3.4.1), and a cable sample. A bar sample is illustrated in Fig. 3.7
and the cable sample in Fig. 3.8. The purpose of the measurements was to analyze the
discharges located on the surface of the insulation in the vicinity of the termination of the
ground electrode (conductive layer in Fig. 2.1) Usually, the insulation is protected from
these discharges by the stress grading layer. Based on the poor chemical resistance of the
materials used for such a purpose, the aim of the study was to replace or remove the stress
grading layer. Each sample contained a similar ground electrode, which was implemented as
semiconductive silicone-based paint (black section in Fig. 3.7) laid on top of the insulation.
The edge of the ground electrode is sharp, and the maximum field strength of the sample is
expected to be located in the vicinity of the edge. Even though the highest field strength is
in the vicinity of the edge of the ground electrode and on top of the insulation, there were
also plenty of partial discharges inside the insulation in both bar samples. These discharges
caused interference in the results.

To detect the effect of the discharges inside the insulation, the insulation section of the bar
sample was covered with field grading paint. The paint covered the whole area of the in-
sulation visible in Fig. 3.7 by extending from the black semiconductive paint to the copper
on the right-hand side of the figure. The field grading prevents the discharges on the surface
of the mica-based insulation. Therefore, all the discharges seen in this kind of a sample are
located inside the insulation. Consequently, their pattern can be recognized and then omitted
from the discharge pattern of the bar sample without any field grading. Hence, what remains
in such results is the discharge pattern caused by surface discharges on top of the insulation.
The sample with field grading did not produce surface discharges.
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Fig. 3.7. Bar sample used in the partial discharge measurements. The black section is the ground
electrode. The sample does not contain field grading.

Fig. 3.8. Cable sample used in the partial discharge measurements. The white section is the insulation
and the black cord is the ground conductor. The thick assembly on the right end contains cable
termination. Conductive ring electrodes were added to reduce corona discharges. The thickness of
insulation was 4.35 mm.

The functionality of field grading layer is based on its high resistivity, which gradually re-
duces the electrical field. Its effect is demonstrated later in Figs. 4.20 and 4.21. Basically,
field grading of this kind is implemented in common high-voltage electrical machines by ap-
plying it as a tape, which can be seen in Fig. 2.1, but as mentioned above, such materials
cannot withstand raw natural gas.

The purpose of the cable sample was as if the opposite to that of the field grading. It intended
to highlight the discharges on the surface. The cable consisted of an XLPE (cross-linked
polyethylene) insulation, which is virtually void-free experiencing only small amount of in-
ternal discharges. Thus, the discharges it experiences must exist on top of the insulation
surface near the end of the ground electrode. Another reason for the use of the cable sample
was its compatibility with the 2D FEM model. The radial cross-section of the cable sample
is round, which causes the field to be evenly distributed along the cross-section. By contrast,
the modeling of the bar sample is not accurate, because the field is stronger near the cor-
ners of the bar. Also the insulation is highly homogeneous and contains very little defects or
voids. Hence, the cable sample can be more accurately modeled with a 2D FEM than the bar
sample. The semiconductive layer on top of the cable construction was removed and the in-
sulation was partly covered with the semiconductive paint, which acted as a ground electrode
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similarly as in the bar sample. The corona rings visible in Fig. 3.8 were used also in the bar
sample.

In the test procedure, the pressure was adjusted and the voltage was slowly increased until the
first discharges appeared. The PD inception voltage was written down at this point. After the
PD inception voltage was found, the voltage was increased to desired level and the PD activity
was recorded for a 2 minute time period. Then the voltage was decreased, and the level at
which the discharges disappeared was marked. The same procedure was carried out for all
pressure levels. With the bar sample, the constant voltage level was 4 kV, which corresponds
to a 6.928 kV line-to-line voltage in an electrical machine. The constant voltage level with a
cable sample was 8 kV, because the insulation thickness was larger.

3.3.1 Finite element modeling

Two different investigations were carried out with two-dimensional finite element methods
(FEM). The calculations were performed using FLUX2D® software by Cedrat. The cable
sample was modeled with the 2D FEM and the theoretical results were compared with the
measured ones. Theoretically, the cable sample is equivalent to the 2D FEM model, because
its radial cross-section does not contain sharp edges. The bar sample was also modeled.
Furthermore, a theoretical examination on different stress grading methods in an electrical
machine was performed. The results of the former are presented in Section 4.2.3 and the
latter in Section 4.3.

The FEM model used in cable calculations is illustrated in Fig. 3.9. The model imitates the
actual geometry of the cable having the same thickness and properties (permittivity and loss
tangent) of insulation. The operating voltage was applied to the “conductor” region, while
0 V potential was imposed to the ’ground electrode” region. The model was used also for
the bar sample without field grading. The thickness and properties of the insulation were
changed and a different voltage applied. The voltage level with the cable model was 8 kV
and with the bar model 4 kV according to the ones used in the measurements. The purpose
of the “termination region” in the model was to modify the calculation mesh; by using such
a region it was possible to create a dense mesh (the distance between nodes 2 wm) in the
desired place and a sparse mesh in the air region, where high accuracy was not needed.

The aim of the FEM model is to investigate the behavior of electrical field strength in the
vicinity of the edge of the ground electrode. This region involving a sharp edge of an electrode
is the most electrically stressed region in a corresponding electrical system and the most
obvious setting for partial discharge and surface tracking phenomena. The occurrence of
discharges is more frequent when the field strength in this vicinity is higher. However, it is
not known where the discharges exactly take place. One end of the discharge is obviously the
ground electrode, but it is not known how far they reach from it, in other words, the physical
length of the discharges is not known. Furthermore, the FEM model does not exactly match
the physical condition, which difference and its influence to the results is discussed further
in Section 4.2.3. Therefore, it is necessary to record the field strength along a certain path in
parallel with the conductor as seen in Fig. 3.9. It should be noted that the calculation path in
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Fig. 3.9. Model used in the 2D FEM calculations of the cable sample.

Fig. 3.9 extends to the right from the end of the conductive layer. In the cable sample used in
the measurements and illustrated in Fig. 3.8, a similar path would extend to the left from the
end of the conductive layer.

The FEM model for stress grading investigation (Section 4.3) was tailored from the model
seen in Fig. 3.9. The stress grading model was further modified for different geometries used
in the study. In such an investigation, the validity of the model and its error sources were also
discussed more closely. The model is presented in Section 4.3.

3.4 Preparation of the specimens

Essentially, the experimental tests contained samples of pure impregnating resins and of the
whole mainwall insulation structures. The shapes of the specimens were determined mainly
by methods of analysis, which is discussed below in Section 3.6.

Usually, the samples used in laboratory tests are manufactured with extreme care, and hence
they do not correspond to actual products. This is beneficial when the target is to carefully
study the physical phenomena related to the degradation of insulation. However, it is also
one of the reasons, why laboratory tests on insulating materials do not fully correlate with the
field tests of the same materials. The stochastic flaws caused by the automatized industrial
manufacturing process are not that frequently present in the laboratory tests. In this study,
the focus has been rather to meet the actual performance than to illustrate the physical phe-
nomena affecting it, although the physical phenomena are discussed. Therefore, the samples
used in the experimental test program were built according to the procedure designed for the
manufacturing of the entire motor winding.
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3.4.1 Mainwall insulation samples

The samples of mainwall insulation were manufactured with a vacuum pressure impregnation
(VPI) method. The method reduces the amount of air inside the insulation leading to a better
performance and longer lifetime of the insulation. The issue is emphasized with high-voltage
motors and generators, which experience PD activity.

The samples used in the chemical aging tests were cut from large bars. The copper bars were
covered with a Kapton® polyimide film, and a layer of mold release agent and taped over
with a 2 mm layer of mica tape. Finally, they were impregnated with epoxy resin using a VPI
method. Similar bars were used also in the partial discharge measurements. Prior to the VPI
procedure, the bars were put into a mold, which is also called ”a dummy stator.” The mold
was made of stainless steel and covered with a thin layer of Teflon. A layer of mold release
agent was applied on top of Teflon to ensure that the samples do not get stuck to the mold
when the resin cures. It was found that the Teflon itself was not a sufficient release method.

As the name vacuum pressure impregnation implies, the VPI procedure contains two steps:
a vacuum phase and a pressure phase. In the vacuum phase the air is sucked out and the
resin poured in. Some time after the resin had been inserted, the pressure is applied to further
improve the resin penetration. After the VPI scheme, the mold was cured in an oven. The
vacuum level used was approximately 5 — 10 mbar and the pressure level was 100 bar. The
latter value is significantly higher than what is used in manufacturing of electrical machines
(e.g. 5 bar or less). The chamber used in the impregnation was planned for experiments
with gases at high pressures, and therefore, the use of a high pressure during the VPI scheme
did not require additional care. The VPI equipment is illustrated in Fig. 3.10. The detailed
procedure for the VPI manufacturing method used in the study is presented in Appendix B.
Such a manufacturing method including a high pressure treatment has been proposed for the
subsea compressor, which can be impregnated inside its own casing. The increase in pressure
can improve the quality of the VPI process, because more air can be pushed out from the
internal voids. Yet, despite quality improvements, the insulation of this kind is never totally
void-free.

After curing, the mainwall insulation structures were removed from the bars and cakes (50
mm x 25 mm) were cut from them. The dimensions of the cakes were defined with respect
to three-point bending test (Section 3.6.2) used to determine the mechanical properties. The
bars were 95 mm wide. This was due to the dielectric response measurement, which required
large samples as described in Section 3.6.5. For such measurements, square samples with an
edge of approximately 90 mm were cut from the mainwall insulation structures.

3.4.2 Resin samples

The resin samples were made with a traditional dip and bake method. The resin was poured
into a mold and cured in an oven. The curing depended upon the resin used. There were
two kinds of molds with thicknesses of 2 mm and 4 mm. The former was used to build large
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Fig. 3.10. Vacuum pressure impregnation test chamber.

samples for dielectric response measurements and the latter to build pins for the measurement
of mechanical properties. Weights and dimensions were measured from the pins. The molds
were made of stainless steel and covered with mold release agent.

The curing times and temperatures were dependent on the resins used. For epoxy anhydride
resins with BCl3 accelerator, the curing procedure was carried out in two steps: roughly 12 h
at 90 °C and 16 h at 140 °C. The first step was considered final when the resin had turned into
solid. The time required for this was dependent on the amount of accelerator used in the resin.
The second step was carried out to finalize the chemical reaction. With zinc naphthenate
accelerator, the curing was carried out in one step: 12 h at 150 °C. Epoxy novolac resin and
bisphenol F epoxy resin were cured for 12 h at 165 °C. The curing schedules are included in
Table 5.1, in which the resins are listed.
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3.5 Experiments with hydrocarbon gas mixtures

Hydrocarbon gas is able to absorb moisture. When saturated, the gas mixture cannot absorb
any more liquids. If there are more liquids in the test chamber, they will just stay on the bot-
tom. The phase envelope of the wellstream gas mixture used in the test program is illustrated
in Fig. 3.11. Different lines refer to formations of either a liquid phase (HC) or an aqueous
phase (Aq) when the phase transformation is experienced. These phases refer to condensation
of hydrocarbon compounds and water, respectively.
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Fig. 3.11. Phase envelope of the wellstream gas mixture used in the experimental program. 2-Aq
indicates a new aqueous phase and 2-HC, respectively, a new liquid phase when entering the
two-phase region from the gaseous phase. 3-Aq refers to appearing of an aqueous phase and 3-HC,
respectively, a liquid phase when entering the three-phase region from the two-phase area.

Raw natural gas in the wellstream is a complex mixture containing several substances, and
it is difficult to reproduce exactly the same mixture. The raw natural gas mixture considered
here refers to the mixture in the Asgard B field in the North Sea. The hydrocarbon condensate
and produced water were both collected from the Asgard B field. The dry hydrocarbon gas
mixture was prepared at the gas treatment laboratory. Its composition as described in Table
3.1 was chosen to be as close as possible to the mixture in the Asgard B field. The mixture is
essentially designed for the compressor, which operates at the Asgard B field, but the hydro-
carbon compounds it contains are present also in other gas/condensate fields. The selected
environment can represent the general behavior of raw natural gas with respect to heavy hy-
drocarbons, water, and monoethylene glycol (MEG). For other gas fields, a re-evaluation is
needed to define the composition of the mixture (i.e. the amounts of condensate and water)
and the dew point. Further evaluation is needed regarding the additional compounds in the
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gas mixture, such as hydrogen sulfide and corrosive particles in the produced water.

The hydrocarbon condensate contains heavy hydrocarbon compounds, which are liquid at
room temperature. The weight fractions of hydrocarbon compounds of different molecular
weights (i.e. the amounts of hexanes C6, heptanes C7, octanes C8, nonanes C9, and decanes
or heavier C10+) are quite similar. Unlike the dry hydrocarbon gas mixture, the conden-
sate does not consist mainly of the lightest component in the mixture. The produced water
contains ions of many elements with highest portions of chlorine (Cl), sodium (Na), cal-
cium (Ca), and potassium (K). It also contains ions such as carbonate (HCO3") and sulphate
(SO4%), which are able to form acid components. The resistivity of produced water is ap-
proximately 0.1 Qm and the pH value approximately 6.6. It is a somewhat conductive and
slightly acidic mixture.

The actual wellstream mixture from the Asgard B gas field will be water saturated at approx-
imately 30 — 50 °C. In the operating conditions, the gas mixture is heated above its water
saturation line having the potential of absorbing more water, if such was available. In the
experimental program, the gas mixture was modified to be water saturated at 130 °C. This
was done by putting in more water and more hydrocarbon condensate. From the insulating
material’s point of view, such an action causes accelerated chemical aging conditions as the
gas contains more water and more condensate than the real gas mixture would. Also the
pressure was slightly higher than in the operating conditions.

If the aging under these conditions is related to chemical reactions, which was one of the
hypotheses, the reactions with water occur more frequently, if more water molecules are
available. Hence, the higher fraction of water the gas mixture contains, the more aging it
causes in the insulating materials. The hypothesis applies also to the hydrocarbon condensate.

The optimal duration of the test was defined to be 750 hours, which is approximately one
month. Experimental tests carried out earlier with different materials and gas mixtures sug-
gested to use such a test duration. The experiments listed in the test matrix were carried
out with only one exposure. In the initial aging test, the results of which are not included
in this thesis, some of the specimens were removed from the chamber after one week and
the exposure was restarted with the rest of the specimens. It was found that such a method
created too much uncertainty, because the specimens, which are tested for a longer duration,
experience more depressurization steps. Therefore, the results for different durations are not
fully comparable. It was concluded that aging tests under high pressure should be carried out
with a single exposure only. The disadvantage of such a test procedure is that it limits the
possibility to study the degradation as a function of time, because each time marker requires
a new experiment.

3.5.1 Preparation of the gas mixtures

In the experimental program, the essential substances inside the raw natural gas (light and
heavy hydrocarbon compounds, water, and MEG) were used together in a mixture, which is
hereafter referred to as the wellstream gas mixture. The amounts of each component were
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calculated so that the mixture will have the desired properties as seen in the phase envelope
in Fig. 3.11. The mixture is water saturated at 130 °C and 150 bar. Its dew point, that is,
the cross-section of the saturation lines, is approximately at this temperature but at a higher
pressure. The gas mixture is, however, not very sensitive to pressure in this part of the p
versus T plane, which can be seen in the phase envelope as the 2-Aq line is in parallel with
the y-axis in this region. The wellstream gas mixture was used also in other conditions
(Section 5.4), but in such experiments the mixtures were in different thermodynamical states.
The purpose of such experiments was to investigate the effect of temperature.

The wellstream gas mixture was constructed by applying a hydrocarbon condensate and a
mixture of produced water and MEG in the chamber and pressurizing the chamber with dry
hydrocarbon gas, the composition of which is presented in Table 3.1. The amounts of conden-
sate and MEG/water were determined by iterative simulation methods so that the gas mixture
has the desired properties at 130 °C and 150 bar. PVTSim® software by Calsep was used in
the simulation of the gas mixture. The software uses thermodynamic and chemical equations
to determine the desired thermodynamic states of the given gas or liquid mixture.

3.5.2 Test equipment

The test chamber is illustrated in Fig. 3.12. The chamber contained the samples and liquids
in the bottom of the chamber. The number of samples depended upon the test used. In the
screening tests for epoxy resins and mica tape samples (Sections 5.1 and 5.2, respectively),
there were many samples and the chamber was practically almost full. On the other hand,
tests for the wellstream gas content analysis (Section 5.3), tests for different temperatures
(Section 5.4) and tests of longer duration (Section 5.5) contained only the samples of relevant
materials while most of the space inside the chamber was unoccupied. Therefore, the effective
volume of the chamber was different in all the tests, and correspondingly, the amounts of
liquid substances added were different. The procedure for the experiments with hydrocarbon
gases is shown in Appendix C.

3.5.3 Depressurization

The depressurization of the test chamber after each chemical aging test was carried out in
room temperature conditions. The test equipment contained no valves that could provide
slow depressurization. The procedure was done in steps and it was repeated in a similar way
after each exposure. Therefore, the samples must have experienced some mechanical stress
during the depressurization, but the stress has been similar in all experiments. The first test,
which considered different epoxy resins, involved more rapid depressurization. This was also
seen in the results, which are presented in Section 5.1.

A rapid decompression test was carried out to investigate the effects of unscheduled and
uncontrolled shutdowns. In this test, the specimens were exposed to steep pressure gradients
while the temperature was high. For this experiment, a needle valve was assembled in the
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Fig. 3.12. Test chamber and the specimens in wellstream gas exposure.

gas outlet of the chamber. This allowed the desired depressurization rate. The test procedure
contained nine cycles of depressurization and pressurization. The method is described in
more detail and the results shown in Section 5.6. In the rapid decompression test, the chamber
was pressurized when it was hot allowing no option to insert the liquids after each cycle.
Hence, all the liquids for nine cycles were inserted before the test began.

3.6 Diagnostic methods

The test specimens are shown in Fig. 3.13. The materials used in the tests are described in
the corresponding sections in Tables 5.1 and 5.2. The samples illustrated in Fig. 3.13 were
used for all diagnostic methods, except for dielectric response measurements. No dielectric
measurement or inspection was carried out for these samples. Together with such specimens,
larger plate-shaped samples were used for dielectric response measurements. The analysis of
the effects that the test environments caused leaned on a number of measurements on different
quantities. Apart from the actual measurements, the physical appearance was investigated.
Microscopic examination was also carried out; the cracks that had appeared during the tests
were examined with a microscope. Similarly, the cracks caused by a three-point bending test
(Section 3.6.2) were subjected to microscopic analysis. Typically, no treatment was carried
out for the test specimens, but occasionally for photographing purposes the specimens were
submerged into water before microscopic examination. The water highlighted the cracks.
This was done with the rapid decompression test (Section 5.6). Closer photos on some sam-
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ples were taken with a scanning electron microscope (SEM). The SEM investigation was
carried out for samples of the long-term aging test.

Fig. 3.13. Mainwall insulation and resin test specimens. The figure contains reference samples. The
aged samples had a hole at which the width wy was measured.

The physical and mechanical properties were measured on both types of samples illustrated
in Fig. 3.13. The samples for dielectric properties measurements were large square-shaped
plates. The resin samples were used first to compare the different resins, but later on for the
measurements on the chemical changes of the insulation. The resin samples were used in
the measurements for chemical spectrum (FTIR) and glass transition temperature (DSC), and
their purpose was to highlight the changes in the material structure. The mainwall insulation
samples imitated the actual insulation of the motor.

Samples of the entire bar were used in the rapid decompression experiment (Section 5.6). The
purpose of the bar samples was merely to illustrate the behavior of the insulation on the entire
bar. No diagnostic tests were carried out for the bars. The bars used in the test were similar to
the one used in the PD measurements (Fig. 3.7). However, no PD measurements were carried
out for the bar samples exposed in hydrocarbon gas mixtures, because the conductive paint
used as a ground electrode in the PD measurements could not tolerate the test environment.
The partial disintegration of the conductive layer from the bar surface would have produced
additional discharge in between the conductive layer and the insulation.

3.6.1 Weights and physical dimensions

Weights and dimensions (length, width, and thickness) were measured both before and after
the tests. Volumes of the samples were calculated from the physical dimensions. For deter-
mination of volume, the thicknesses and widths of the samples were measured from three
spots of the samples, Fig. 3.13, and the length in the middle of the sample. The volume was
calculated according to the following equation:
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There was some scatter in the volume values. This was due to varying widths. The cutting
process caused some variation. Clearly inaccurate volumes were removed from the statis-
tical group. The differences in weight, volume, and density were defined by the following
equations.
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3.6.2 Mechanical properties

Mechanical properties were measured with a three-point bending test by following the ISO
(2001) standard. The test method applies a downward force in the middle of the test specimen,
which rests on two supports located at a distance s away from each other. The force is
causing the test specimen to bend and ultimately crack. The measurements include force F
and displacement x. According to them, the stress o~ and strain € can be calculated as follows:

3Fs

o= _2wd2 3.5
6d

£= 100—s2x (3.6)

The distance s between the supports was set to 60 mm with resin pins and to 35 mm with
mainwall insulation cakes. The mechanical properties (tensile strength o7, elongation at break
er, E-modulus Ug, and toughness Ur) are determined based on stress versus strain curves.
An example curve with the parameters is illustrated in Fig. 3.14. The toughness of a sample
is the area underneath the stress versus strain curve. It was calculated with a discrete integral
by using each measurement point i as
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Fig. 3.14. Mechanical properties based on the stress versus strain curve obtained from the three-point
bending test.

The resin samples were very brittle and they usually broke down before the expected break-
ing point in Fig. 3.14. Thus, the measurements indicated too low values for tensile strength,
elongation at break, and toughness. The E-modulus could still be defined, because the pre-
mature breaking points were above the yielding point of the curve, that is, where the curve
bends and is no longer linear. Therefore, the resin samples were analyzed based on the E-
modulus values and their tensile strength, elongation at break, and toughness were not used.
For the mainwall insulation cakes all the parameters were valid, since the materials did not
suffer from premature breakdowns. The whole stress versus strain curves were also used in
the analysis to illustrate the nature of the materials.

3.6.3 FTIR spectroscopy

FTIR (Fourier Transform Infrared) spectroscopy was carried out in the range of 4000 cm’!
to 600 cm™!. The method exposes the specimens to electromagnetic radiation in the range of
infrared frequencies (in this study 18 — 120 THz) causing the molecules of the measured spec-
imens to vibrate. Such a method reveals information of the chemical structure as chemical
bonds tend to have their own specific frequency. IR spectra were measured from randomly
selected samples of each material before and after the exposure. The measurements were
taken from five spots of each samples. The measurements after the test were carried out on
exactly the same individual samples as the ones measured before the test.

FTIR spectra were roughly analyzed with the methods provided by the instrumentation soft-
ware (PerkinElmer). The curves were smoothed and their baseline was corrected. The mea-
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surements with small wave numbers tended to be distorted so that the spots that had no
absorption were seen at some absorption level. This distortion can be corrected with the
baseline correction feature of the software. Finally, the curves were normalized. Depending
on the sample quality, the rate of absorption is changed in the measurements. Therefore,
the magnitudes of the absorption peaks depend upon the sample quality. Normalization sets
the highest peaks to maximum absorbance and scales the rest of the spectrum accordingly.
With the normalization feature, it is possible to compare samples of different absorptions, for
example, samples of different materials. The analysis of the results relied on the reference
material provided by the manufacturer, (PerkinElmer; Hannah).

3.6.4 Glass transition temperature

A Differential Scanning Calorimeter (DSC) study was carried out to determine the glass
transition temperature T, of the specimens. The glass transition temperature refers to the
temperature at which the material experiences a phase change from glassy to rubbery. In the
DSC method, the temperature is increased steadily (20 °C per minute) and the heat flow is
measured. The temperature at which the heating was stopped ranges between 120 — 180 °C
depending on the Ty of the materials. The glass transition can be seen as a smooth step in
heat flow versus temperature curve. The glass transition temperature was calculated by the
algorithm integrated in the PerkinElmer measuring instrument used.

A DSC measurement is rather sensitive to the thermal history of the sample. The first heating
run always contains additional information caused by the previous handling of the specimens,
and the first measurement thus gives erroneous results. The measurement was performed
three times and the value obtained from the third measurement was used as the glass transition
temperature. With samples that have absorbed water, the measurements may not be correct
as some water may evaporate during the heating and the T, measured is then too high. This
is discussed in Section 5.3. Nevertheless, the evaporation of water could not be discerned in
the heat flow versus temperature curve.

3.6.5 Dielectric measurements

The dielectric response measurements were used in the wellstream gas content study in Sec-
tion 5.3 and also with long term test in Section 5.5. The measurements for dielectric re-
sponse were carried out at room temperature using IDA 200% instrument manufactured by
Programma Electric (now part of Megger) and designed for such measurements. The mea-
surements were performed in a frequency range 10 mHz — 1 kHz. The electrodes were con-
nected to both sides of the sample creating a parallel-plate capacitor with round electrodes.
The samples were initially square-shaped plates with 90 mm edges. The area of the capac-
itor (i.e. the area of the electrodes) was that of a circle with 50 mm diameter. A layer of
conductive silver-filled epoxy paint was laid between the sample and the electrodes to ensure
good connection. A guard ring was used around the ground electrode to prevent interfer-
ence caused by twisted electrical field. The guarding was implemented according to ASTM
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(2004). The electrodes were connected to the terminals of the instrument and the measuring
run was carried out according to the automatic procedure of the measurement. The IDA 200
instrument recorded the real and imaginary parts of the complex permittivity according to
IEC (1969). The peak voltage was 200 V.

The insulation resistance was measured with the aid of an electrometer. The samples were
modified into parallel-plate capacitors in the same way as in dielectric response measure-
ments. The sample was connected in series with a resistor (2 MQ) and the electrometer, and
then into a high-voltage DC source (1 kV). The Keithley 6517 electrometer measured the
current once in every second. The data was then processed with a computer and Labview
software. The measurement was started approximately one minute after the voltage had been
applied to prevent interferences caused by the polarization. An average was taken on mea-
surements during each minute to reduce the amount of data. The resistance was calculated
according to Eq. (2.27) for each one-minute average. Finally, mean values and standard
deviation were calculated based on the data. The method did not strictly follow the IEEE
standard (IEEE, 2006), but the fundamental idea was the same. The measured current val-
ues were very low, only a few pA, which corresponds to high insulation resistance. Hence,
the measurements were very sensitive to noise, which was seen as a high standard deviation,
particularly with reference materials, the resistance of which was the highest. Because of the
interference and small current, the measuring procedure defined in IEEE (2006) could not be
used. Such a procedure includes only one or few measurements at a given time. It works with
complete motors and generators, the insulation resistance of which is lower and the current
significantly higher.

3.6.6 Statistical analysis

The statistical methods are explained at a macroscopic level. The choice of a proper statistical
tool for each data type was made between normal, lognormal, and Weibull distributions.

The estimate of the normal distribution is an arithmetic mean of the samples. The values of
variables are evenly distributed around the mean value. Normal distribution can be applied to
physical measurements of linear scale, such as heights, weights, and diameters (Nelson et al.,
2003). Lognormal distribution defines a random variable, the logarithm of which is normally
distributed. Lognormal distribution is applied to lifetime distributions on some occasions
(Nelson et al., 2003) and to thermal aging data (Stone et al., 2004). The Weibull distribution
is a special case of exponential distribution. It is commonly used with the lifetime estimates
of electrical insulation, when the insulation is aged by electrical stress, for instance (Stone
and Lawless, 1979) and (Mitsui and Inoue, 1977). The specimens suffer a breakdown when
the weakest point in their structure fails, in other words, the flashover is most likely to take
place at the point of the shortest thickness of insulation. The probability density functions
and estimates for the distributions are shown in Appendix D.

The three-point bending test, which was used to define the mechanical properties of the sam-
ples, is basically a test for the weakest point. When the specimen is bent to the breaking point,
it cuts at the weakest point, where the strength is the lowest. At this point there is usually a
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small micro crack at the edge of the sample, which initiates the breakdown process. A micro
crack involves a sharp edge, where the force accumulates during the bending test. Also the
thickness of the material is reduced by the thickness of the micro crack.

Yet, in the three-point bending test the mechanical stress is applied only to the short section
on the specimen, where the bending head is located. The breakdown can only take place
in the vicinity of the bending head. Thus, the breakdown is not fully determined by the
weakest point, because such a point would have to be located in the vicinity of the bending
head. The nature of the test for reference samples is more of a lognormal than the weakest
point (Weibull), but the relevance of the weakest point was found to increase during the aging
experiments.

There were some differences between the distributions, when they were fit into the data. The
sets contained 30 samples at highest. However, the differences were very small (below 1%),
and each of the three distributions would have produced the same conclusions. The normal
and lognormal distribution seemed to fit better the weight and volume data than the Weibull.
The lognormal distribution provided the best fit for the data on the mechanical properties
of the reference samples, but the Weibull distribution fitted best to the aged samples. The
data on the mechanical properties of the epoxy anhydride resin samples followed generally
the lognormal distribution. For the epoxy novolac resin, on the other hand, the Weibull
distribution provided the best fit. This was due to the hard and brittle nature of the materials.
The comparison of the distributions regarding the data on the E-modulus of the resins is
presented in Appendix D.

The sample sizes used in the resin screening test were as high as 30. The value was based
on the maximum number of samples from a single manufacturing scheme. The screening
tests indicated that the required sample size for the resin samples is approximately 10 — 15.
It was seen that the mainwall insulation samples deviated less from the estimate values. The
number of mainwall insulation samples used in the tests was 10, but in some cases with resin
rich samples the number was reduced to 5, which was still considered adequate.

Normal distribution was used to interpret weight and volume data and thereby to calculate
the density according to Eq. (3.4). It provided an equally good fit with the lognormal distri-
bution and was notably simpler to use. Both the lognormal and Weibull distributions would
have needed additional data treatment. Weibull distribution was used in the analysis of the
mechanical properties of both the aged and unaged samples, because it appeared to be the
best overall fit to all samples. It provided a slightly larger error with anhydride resins, but
was found to better fit to the data on epoxy novolac resin after the exposures, as explained in
Appendix D. Nevertheless, the differences between the distributions were negligibly small.
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Chapter 4

PD and surface tracking

This chapter contains measurements on breakdown strengths of different gases; nitrogen,
methane, mixture containing light hydrocarbon gases, and wet methane. One of the objec-
tives is to compare the hydrocarbon gases and nitrogen, because hydrocarbon gases are very
expensive to use in laboratory tests. Nitrogen, on the other hand, is an inert gas, which is
not dangerous to people and environment. Furthermore, its use does not require so many
additional instruments.

Measurements on partial discharges (PD) are included in this chapter. The measurements
were performed on a bar sample and on a cable sample. The objective was to detect how
the discharges behave as a function of pressure. The purpose of the bar sample is to imitate
electrical machine windings, while the cable sample is convergent with the two-dimensional
theoretical model.

This chapter also contains theoretical study on different stress grading methods and how
they could replace the standard field grading materials in applications related to operation in
harsh environments. The study is strictly theoretical and carried out in a comparative manner
applying finite element methods (FEM). The FEM model created has been compared with
the results on PD and breakdown strength measurements.

4.1 Breakdown strengths of gas mixtures

The measurements on the breakdown strengths of gases were carried out as explained in
Section 3.2. The breakdown strengths of nitrogen, dry methane, hydrocarbon gas mixture,
and wet methane were measured with different gap distances and pressures. Breakdown
voltages with respect to pressure times distance are illustrated in Fig. 4.1.



80 PD and surface tracking

A 025mm MP050mm @1.00mm X 1.50 mm 2.00 mm
90 — 90
[ 3
75 75 ®
60 60
>
=
3 45 45
I~
30 |- 30
15 : 15
Nitrogen Methane
o — : 0 —
0 20 40 60 80 100 120 140 O 20 40 60 80 100 120 140
pd [bar - mm] pd [bar - mm]
90 90 ;
75 : % 75 |
60 % 60 | 4 :
- i g° : £ o
x ® 0
A 45 45 . e .
Q H
SN ! ¢
30 e 2 30
15F . e ¥ =
Dry HC gas mix : Wet methane
0

g 0 : ;
0 20 40 60 80 100 120 140 O 20 40 60 80 100 120 140
pd [bar - mm] pd [bar - mm]

Fig. 4.1. Breakdown strengths of different gases with different gap distances as functions of pressure
times gap distance. Linear curve fitting method is applied to determine the estimate curves.

In Fig. 4.1, knee-points can be observed with all gases with gap distances of 1 mm or less.
The linear section below the knee-point participates in the Paschen curve and is convergent
with all the gap distances. Leveling of the breakdown strength has been reported in other
studies, (Meek and Craggs, 1953), and is ascribed to the field emission of electrode from the
cathode. The approximated Paschen curves are illustrated in Fig. 4.2. The approximations
are simply linear curve fits for sections below the knee-points as follows:
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According to Fig. 4.1, the breakdown strength of methane and hydrocarbon gas mixture
appears to be similar. Furthermore, the breakdown phenomenon in these two gases is more
unpredictable than in nitrogen. This is seen as higher deviation. The breakdown in wet
methane is of even more unpredictable form. The breakdown is much more chaotic than in
dry gases.
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Fig. 4.2. Approximated Paschen curves for different gases. The curves are presented as breakdown
voltage as a function of pressure times distance Ugp(pd). They are also applicable as breakdown field
strength as a function of pressure Epp(p).

It can be observed in Figs. 4.1 and 4.2 that the breakdown voltage of nitrogen is higher
than that of methane and hydrocarbon gas mixture. Both methane and the hydrocarbon gas
mixture behave in a similar way, the breakdown voltage of methane being slightly higher.
This was the basis for using methane instead of a hydrocarbon gas mixture in the moist gas
experiment. The breakdown strength of a moist hydrocarbon gas is lower than that of a dry
gas, but the difference is not significant.

Measurements indicate that the breakdown strength of nitrogen gas is higher than that of
hydrocarbon gases. Yet, the trend is similar and the use of nitrogen gas in partial discharge
measurements can be justified. Nevertheless, the difference in breakdown strength has to be
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taken into account. The differences in the breakdown strengths are related to the ionization
energies of the corresponding gas mixtures. The energy needed to ionize the nitrogen gas
molecules and initiate the Townsend avalanche, which leads to the breakdown, is higher than
the energy needed to ionize the hydrocarbon gas molecules.

According to Paschen’s curve, the breakdown strength is dependent on the pressure and dis-
tance. The dependence is linear as in Fig. 4.2 with the pd products used in the measurements.
At very low pd product values, which correlates practically to low pressures, the curve begins
to level off and the change in the pd product does not change the breakdown voltage as sig-
nificantly. When the pd product is further decreased and the pressure level is extended more
towards vacuum, the breakdown strength suddenly increases. At this point, the pressure is so
low and the vacuum is so deep that there are simply no ions to ionize and cause the Townsend
avalanche. At low values of the pd product, the Paschen’s curve is nonlinear. However,
in the range discussed in this dissertation, the curve is linear as in Fig. 4.2. However, the
breakdown voltage Upp as a function of pd cannot be directly changed into breakdown field
strength Epp as a function of pressure p (Kuffel et al., 2000). Yet, by considering the range
of pressures and the gap distance d = 1 mm, which was actually used, the transformation can
be made with reasonable accuracy.



4.2 Partial discharges and surface tracking 83

4.2 Partial discharges and surface tracking

The partial discharge measurements have been carried out for bar and cable samples as de-
scribed in Section 3.3. The reader has to bear in mind that the pressure is shown in absolute
values, 1 bar referring to atmospheric pressure.

4.2.1 PD measurements on a bar sample

Partial discharges of the bar sample at 1 bar and 1.5 bar are illustrated in Fig. 4.3. The
measurements on a plain bar sample at 3.5 — 6 bar and on a bar sample with field grading
paint at 4 — 6 bar are shown in Fig. 4.4. The discharge level and the PD inception voltage as
functions of pressure are illustrated in Fig. 4.5.
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Fig. 4.3. Partial discharges of the bar sample without field grading in nitrogen gas at atmospheric
pressure and at a 1.5 bar absolute pressure. The voltage was 4 kV. The color scheme on the left extends
to much higher intensities than the one on the right.

It can be seen in Fig. 4.3 that there are plenty of discharges at atmospheric pressure, and the
partial discharge activity is significantly reduced when the pressure is increased only to 1.5
bar. The difference is undeniable despite different color schemes. The same observation is
clear also in Fig. 4.5 below.

It can be seen in Figs. 4.3 and 4.4 that as the pressure was increased, the surface discharges
disappeared, but the discharges from internal voids remained and they were not affected by
the pressure. The measurements were carried out with nitrogen gas at room temperature;
these conditions regardless of the pressure did not cause the internal voids to get pressurized.
The pressure of 50 bar was maintained for a week, and still the internal voids were not
pressurized. This was an unfortunate outcome and it is mostly misleading in this case. It
was clear based on chemical aging tests (Chapter 5) that rich hydrocarbon gas under high
pressure and high temperature is able to penetrate everywhere in the mainwall insulation.
When the temperature increases the insulating materials soften even below the glass transition
temperature. When the insulation system (namely the resin) approaches the glass transition
temperature, its molecular structure becomes more flexible allowing the gas to flow through
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Fig. 4.4. Partial discharge activity of the bar sample in nitrogen gas at different pressures. Results on
the bar sample without field grading (illustrations on the left column) and with field grading
(illustrations on the right column). The voltage was 4 kV. The intensity color scheme is not constant for
all measurements, but the differences are very small in practice.
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the insulation at least to some extent. It should be noted here that the operating pressure of
the machine is very high. Therefore, the internal voids in a full-scale motor insulation will
get pressurized.
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Fig. 4.5. Maximum partial discharge level and PD inception voltage as functions of absolute pressure.
The voltage in the Qyqx measurement was 4 kV (RMS).

It can be seen in Fig. 4.5 that the PD inception voltage is not increased after 2 bar despite
the increasing pressure. The discharges first observed above 2 bar are located in the internal
voids. According to the discharge level curve, the internal discharges begin to dominate when
the pressure is above approximately 1.5 bar. Therefore, the intensity of the surface discharges
is high only at pressure levels near atmospheric; It reduces significantly instantly when the
pressure is increased. Yet, the discharge level caused by internal discharges is rather high and
it obscures at least some of the surface discharges. It cannot be said that the surface tracking
disappears when the pressure is 2 bar or above. This estimate would be too low, as can be
seen in Fig. 4.4.

The measuring of a bar sample was very challenging. The sample contained plenty of internal
voids, which had a major contribution to the measured discharge level, especially with higher
pressures. In addition, the copper bar contained sharp edges, which caused high local field
strengths around them. This is seen as emphasized PD activity at atmospheric pressure.
The internal voids were mainly due to poor sample quality. The bar was taped by hand
and some tape layers were slightly tangled near the bar corners. The voids between the
layers had obviously been too large for the impregnating resin to fill. The chemical aging
tests, for which purpose the mainwall insulation samples were designed, were carried out
with smaller samples cut out from the bar. These samples can be cut from sections of good
quality, and the internal voids in certain areas of the bar have no effect. From the full-scale
machine point of view, this issue is irrelevant, because the manufacturing process is automatic
and its quality is assured by additional measurements of internal void content (dielectric
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response). Therefore, the number of internal voids is significantly smaller in the full-scale
machine, and the majority of discharges the machine experiences are located in the end-
winding region where the conductive layer is terminated. In fact, most of the PD activity in
atmospheric pressure was caused by the surface discharges also in this measurement, which
can be seen in Fig. 4.5. The surface discharges play an important role in the study on the given
insulation system, because the method to protect the insulation from them (stress grading
layer) is considered to be removed or replaced. However, the purpose of the investigation
is also to replace the impregnating resin with an epoxy resin. Mica-based insulation with
epoxy resin can usually tolerate surface discharges much better than a similar insulation with
polyesterimide resin.

The discharges located in the internal voids can, at least to some extent, be detected from
the partial discharge pattern. They tend to have distinct shapes. For instance, the pattern
that looks like rabbit ears typically indicates discharges in internal voids. In this case, the
discharge pattern produced by internal discharges can be seen in the right column of Fig.
4.4. The rabbit ears have bent as if the rabbit was running very fast. The sample in such
a measurement was covered with field grading paint allowing the discharges to take place
inside the insulation only, while the discharges on the surface cause no interference. As the
pressure was increased, the left column in Fig. 4.4 began to look more like the right column
in the figure.

Based on Fig. 4.4, it was not possible to define the exact pressure above which the surface
discharges disappear. Furthermore, it was not possible to measure the PD inception voltage,
that is, the voltage above which partial discharges appear. Neither was it possible to define
the PD level. Both quantities were dominated by the discharges in internal voids. Yet, it
is possible to estimate roughly that the pressure level is in the range of 4 — 5 bar. In the
left column of Fig. 4.4, a reduction can be seen in the tail section of the discharge pattern
(approximately at 14 ms) when the pressure is increased from 4 bar to 5 bar. This observation
is still rather indefinite, and further investigation was needed with a cable sample.

4.2.2 PD measurements on a cable sample

The results of the PD measurements on a cable sample are illustrated in Fig. 4.6. The dis-
charge level as a function of pressure is illustrated in Fig. 4.7 and the PD inception voltage as
a function of pressure is Fig. 4.8. It can be seen in Fig. 4.6 that the discharge level gradually
reduces as the pressure is increased. The discharge activity was seen to cease completely at
approximately 11 bar, although this is not visible in the figure. The definite pressure above
which the discharges disappear is still difficult to define.
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Fig. 4.6. PD of the cable sample with different pressures of nitrogen gas. Pressures are presented in
absolute values. The voltage was 8 kV. Small illustrations are produced by the measuring software.
The intensity color scheme is not fixed, but it is constant for the pressure range 2 — 4 bar.
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Fig. 4.7. Partial discharge level as a function of absolute pressure. Qyqx refers to the maximum
discharge value and Qgc to the standardized estimate value. The voltage was 8 kV (RMS).
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Fig. 4.8. PD inception voltage as a function of absolute pressure. The curve for the bar sample
illustrated above in Fig. 4.5 is repeated for comparison.

It can be seen in Fig. 4.7 that the discharges disappear at approximately 4 bar. The reduction
in Q is much smoother than with a bar sample in Fig. 4.5. The maximum discharge level
Omax 1s more reliable than the standardized estimate, Qrgc. The latter quantity can basically
refer to any discharge, and in these kinds of measurements the value is not very reliable,
although it appears to behave in a similar way as Qnax. It can be seen in Fig. 4.8 that the
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voltage required to cause partial discharges increases when the pressure is increased. Based
on the measurements on breakdown strengths of gases (Section 4.1), this was an expected
outcome. It is not convergent with the bar sample, Fig. 4.5, which is due to the internal
discharges in the bar sample.

Typically, the PD inception voltage is affected by the roughness of the insulation surface. It
can be approximated that the surface roughness has been lower in the bar sample than in the
cable sample, because the bar sample has been manufactured in a mold. However, the surface
roughness was not discussed in this study.

The cable sample was virtually free of internal discharges. It consisted of extruded XLPE,
which is practically not allowed to have any internal discharges. The PD level in the XLPE
material is considered dangerous, if it is 10 pC or more. With electrical machines the level
is not accurately defined and PD testing is advised to be carried out in a comparative manner
(Stone et al., 2004), which means that the aging of insulation can be detected by an increased
PD level when it is compared with the measurements performed when the motor winding was
new. Still, the winding can tolerate at least 1000 pC, but this refers to the entire winding and
the value is not comparable with the values shown in the figures of this chapter. The funda-
mental difference between a mica-based mainwall insulation and XLPE is that the former is
built to tolerate partial discharges to some extent, while the latter does not tolerate them at
all.

It has to be kept in mind that the breakdown strength of nitrogen is slightly higher than that
of hydrocarbon gases, as pointed out in Fig. 4.2. At the pressure of 4 bar the breakdown
strength of nitrogen gas is according to Eq. (4.1) 9.96 kV/mm. The same breakdown strength
in wet methane requires a pressure of 6.79 bar, according to Eq. (4.4), which is over 30%
more. However, the pressure limit sought here is the limit above which there is virtually
no discharge activity. The electrical machine windings, if consisting of mica, glass, and
epoxy, can tolerate some discharge activity. Furthermore, the most significant reduction in
partial discharge activity is seen at the initial increases in pressure, in other words, in the
first fractions of a bar above atmospheric pressure. Therefore, above the region from 4 to 5
bar, it is not expected that the motor winding will experience any problems caused by partial
discharges. Considering that the pressure at operating conditions is around 100 bar, the PD
and surface tracking cannot cause aging of insulating materials. This conclusion is based
on the assumption that the internal voids will have the same pressure as the surroundings.
It is concluded in Chapter 5 that the gas mixture is able to penetrate into the insulation and
pressurize the internal voids at operating conditions. It is assumed that this takes place also
at lower pressures as long as the temperature is near the operating temperature.

4.2.3 Theoretical modeling

The modeling was carried out with all the PD inception voltages in Fig. 4.8. The PD inception
voltages, corresponding pressure levels, breakdown voltages, and breakdown field strengths
are listed in Table 4.1.
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Table 4.1. PD inception voltage measured for each pressure (see Fig. 4.8), the corresponding
breakdown voltages of nitrogen calculated according to Eq. (4.1), and the corresponding breakdown
field strengths with a 1 mm gap distance.

PD inception Ugp in

p [bar] voltage [kV] nitrogen [kV] | Epp [kV/mm]
1.0 | 3.0 | 3.37 | 3.37
L5 | 32 | 4.47 | 4.47
20 | 4.6 | 5.57 | 5.57
25 | 5.0 | 6.67 | 6.67
30 | 55 | 7.77 | 7.77
35 | 6.2 | 8.86 | 8.86
40 | 6.2 | 9.96 | 9.96
45 | 7.1 | 1106 | 1106
50 | 7.5 | 1216 | 1216
55 | 8.0 | 1326 | 1326
60 | 8.6 | 1435 | 1435

For each measured PD inception voltage, the field strength was recorded along the calculation
path shown in Fig. 3.9. The distance x as a function of voltage is illustrated in Fig. 4.9. The
distance x is the distance from the edge of the conductor to the spot, where the field strength
is equal to the breakdown field strength for a given voltage and the corresponding pressure.
Meanwhile, x refers to the length of the discharges, which can first be detected at the PD
inception voltage.

According to Fig. 4.9, the distance x is in the range of 0.04 — 0.12 mm with all voltages.
Also the modeling of the bar sample results in the distances within this range. Fig. 4.9 is
indicating that a single discharge requires a certain finite length, which cannot be lower than
x. The discharges that are detected at the PD inception voltage are the ones extending from
the end of the ground electrode (x = 0) to the distance x. When the voltage is increased to
nominal, there will also be discharges of higher length. It has to be emphasized that along
with voltage also the pressure is increased in Fig. 4.9.

Another approach was taken to define the distance x more accurately. The field strength was
recorded from the model with the voltage of 8 kV, corresponding to the voltage used in the
PD measurements for all pressures, see Fig. 4.7. The distance x was defined individually for
each pressure using corresponding breakdown field strength values in Table 4.1. The distance
x as a function of pressure is shown in Fig. 4.10 with a reprint of Fig. 4.7.

In Fig. 4.10, it can be seen that the distance x reduces as the pressure is increasing. This
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Fig. 4.9. Distance x as a function of voltage. The distance x is also defined for the bar sample with two
different pressures. The voltages on the x-axis refer to the measured PD inception voltages. It should
be noted that also the pressure varies along with the voltage on the x-axis.
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Fig. 4.10. Measured partial discharge levels Qyqx and Qigc and the calculated critical distance x as a
Sfunction of absolute pressure. The voltage was 8 kV.

is straightforward, since the higher pressure refers to a higher breakdown strength, which
is located nearer to the ground electrode as the voltage remains constant in Fig. 4.10. At
some pressure the discharge activity ceases, because the distance x becomes too short for
discharges to form. At 4 bar, where the PD activity is assumed to stop, the distance x = 0.084
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mm. The value is not fully convergent with Fig. 4.9, according to which x = 0.045 mm, but
it is still in the same range (0.04 mm — 0.12 mm).

The main conclusion based on finite element modeling is that the critical distance within
which discharges take place is around 40 — 120 um. Keeping this in mind, the modeling can
be done also for other dielectric problems. If the model contains a sharp edge, the field values
should not be investigated close to the edge, but at approximately 40 — 120 pm away from it.
This distance x refers to two things. On the one hand, it points to that partial discharges need a
finite distance to take place. Otherwise, the electrodes would touch each other. Furthermore,
there has to be a certain finite distance for a single discharge to progress into a Townsend
avalanche. Practically, the distance depends on the electrode system, but fundamentally the
decisive quantity is the field strength. On the other hand, it indicates the difference between
the theoretical model and the reality. At least some part of the distance is caused by too high
field strength near the sharp edge.

In reality, the cable is an axisymmetric object, which is modeled accurately with cylindrical
coordinates. Here the cable has been modeled as a two-dimensional object with cartesian
coordinates. The method is therefore an approximation. It holds if the radius of the conductor
is very large, because then the surface of the cable approaches a plane. Also, if the electrical
field is very high, the uncertainties caused by the axisymmetricity are emphasized. The radius
of the conductor of the cable object used in the measurements was approximately 5 mm
and the thickness of insulation 4.35 mm. In the nominal case, the voltage was 8 kV in the
FEM model, yielding to an electrical field of 1.84 kV/mm in the straight portion between the
electrodes. The field strength is lower than the breakdown strength of air (3.108 kV/mm as
calculated in the following section). Therefore, it is assumed that the 2D approximation is
reasonable for the dimensions and voltage levels used.

The edge of the ground electrode has been considered sharp in the FEM model, but in an
actual cable sample, it was not like that. The ground electrode in the cable sample was a
conductive paint consisting of silicone and carbon black. Silicone is an insulator and the
conductivity of the paint material is provided by conductive carbon black particles scattered
around in the paint. The very edge of the paint layer (x = 0) could be either conductive carbon
black or insulating silicone, but certainly not of a material the conductivity of which matches
the overall conductivity of this very paint. This applies also to the corresponding material in
an electrical machine.

A theoretical model is rarely capable of taking every possible aspects into account. In addi-
tion, the measurements for PD inception voltage contained uncertainties (e.g. not the strictly
linear trend in Fig. 4.8), which have been adopted in the FEM model also (see similar anoma-
lies in Fig. 4.9). In addition, the approximation of the length of a discharge has been defined
based on the measurements carried out with a 1 mm gap distance. The approximated value of
40 pum is essentially less than that, and the breakdown field strength at such a gap should be
theoretically higher. However, no difference was observed in the measurements between the
gap distances of 0.25 mm and 1 mm. Nevertheless, there are always some uncertainties and
the researcher has to find a way to minimize them. In this case, absolute values may — and in
many cases will — be wrong, but the general trend is reliable.
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4.3 Theoretical considerations on stress grading

Over the 1990s, many researchers have tackled the modeling by lumped parameters. With
respect to silicon carbide, SiC, and its gradually changing resistivity, this is quite a flexible
approach. However, FEM is more accurate than a lumped parameter model. It is noteworthy
that the recent research has, more or less, leaned on the use of SiC-based materials. Therefore,
the main issue has been the distribution of voltage along the material while the magnitude of
the field strength at certain spots is mainly a consequence. In addition, resistive stress grading
methods have been modeled with conformal mapping. Andersen (1977) and Rivenc et al.
(1998) have determined equations for potential, but such equations are relatively complex
and they cannot be applied to other stress grading methods.

The occurrence of partial discharges is related to the breakdown strength of the gas, as pointed
out in the previous section. In typical machines the gas is air, but the gas inside the voids
in the insulation can also contain gas from the curing reaction, such as hydrogen, boron,
or chlorine. Also, the forced air cooling may cause the air right next to the windings to be
slightly pressurized and to have a higher breakdown strength. Yet, air at atmospheric pressure
and room temperature was considered to be the gas medium in the investigation presented in
this section. The breakdown strength of air can be calculated as follows (Kuffel et al., 2000)

U E 6.72 kV
ZBD _ZBD _ 2% 10436 (4.5)
pd p Vpd cm bar

With p = 1 bar and d = 1 mm, Eq. (4.5) produces 3.108 kV/mm. This value was used in the
analysis. The breakdown strengths of nitrogen and hydrocarbon gases were also discussed.

4.3.1 Description of the FEM model

The FEM model and material parameters are illustrated in Fig. 4.11. The model is essentially
similar to the model in the previous section, which was presented in Fig. 3.9. The stator stack
acts as a ground electrode with an imposed potential of 0 V. The lower edge of the mainwall
region acts as a high-voltage electrode (labeled "Copper” in Fig. 4.11) having a potential
of 4 kV. This corresponds to the line-to-line voltage of 6.928 kV. The choice of voltage was
affected by the PD measurements described in the previous section, which were performed
with the 4 kV voltage. The mesh is constructed by triangular elements, the sizes of which
are carefully determined. The mesh is very dense (distance between nodes 2 um) around
the end of conductive layer region and relatively sparse elsewhere. The path along which
the electrical field strength is recorded is placed at 1 um above the surface of the mainwall
insulation to ensure that the field strength is in the air (or termination) region and not in the
mainwall insulation.

The end plate is considered as a highly corrosion-resistant stainless steel. The conductive
layer is a material that contains both conducting and insulating regions. Practically, it is
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made of some insulating base (e.g. polyester) on which conductive particles (e.g. carbon
black) are attached. Therefore, the material has to be given both resistivity and relative per-
mittivity. It was found that the parameters of the end plate and the conductive layer have no
influence on the field strength along the calculation path in Fig. 4.11 as long as they refer to
conductive materials. The mainwall insulation was modeled with loss tangent and resistivity.
The termination region was set to air (relative permittivity, € = 1) in the reference model,
Fig. 4.11. Relative permittivity refers to the real part of complex permittivity, as explained in
Chapter 2.

A Calculation path Parameters
Width of the model: 100 mm
Height of the model: 50 mm
Air MAINWALL INSULATION
. Thickness: 2 mm
Conductive layer Relative permittivity: 5
. . . Resistivity: 3 GQm
End plate Mainwall insulation Loss tangent: 0.006
Copper CONDUCTIVE LAYER
PD Thickness: 0.25 mm
Stack Relative permittivity: 2.7
Resistivity: 250 Qm
END PLATE
3 NI o0 5 Relative permittivity: 1
Conductive la Termination region Resistivity: 1.03 pQm
Mainwall insulation Voltage (RMS): 4kv
Copper -7 Inactive region Frequency: 50 Hz

Fig. 4.11. FEM model and calculation path to record the field strength.

The study has been carried out keeping early design methods and future trends in mind. The
machine windings constructed in the first half of the 20™ century experienced less partial dis-
charges than the machines with a modern mainwall insulation. This was due to the geometries
and materials used. For comparison, the study was performed also for two old winding con-
structions. The mainwall insulation consisted of mica tape and asphalt varnish with a relative
permittivity € = 3. The thickness of the mainwall insulation used was 3.2 mm, which accord-
ing to Miner (1941), refers to the recommended thickness for line-to-line voltage level of 6.6
kV. The thickness was used in the model with a 4 kV phase voltage corresponding to the ref-
erence case. In the future, the thickness of the mainwall insulation of high-voltage machines
is expected to reduce even further. This is made possible by mica tapes of better quality and
smaller thickness and by more thorough impregnation, which is linked to the development of
impregnating resins. The future machine is considered to have a 1 mm thick mainwall insu-
lation with a relative permittivity € = 5. The permittivity of a future insulation is not likely
to change significantly, because the materials will most probably not change. The industry
does not have a replacement for mica as a PD resistant material.

4.3.2 Geometries

The reference model, illustrated in Fig. 4.11, has no stress grading. Actually, it is not a
very good reference, since this kind of a solution is virtually never used in high-voltage
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applications. In this case, however, it is considered the worst-case solution; in other words, it
is not likely, no matter the methods used, to get the field behavior worse than that. The stress
grading methods considered in the study are illustrated in Fig. 4.12.

Capacitive stress grading with a termination layer is illustrated in Fig. 4.12a. Termination
with a high-permittivity material is a very simple solution. It requires only a layer of material
applied on the termination spot. The termination with a high-permittivity material produces
an interface of materials with permittivities €] and €, causing refraction in the electric flux:

tana; Er €

= 4.6
tanay, E; e (4.6)
Conductive Air
Mainwall insulation I s Th . Mainwall
Conductive layer /’4, > s insulation
- Foils
a) b) I

Termination
(&=1,&=95)

Air

Mainwall insulation

Mainwall insulation

Conductive layer Conductive layer

L coper | [ Copper 0|
c) d)

Air o Air SiC layer i i
Resistive layer (p) (p as a function of distance)

Mainwall insulation

Mainwall insulation

Conductive layer

L Coper | [ Coppr |
e) f)

Conductive layer

Fig. 4.12. Stress grading methods considered.
a) Capacitive stress grading with a termination layer of different relative permittivity
b) Capacitive stress grading with conductive foils
¢) Capacitive stress grading with a stress cone
d) Capacitive stress grading by modifying the end of the conductive layer
e) Resistive stress grading with a material of different resistivity
f) Resistive stress grading with a material of nonlinearly changing resistivity
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where a1 and a; are the angles of the flux with respect to the normal of the interface and
E, and E; the electrical field strengths in the materials, respectively. Equation (4.6) is also
present in the reference model with no stress grading. In such a model, the ratio of permit-
tivities is 1/5, resulting in a field strength of five times as high in the air as in the mainwall
insulation at the interface. The ratio is higher, if the permittivity of the mainwall insulation is
increased.

Basically, the capacitive stress grading with termination works well, if the ratio of permittivi-
ties is high, that is, the permittivity of the stress grading layer is high as the permittivity of the
mainwall insulation cannot be altered. For the requirements of the cable industry, there are
materials capable of providing a very high permittivity (Nelson and Hervig, 1984). High rela-
tive permittivity materials can be made by doping some base polymer with high-permittivity
particles, such as carbon black or ferroelectric oxides. An example of the latter group is
barium titanate (BaTiO3), for which € = 1000.

Nelson and Hervig (1984) used carbon black and EPDM (ethylene propylene diene monomer)
rubber, and they reported that it is theoretically possible to achieve high permittivity val-
ues, but accordingly the tensile strength and breakdown strength of the material are reduced.
They constructed a material with € = 25 — 35, which were adequate for cable industry use.
Nikolajevic et al. (1998) studied a similar high-permittivity material with & = 40.4. High-
permittivity materials are, however, not mechanically strong, and their shape, namely the
thickness, is not desirable from an electrical machine point of view. The high-permittivity
materials available for cable termination are used in the model together with some fictitious
materials, even though they cannot be considered to be used in practical applications. The
mainwall insulation itself is considered a suitable termination material in applications includ-
ing harsh operating environments.

Capacitive stress grading with conductive foils inside the mainwall insulation can be seen in
Fig. 4.12b. The placement of foils is varied and the effect of termination with the mainwall
insulation investigated. Also the effect of the number of foils is investigated in the range from
no foils to seven foils, where the model containing no foils is the reference model. The foils
in each model divide the mainwall insulation into sections of equal thickness. The models
for different numbers of foils do not consider the placement of foils.

The key in controlling the maximum values of field strength is to control the shapes of the
electrodes. As a rule of a thumb one might advise to avoid sharp edges. The model in
Fig. 4.11 seems to break this rule as the conductive layer ends with two sharp 90-degree
angles. In the cable industry, there are various possible ways to modify the geometries of
conductors. Some considerations were presented by Martensson (2003) and previously by
Short (1949). The cable terminations can take much space, whereas there is virtually no
room for terminations in the electrical machine windings. The stress cone (Fig. 4.12c¢) and
a rounded end of the conductive layer (Fig. 4.12d) are considered the only possible ways
to implement the stress grading with geometrical modifications. In the case of the cone, the
angle and height are both varied and the limitations of space were easily observed.

The resistive method contains a layer of material with either high resistivity or such resistivity
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that depends on the field strength. Considering the case of a simple stress grading layer, which
covers the end section of the conductive layer (such as in Figs. 4.12a, 4.12e, and 4.12f), the
surface current density in the stress grading layer can be written as:

J = (0 +we€e”)E + jwee ) E 4.7)

where o, is the conductivity, w the angular frequency with € and €” referring to real and
imaginary parts of the relative permittivity. The real part of J refers to the resistive and
the imaginary part to the capacitive stress grading. In the frequency range used in electrical
machines, the magnitude of the real part of relative permittivity, €, is notably, say 50 —
100 times, larger than the imaginary part, €”’. Hence, the real part of J is dominant, if the
conductivity is higher than the product wepe’. Thus, we may write that the stress grading
applies the resistive method, if

1
WENE;

<

(4.8)

where p is the resistivity and ¢ the relative permittivity, or dielectric constant, of the stress
grading material. With the parameters used in the model (listed in Fig. 4.11), the critical
value of resistivity is approximately 70 MQm.

The resistive stress grading method is illustrated in Fig. 4.12e. In this model, only the bulk
resistivity of the material is discussed. The resistivity values used in the calculation basically
cover the whole range from conductors to insulators. The field strength is recorded at the
ends of both the conductive and stress grading layer.

The model in Fig. 4.12f considers the nonlinear stress grading materials. The model imitates
the behavior of silicon carbide stress grading. However, the implementation of a material, the
resistivity of which depends on a quantity calculated in the model (electrical field strength
in this case) is not easy. Instead, the material was modeled with multiple fragments, each of
which having individual resistivity. The resistivity of the stress grading material as a whole
is thus discrete and dependent upon the distance from the end of the conductive layer. The
resistivity of the stress grading is illustrated later with the electrical field strength behavior in
Fig. 4.22. The color gradient in Fig. 4.12f illustrates the changing resistivity.

4.3.3 Definition of the field strength

The correct value of the field strength is difficult to determine. It approaches infinity, if we
approach the edge of an electrode. In the vicinity of a sharp edge, the field and surface charge
density become singular, if the distance from the edge x — 0. If we consider a finite charge
density and a finite field at the finite distance from the edge, the field strength becomes very
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large when we let the distance x — O (Johnson, 1998). This is emphasized with numerical
methods as the computational errors accumulate in sharp edges.

On the other hand, the end of the conductive layer contains sharp edges, which is not the
case in the actual electrical machine windings. The conductive layer is formed by conductive
particles inside insulating material, such as Nomex® or PET film. Such a material is virtually
impossible to implement in the FEM model without consuming most of the computer memory
available. Sharp edges cause electric field to behave in a more aggressive way, and higher
values of field strength are expected to appear in the FEM model than in reality, which was
pointed out in the previous section.

Nevertheless, the determination of a reasonable field strength value is problematic. This has
also been emphasized by Makuc et al. (2005). The approach for a reasonable field strength
value has been taken by comparing the geometry that contains sharp edges with the one that
contains rounded edges. The field strength along different paths starting from the edge with
a sharp corner and rounded corners is illustrated in Fig. 4.13.

55 T T T T T T T T
Path 1: Normal of the corner r=0(path 1)
50 ¢ Path 2: Along the conductor [ — ; =001
-y =0.015
5 —_— r =0.02
r =0.03
E 35k N r =0.05
£ r =0 (path 2)
>
= 30
=
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Fig. 4.13. Field strength along paths starting at the edge. Path I goes along the normal of the corner
and path 2 travels along the copper conductor.

It is evident in Fig. 4.13 that the model is erroneous near the sharp edge. Furthermore, the
model with a 0.01 mm radius rounded corner is slightly irregularly shaped near the edge.
The errors are due to calculation routines, which contain some erroneous factors. The error
is then accumulated on the sharp edge, which results in the discontinuous values seen in Fig.
4.13. The discontinuation spots refer to the nodes in the model and intersection of elements.
The size of the first element along Path 2 in Fig. 4.13 is 2 um and the element size is then
gradually increased. The first three nodes located at approximately 2, 4, and 6 um can be
seen as discontinuation spots in Fig. 4.13. From the last node forward, the field behavior
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appears to be smoother. Therefore, the computational errors are expected in the first three
elements.

According to the partial discharge measurements presented in Section 4.2 the critical field
strength values are located at 40 — 120 wm away from the edge. Thus, the field strength
was recorded at 40 um away from the conductor edge. This value is much higher than the
problematic distances seen in Fig. 4.13, whereupon errors caused by computational routines
are not expected to have any effect. Nevertheless, the study is made in a comparative manner
paying less attention to the absolute values.

4.3.4 Results

The results are presented with per unit values. The base value has been the field strength
of the reference model, which is 12.37 kV/mm obtained with a 4 kV (RMS) voltage. This
is almost four times the breakdown strength of air. Hence, the need for stress grading in a
typical air-cooled machine is imminent. The reference model was calculated with variable
voltages, but other models have been investigated with 4 kV (RMS) only.

No stress grading

The field strength with different line-to-line voltages is illustrated in Fig. 4.14. It can be seen
in the figure that the old mica-asphalt insulation is not as prone to partial discharges as the
modern insulation. The field strength at the given spot is 31% less than that with the modern
insulation. By contrast, the future insulation is facing 44% higher local field strengths than the
modern insulation. Therefore, the future trend of reducing the thickness of insulation requires
additional evaluation on the partial discharge activity in the windings. Yet, the reduction of
the thickness improves the heat transfer and allows to use larger conductors, because less
space is occupied by the insulation. These both are significant improvements.

According to Fig. 4.14, the machine with 2 kV line-to-line voltage may face partial dis-
charges. However, such a voltage level is generally considered as safe” in this respect. But
it is worth mentioning that the machines of such voltage levels may well experience partial
discharges, if the insulation thickness is reduced. The Fig. 4.14 only represents the linear
behavior of the field with respect to the voltage, and it does not take the insulation thickness
into account. It is, therefore, not very realistic with respect to motors working with a higher
voltage.

Capacitive stress grading with termination layer

The field strength as a function of permittivity of the termination layer is illustrated in Fig.
4.15. Permittivity value 1 refers to air, 3.1 to epoxy resin, and 5 to the mainwall insulation,
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Fig. 4.14. Electrical field strength with different line-to-line voltages.
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Fig. 4.15. Field strength as a function of permittivity of the termination layer. Permittivity of 1 refers to
air, i.e. to the model with no termination.
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respectively. Materials with a relative permittivity of more than 5 are considered here ficti-
tious. Some of them (e.g. € =20 and ¢ = 40) are available for cable industry and electricity
distribution purposes, but their use in electrical machine windings is not considered possible.
The materials cannot be processed into thin and strong tape-like forms, which is required for
electrical machine windings. The upper limit (& = 1000) of values matches that of barium
titanate (BaTiO3) ceramic, which is used in memory circuits in electronics.

It can be seen in Fig. 4.15 that the field strength curve crosses the breakdown strength of air
at approximately & = 25. The claim by Rivenc and Lebey (1999) that the termination layer
with a permittivity of 10 or less is not capable of adequate improvement in stress grading,
is justified. Roberts (1995), advised the permittivity to be 30 or higher, which also seems
reasonable. On a general level, from Fig. 4.15 it can be concluded that the stress grading
with a termination layer is not applicable in the electrical machine windings, especially if
harsh environments are present. The only materials that may be considered for termination
are mainwall insulation (& = 5) and glass fiber impregnated with epoxy resin (g = 3.1). With
a termination layer made of mainwall insulation, the field strength is reduced by more than
40%, but it is still above the breakdown strength of air.

Capacitive stress grading with a stress cone

The illustration of the behavior of a stress cone is presented in Fig. 4.16. The heights and
angles are chosen so that they are possible to construct; obviously, this depends essentially
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Fig. 4.16. Electrical field strength as a function of angle of the cone for various cone heights both with
and without a termination layer.
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on the electrical machine size and design. It is assumed that the space between the adjacent
coils is 20 mm, half of which can be occupied by a single coil. Such a value may be too
optimistic, but sometimes it may be desirable that the fundamental machine design takes
special requirements into account.

It can be seen in Fig. 4.16 that the stress grading performance of the cone is better when its
height is increased. This is rather obvious, because adding the height of the cone increases
the insulation thickness. In addition, increasing the angle has a similar effect, because the end
of the conductive layer is closer to the end plate and further away from the coil. Thus, the
electric flux lines bend more smoothly. It can also be seen in Fig. 4.16 that adding a termina-
tion layer made of mainwall insulation on top of the cone provides additional stress grading
performance, but its effect is not as significant as without the cone, Fig. 4.15. The stress
cone, especially if reinforced with a termination layer, can provide efficient stress grading
capability. However, such a method is not easy to implement in electrical machines.

Capacitive stress grading with a rounded conductive layer end

By installing a ring at the end of the conductive layer, notable reduction in the field strength
can be achieved, as can be seen in Fig. 4.17. With the termination and 0.5 mm radius, the field
strength can be reduced by over 70%, but it is still slightly above the breakdown strength of
air. Such a method has not been used in practice and it may not even be feasible. Modifying
the geometry is not a potential way to reduce the field strength in electrical machines. The
space requirements are too strict for such methods.
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Fig. 4.17. Electrical field strength as a function of rounded end radius with and without termination.
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Capacitive stress grading with conductive foils inside the mainwall insulation

The effect of the number of foils inside the mainwall insulation is illustrated in Fig. 4.18 and
the effect of foil placement in Fig. 4.19. It can be seen in Fig. 4.18 that the foils can reduce
the field strength by approximately 20%, if their number is three or more. Even though stated
long time ago, the instruction by Laffoon and Calvert (1935) that the maximum number of
foils is three, seems reasonable also from the performance point of view. According to Fig.
4.18, the field strength decreases by approximately 40%, if the termination with the mainwall
insulation is used.

12 ! g : , : !
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—@— With termination

A Old insulation for 6.6 kV [
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Number of foils

Fig. 4.18. Electrical field strength as a function of number of foils with and without termination.

The performance of this stress grading method depends on the positions of the foils, as can
be seen in Fig. 4.19. The foils should be positioned close to the surface and also close to
each other. The best performance is reached with foils so close to each other and to the
surface that the construction is impossible to build. On the other hand, if the foils are placed
more favorably from the manufacturing point of view, the field strength is actually increased.
Therefore, the practical limitations in the use of foils are imminent, which was also mentioned
by Roberts (1995). The foils do not provide significant reduction in field strength. Their use
inside a modern mainwall insulation is not beneficial, because the insulation is so thin. The
foils do not bring significant improvement in the old insulation either. Yet, they may have
been considered as improvements in the early days, since there were not many alternatives
available.
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Fig. 4.19. Field strength depending on the placement of foils.

Resistive stress grading with high-resistance materials

The effect of the constant resistivity of stress grading layer on the field strength is illustrated
in Fig. 4.20. It can be seen in the figure that the field strength is below the breakdown field
strength of air, when the resistivity of the stress grading layer is between 0.015 —4 MQm. The
low resistivity of stress grading layer causes a low field strength at the end of the conductive
layer, but the field strength is very high at the end of the stress grading layer. Low resistivity
does not reduce the potential and it just transfers the problematic spot to the end of the stress
grading layer. From that point of view, it would be wise not to terminate the conductive layer
at all, but to cover the whole end-winding with it. Such an insulation system would not have
the problematic sharp edge. However, practice has shown that such an insulation system is
not reliable and that the conductive layer should be terminated somehow (Stone et al., 2004).
One of the reasons for poor reliability is the connection wires, which would also have to be
covered with a conductive layer. Furthermore, there will inevitably be a sharp corner where a
connection wire is extracted from the coil. In addition, the quality of the insulation is usually
poorer in the end-winding region than in the slot portion of the coils. This is because of
the manufacturing process, which includes bending of the coils and applying the mainwall
insulation tape over the bent sections leading to flaws in the mainwall insulation as the tape
gets tangled.

On the other hand, if the resistivity of the stress grading layer is very high, above 10 MQm,
the stress grading material begins to act like an insulation, and the stress grading method
turns into a capacitive one. Above such a value, the resistivity is no more affecting and
the performance of stress grading, which is already poor at this point, is dependent on its
permittivity. The critical value of resistivity calculated from Eq. (4.8) with parameters given
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Fig. 4.20. Electrical field strength as a function of the resistivity of the stress grading layer at the ends
of conductive and stress grading layers.

in Fig. 4.11 was 70 MQm. The knee-points of the three curves recorded at the end of the
conductive layer in Fig. 4.20 seem to lie in the vicinity of this critical value. Rivenc and
Lebey (1999) claimed that the resistivity value 10 MQm is too high and does not provide
sufficient stress grading performance. They further instructed that the proper resistivity of
the stress grading layer is approximately 0.1 MQm. Based on Fig. 4.20, their both claims
are justified. Materials to provide such resistivity exist, but their chemical resistance is poor,
because they are constructed based on polyester materials. Thus, they are not suitable for
harsh environments.

It is noteworthy in Fig. 4.20 that there is a hill in the field strength at the end of the stress
grading layer between approximately 0.025 — 0.2 MQm. This is related to the length of the
stress grading layer. All the calculations were carried out using the same model, Fig. 4.12e,
in which the length of the stress grading layer was 40 mm. The potential along the stress
grading layer is illustrated in Fig. 4.21. It can be seen that there is an overshoot in potential
before the steady value is reached. If the stress grading layer ends during the overshoot, there
is a sudden voltage gradient and an unexpectedly high electrical field. This causes the hill in
Fig. 4.20 with certain resistivity values.

The unexpectedly high field strength can be avoided by determining the length of the stress
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Fig. 4.21. Potential along the stress grading layer with different resistivities of the stress grading layer.

grading layer more carefully. In this study, the length of the stress grading layer was maxi-
mized with respect to the number of elements in the FEM model, and further, to the memory
capability of the computer. Yet, the length was chosen wrongly, because the model gave
erroneous results for the exact range of resistivity values, which are recommended for the
implementation of the method. This was an unfortunate coincidence. However, in electrical
motors it is easy to apply the stress grading layer, which is longer than 40 mm. Therefore,
the hill in Fig. 4.20 occurs as such only in the theoretical study.

Resistive stress grading with nonlinear materials

The silicon carbide stress grading is illustrated in Fig. 4.22. The model is not optimized,
which can be observed with the resistivity in Fig. 4.22. Yet, the field strength is everywhere
beneath the breakdown strength of air. Consequently, the model was not optimized any fur-
ther.

Rivenc and Lebey (1999) claimed that the performance of SiC stress grading is not dependent
upon its nonlinear behavior, but because the level of resistivity is simply desirable. Based
on the observation from Fig. 4.20 and Fig. 4.22 their claim seems justified. The highest
field values, that is, the largest changes in potential, take place when the resistivity is in
the same region than was recommended earlier for constant resistivity. However, the SiC
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Fig. 4.22. Field strength as a function of distance along the silicon carbide stress grading. The
resistivity of the material is also shown.

model implemented in this study may not be realistic. Nevertheless, adequate performance
of the stress grading can be achieved with materials of constant resistivity and the nonlinear
dependence is not necessary. Furthermore, materials providing nonlinear stress grading do
not tolerate harsh environments.

4.3.5 Summary and discussion

The summary is presented in Fig. 4.23. It is possible to decrease the field strength value
below the breakdown strength of air with three ways: resistive stress grading with a material
of constant p = 0.1 MQm, resistive stress grading with a nonlinear material (e.g. silicon
carbide), and capacitive stress grading with a very high-permittivity material, € > 25. The
last method cannot be applied to electrical machine windings.

Based on the theoretical study, resistive stress grading methods are more suitable for electrical
machines than capacitive methods. It is therefore not surprising that electrical machines apply
resistive methods, whereas cable industry may take capacitive ones into consideration. The
resistive methods provide better performance without any considerations on the fundamental
machine design. Termination with very high-permittivity materials can in theory provide
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Fig. 4.23. Comparison of different stress grading methods. Field strength values are per unit values.
The base value is the reference case, without any stress grading implemented.

equal stress grading performance, but such materials cannot be applied to electrical machine
windings.

Capacitive stress grading with geometrical modifications, for instance a stress cone and a
rounded conductive layer end, provide rather promising stress grading performance. How-
ever, they are difficult to apply to the winding, and the space between adjacent coils limits
their performance. For true utilization of such methods, more space would have to be ar-
ranged between adjacent coils. The methods themselves can basically be applied with same
materials as the insulation system, but their manufacturing is difficult. If there are two or
more coils in one slot, which means that there are coils almost right next to each other in the
slot exit region, it is virtually impossible to use any methods that notably increase the size of
the insulation.

Terminating the conductive layer with a mainwall insulation can reduce the field strength by
approximately 40%. The method can be applied with only little extra work and no addi-
tional materials. The reduction in field strength is distinctive with such a little effort. The
performance of other capacitive methods is also significantly improved with an additional
termination layer consisting of the mainwall insulation.

Different stress grading methods have been compared by measuring only a single value of
electrical field strength, located at 40 um away from the conductive layer. Based on this very
value, it is not possible to determine whether there will or will not occur partial discharges.
Partial discharge measurements presented in the previous section have, however, implied that
this distance is relevant and high field strengths within that distance do not count.
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According to Eq. (4.1), the field strength of the reference model would be lower than the
breakdown strength of nitrogen at 5.10 bar. Based on measurements on partial discharges,
this pressure was estimated to be in the region of 4 — 5 bar. Corresponding pressure for wet
methane environment is 8.64 bar according to Eq. (4.4). The pressure limit of the model with
termination with the mainwall insulation in nitrogen gas is 2.78 bar and in wet methane 4.86
bar.

Based on the measurements on breakdown strengths of gases and partial discharges presented
in the previous sections and results shown here, it seems highly beneficial to pressurize the
casing of an electrical machine. This has been proposed earlier by Terase et al. (1981), but
they considered the cooling gas to be hydrogen. The insulation system would gain more effi-
ciency and the choice of materials would be more flexible. With a 6.6 kV line-to-line voltage,
the pressure of 3 bar is sufficient to prevent the partial discharge activity, if the conductive
layer is terminated with a mainwall insulation. The thermal conductivity of the cooling air
would also increase as a function of pressure, although according to Carroll et al. (1968)
the thermal conductivity of air is increased only by 11% with the pressure increase of 100
bar. Therefore, the improvement in cooling capacity is negligible. Naturally, such a method
would require plenty of additional equipment and increase the costs. Hence, regarding typical
electrical machines, the idea was merely hypothetical.

Regrettably, taking the results and conclusions of Sections 4.1 and 4.2 into account, the va-
lidity of the whole study can be questioned. Because of the high pressure in the subsea
compressor, even the reference case in Fig. 4.23 will not face problems. However, even
though being not directly related to the subsea compressor, the study provides a method to
investigate the stress grading and other dielectric systems. It provides information for other
high-voltage motor applications for harsh environments, where commercial stress grading
materials are not recommended to be used. Furthermore, the study provides a method to
analyze the partial discharge risks in electrical motors operating at voltage levels between
traditional low-voltage (690 V) and high-voltage (6.6 kV) classes. In the future, this is of
interest for two reasons. Firstly, there is a desire to increase the operating voltage in certain
types of electrical machines, particularly in wind generators. One of the initiatives towards
this is the development of frequency converters capable of operation at higher voltages with
the same switching speed and controllability. Secondly, there is a trend to reduce the thick-
ness of the electrical machine mainwall insulation. These two future trends require a new
analysis on the insulation system.

4.4 Conclusions

The measurements for breakdown strengths of nitrogen, methane, hydrocarbon gas mixture,
and wet methane have been presented. The linear section of the Paschen curve has been
defined for the gases. It has been found that the breakdown strength of nitrogen is higher than
that of hydrocarbon gases, which all have relatively similar breakdown strength.

The measurements for partial discharges in the insulation have been performed at different
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pressures with bar and cable samples. Both samples have been modeled with finite element
methods and the model was compared with the measurements. A model was compiled for the
FEM analysis of the dielectric system. The measurements indicate that the insulation faces
a lot of partial discharges at atmospheric pressure, but the discharge activity is sensitive to
pressure and begins to decrease instantly above atmospheric pressure. The insulation system
of an electrical machine is not expected to face severe discharge activity, if the pressure is
above the region of 4 — 5 bar. The analysis with FEM indicates that the length of a single
discharge is 40 wm or more.

More extensive modeling for different methods of stress grading has also been carried out.
The resistive methods are the most effective, but they usually require materials that do not
tolerate harsh environments. The termination of the conductive layer end with a mainwall
insulation tape reduces the field strength in the critical area by 40%.

The subsea compressor operates at pressure levels significantly higher than the region of 4 — 5
bar, where the discharges disappeared in the measurements. Therefore, the subsea compres-
sor is not vulnerable to aging caused by partial discharges or surface tracking. Furthermore,
there is no need to find alternative materials or methods to implement the stress grading in
the end-winding region. The field does not need to be graded, if the pressure is above 4 bar.
This is beneficial from the viewpoint of the subsea compressor manufacturer, because there
is no method available for stress grading that tolerates the environment.
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Chapter 5

Aging of insulating materials

The chapter presents the results obtained from different tests. The test matrix was shown in
Fig. 3.2. This chapter refers to thermal, ambient, and mechanical stress factors in the figure.
The first two sections primarily focus on comparative studies of different materials. They
do not consider in detail the causes of aging. The third section aims to define the effects of
different components in the wellstream gas mixture on the aging of insulating materials. The
fourth section presents the effect of temperature on the aging. The fifth section discusses the
diffusion phenomenon as a function of time. The sixth section focuses on the rapid decom-
pression test.

The results obtained from the tests are presented in Sections 5.1 — 5.6. The discussion of the
results in these sections rests on direct conclusions and references to the studies found in the
literature. The detailed analysis on the test results and discussion on the physical phenomena
are presented in Section 5.7. This section discusses all the results and its purpose is to create
the main picture on the aging of insulating materials under hydrocarbon gas environment.
The section also discusses the validity of the test matrix used.

5.1 Screening of epoxy resins

The test was carried out to compare different epoxy resins. Based on earlier studies with
water, polyester and polyesterimide resins were not expected to be competitive (Sihvo et al.,
2008). Thus, they were omitted. The materials used in the experimental test program are
listed in Table 5.1. The test utilized wellstream gas mixture at 130 °C and 150 bar described
in Section 3.5. The duration was 750 hours.

It has to be emphasized that the test procedure differed slightly from the other tests. Here,
the samples were dried in an oven after the test. Some of the moisture they had absorbed was
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thus removed. However, it was found out that the influence of drying was not very significant,
because the hydrocarbon compounds are not removed that way. The depressurization of the
chamber took place more rapidly than in other experiments. For these reasons, weight and
volume increases during this very test have been smaller than during other experiments. The
depressurization tends to remove the liquids that the material has absorbed from the material.
This is seen as a reduction in weight, because the liquids are removed, but also as a reduction
in volume, because the swelling effect is reversed. This is discussed in Section 5.7. For the
analysis of the test environment (Section 5.3) and for screening of the mainwall insulation
(Chapter 5.2) the test was repeated. However, the comparison of different materials is still
valid, as they were all present in the very same exposure. The reader is advised not to compare
the results presented in this chapter with the results of the following chapters.

Table 5.1. Materials used in the impregnating resin screening test. Curing times are approximations.
They were not recorded. The first curing step with anhydride resins was final when the resin had
turned into solid. This time was dependent on the amount of accelerator used. The unit pbw refers to
parts by weight, not percentage. The resin mixtures based on bisphenol A included 100 pbw of epoxy
component and 90 pbw of curing agent. The accelerator was portioned out accordingly.

. - Amount of Curing time and
Material Description
accelerator [pbw] temperature
A | Epoxy novolac resin | single component | 12hat 165 °C
B ‘ Bisphenol F epoxy resin ‘ single component ‘ 12hat 165 °C
C Bisphenol A epoxy resin + 0.2 12hat90 °C +
BCl3 + amine ' 16 h at 140 °C
D2 Bisphenol A epoxy resin + 02 12hat90 °C +
BCl3 ’ 16 hat 140 °C
” I11hat90°C+
D4 04 16 hat 140 °C
» 10hat90°C +
Do 06 16 h at 140 °C
» 9hat90 °C +
b8 08 16 hat 140 °C
E B1sph§n01 A epoxy resin 12.1 12 h at 150 °C
+ zinc naphthenate

5.1.1 Results

Relative weight and volume increases are illustrated in Fig. 5.1 for all materials investigated.
The E-moduli before and after the exposure for each resin are illustrated in Fig. 5.2 and the
relative changes in the tensile strength and the E-modulus are shown in Fig. 5.3.
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Significantly higher increases in volume than in weight with materials B and E suggest that
a large amount of molecules from the wellstream gas environment have penetrated into the
specimens. When the test is stopped, the gas inside the specimens partly liquefies as the
temperature is reduced from 130 °C to room temperature. This is seen as a weight increase.

It can be seen in Fig. 5.2 that materials D2, D4, D6, and D8 all have virtually identical E-
modulus before and after the test. The amount of accelerator has no effect on it. However,
it has some effect on the tensile strength as can be observed in Fig. 5.3. The amount of
accelerator recommended by the manufacturer for material D is 0.4 pbw. The manufacturer
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Fig. 5.1. Weight and volume increases during the exposure.
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Fig. 5.2. E-Modulus before and after the test.
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also instructed that in a harsh environment the amount should be increased in order to gain
better chemical resistance. The study shows that this instruction cannot be fully justified for
the wellstream gas environment applied in the experimental program. By contrast, the tensile
strength is best retained, if the amount of accelerator is reduced to 0.2 pbw.

The relevance of the tensile strength values can be argued. The epoxy resin samples were all
very brittle, especially material A. They broke down well below the ultimate tensile strength,
which is the highest strength possible to achieve (see Fig. 3.14). The premature breaking
point gives false information on strength, strain, and toughness. Breakdown has been due
to small cracks near the stressed section and it does not correlate with the true mechanical
properties of the material. Even with large sets of samples (up to 30) no single sample could
have the tensile strength seen in Fig. 3.14. They all broke down too early. It is therefore not
very informative to look at these quantities. Thus, with brittle materials, namely resins, the
focus is to be turned to the E-modulus, as it is not affected by premature breakdown. The
samples consisting of the whole mainwall insulation, on the other hand, did not generally
experience premature breakdown, and their strength, strain, and toughness were valid.

It can be seen in Fig. 5.2 that material E (zinc naphthenate) had the highest E-modulus for
non-aged specimens, but during the exposure it reduced more compared with the materials A
— D. The material had become softer, but its tensile strength did not decrease. This conflict
is due to the brittleness of the materials. The stress versus strain curve of the aged sample
extended closer to the ultimate tensile strength before the sample broke down.

Correspondingly, bisphenol F epoxy resin (material B) is not capable to hold its properties
very well. Bisphenol F resin after the exposure is illustrated in Fig. 5.4. It has obviously
formed some kind of a crystal structure. Moreover, the samples of material B included large
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blisters indicating that gas had penetrated into the resin. No such blisters were found in other
materials.

Before After

Fig. 5.4. Material B before and after the exposure. Crystals are visible in the aged sample.
Furthermore, the aged sample included blisters, but they are not visible in the figure.

Glass transition temperatures of samples before and after the exposure are illustrated in Fig.
5.5. The glass transition temperature of material E was not measured. It is noteworthy in
Fig. 5.5 that the glass transition temperature drops under the temperature of the aging test
conditions for every material except D4. However, no significant improvement in the perfor-
mance of material D4 compared with the others can be observed in Figs. 5.2 and 5.3. The
glass transition temperature does not correlate with the E-modulus after chemical aging in the
wellstream gas. It is also observed in Fig. 5.5 that material B has a glass transition tempera-
ture of 40% less compared with the other materials investigated. Furthermore, material B was
the only material that had visible voids inside the epoxy after aging (Fig. 5.4). Based on this
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Fig. 5.5. Glass transition temperatures before and after the exposure. Material E is not included.
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Fig. 5.6. Infrared spectra of materials A, B, and C before and after the exposure.

observation, it is indicated that the high-pressure wellstream gas is able to penetrate into the
material to a larger extent as the material is exposed above its glass transition temperature.

Infrared spectra of materials A, B and C are illustrated in Fig. 5.6 and of materials D2, D4,
D6, D8 and E in Fig. 5.7. A significant difference in the IR spectra can be observed in the
region between 3700 and 3000 cm™'. This is due to water inside the materials and has been
reported by many researchers (Wu and Siesler, 2003; Ferndndez-Garcia and Chiang, 2002;
Liu et al., 2002; Musto et al., 2000).

The resin A does not suffer from changes in its chemical structure, as can be observed in Fig.
5.6. However, the change caused by water is larger in that material than with other materials,
but such differences do not reflect chemical changes, because the water is only occupying
the free volume. It can be observed in Fig. 5.6 that the peak of material C at 1801 cm™! is
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Fig. 5.7. Infrared spectra of materials D2, D4, D6, DS, and E before and after the exposure.

reduced during the exposure. Furthermore, material C experiences some changes within the
range of 960 — 840 cm™!. Both changes are of similar magnitude and refer to bonds that have
disappeared or weakened during the exposure. The causes for anomalies are related to the
basic functional groups (anhydride and epoxide) of the materials. Nevertheless, they are not
discussed here any further, but the discussion is presented in Section 5.7. The same changes
can also be observed with materials D2, D4, D6, and D8 in Fig. 5.7. This is not a surprise,
since both resins are basically the same; they only have different accelerators.

However, it is interesting in Fig. 5.7 that the changes are of smallest magnitude with material
D8, that is, with the material containing the largest amount of accelerator. Therefore, the
results point to the suggestion given by the resin manufacturer that an increased amount of
accelerator improves the chemical resistance. The material is more resistant to chemical
changes that degrade it, but this was not supported by the mechanical properties, Figs. 5.3
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and 5.2. It has to be emphasized that the changes observed are very small.

5.1.2 Summary and general discussion

Based on the experiment it is concluded that the epoxy novolac resin can hold its properties
quite well. The wellstream gas obviously has some influence on it, but it is not critical.
Similar performance can be achieved also with bisphenol A resin. By contrast, the study
indicates that bisphenol F epoxy resin cannot tolerate the environment. Raw natural gas
causes crystal structure to form and the mechanical properties are reduced significantly. One
of the reasons for severe reduction in mechanical properties is that the material was exposed to
a temperature higher than its glass transition temperature T,. As such, this is not dangerous,
because the thermal rating of material B, similarly as of all other materials, was well above its
T,. However, above T, the wellstream gas is able to penetrate into the material more easily,
because the material is flexible allowing the gas to reorganize its molecular structure.

The performance of bisphenol A epoxy resin is highly affected by its accelerator. Bisphenol
A resin with zinc naphthenate accelerator is not able to hold its properties and it absorbs more
gas mixture than other materials. The material also gets mechanically soft. The softening can
be seen with other materials also, but not so significantly. Therefore, it is not considered as a
competitive solution for a wellstream gas environment.

A resin with boron trichloride (BCl3) accelerator is able to have chemical resistance fairly
equal to that of epoxy novolac resins. The amount of BCl3 accelerator was not seen to affect
the E-modulus, but the infrared spectra indicated that the changes in the chemical structure
reduced when the amount of BCl3 accelerator was increased. However, the changes caused
by the amount of BCl3 accelerator were minor.

The test indicated a significant difference between the behavior of epoxy novolac resin and
Bisphenol A epoxy resin, but the significance is related to the natural properties of the ma-
terials. Epoxy novolac resin is hard and brittle; it had a high E-modulus, but the material
broke down well below its ultimate tensile strength. During the exposure to wellstream gas
it absorbed only little gas and maintained its mechanical properties well. Bisphenol A epoxy
resin, on the other hand, was of more flexible nature. During exposure to wellstream gas it
expanded and gained more weight than the epoxy novolac resin.

Hence, the resins have notably different properties, but it is still difficult to say which performs
better in the electrical machine. Therefore, both resins (materials A and C) are used in the
more detailed investigations presented in the forthcoming sections.

The importance of experimental testing for environments such as the wellstream gas is im-
minent. Several large vendors of high-voltage electrical machine windings suggested to use
material E in the insulation system. Obviously, they were wrong, but they all did emphasize
that an extensive experimental test program was required to be sure of the suitability of the
material.
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5.2 Screening of mica tapes

The test was carried out to compare different mica tape structures on which the mainwall
insulation is based. The tape structures used in the experimental test program are listed in
Table 5.2. The tapes K, N, G1, and G2 are impregnated with bisphenol A epoxy resin using
the VPI method. The impregnating resin was labeled C in the previous section, and it was also
included as such, labeled as resin” in the test scheme. Material Z had the same tape structure
as material G2 with the exception that the zinc naphthenate accelerator was included in the
tape. The tape was impregnated with Bisphenol A epoxy resin without any accelerator. The
insulation corresponds to a mica tape construction G2 impregnated with resin E described
in Section 5.1. Tapes G2E and G2P have been manufactured by the insulation vendor. The
tapes contain similar glass fabric as material G2, but the tape has been applied with a taping
machine, not by hand. Material G2E was impregnated with resin C and material G2P with
a polyesterimide resin. Material G2P is the most common insulation solution for a 6.6 kV
electrical machine available today.

The test used artificial wellstream gas mixture at 130 °C and 150 bar. The duration was
750 hours. Unlike in the experiment presented in the previous section, the specimens were
not dried after the exposures, and the depressurization was carried out at a slower rate leaving
more gas trapped inside the materials. Therefore, the weight and volume of resin C are almost
twice as high as the ones shown in Fig. 5.1. The resin for both experiments was manufactured
in the exact same way. The difference emphasizes the role of the depressurization process
after each test.

Table 5.2. Tape structures used in the test.

Label | Backingmaterial | ~ VPI/RR | Impregnating resin
K ‘ Kapton® polyimide ‘ VPI ‘ Epoxy anhydride
® .
N Nomex™ aramid VPI Epoxy anhydride
paper
Gl | Glass fabric | VPI | Epoxy anhydride
G2 ‘ Glass fabric ‘ VPI ‘ Epoxy anhydride
P ‘ PET film ‘ RR ‘ Epoxy novolac
RR1 ‘ Glass fabric ‘ RR ‘ Epoxy novolac
RR2 | Glass fabric | RR | Epoxy novolac
7 Glass fabric VPI Epoxy anhydride with
zinc naphthenate
G2E Glass fabric VPI Epoxy anhydride

| | |
G2P ‘ Glass fabric ‘ VPI ‘ Polyesterimide
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Mainwall insulation samples from two different impregnation processes were tested: 1) fully
impregnated and transparent samples and 2) samples not completely saturated with the resin.
The purpose of this comparison is to emphasize the importance of the proper manufacturing
procedure on the performance of the mainwall insulation. The level of cure was not mea-
sured. The determination of full and imperfect impregnation was carried out based on simple
observations. It was seen during the cutting process of the test samples that the impregna-
tion number 2 had not been good. Furthermore, the samples were not fully transparent, as
they were with the impregnation 1. The fully saturated samples are transparent, because the
resin, glass, and mica are all transparent and there is no air inside the insulation to diffract
the light. The diffraction of light is determined by the speed of light in the medium (Young
and Freedman, 2000), which in turn is proportional to the square root of the permittivity of
the medium. The permittivities of the insulating materials are similar, but the permittivity of
air is significantly lower, which causes the diffraction of light in the voids. The impregnation
number 1 refers to a succesful impregnation process, even though it (and any industrial VPI
process) is not absolutely perfect.

In the previous chapter it was pointed out that the mechanical parameters except E-modulus
are not reliable because of the premature breaking points of brittle resins. With mica tapes,
this statement is not valid, because the composite structure is not that brittle.

5.2.1 Fully impregnated mainwall insulation

Weight and volume increments during the test are shown in Fig. 5.8. Tensile strength re-
tained during the test is illustrated in Fig. 5.9 and E-modulus and toughness in Fig. 5.10,
respectively. In Fig. 5.11 the stress versus strain curves are shown. Materials G2E and
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Fig. 5.8. Weight and volume increase of different mica tape samples.
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G2P are not included in Fig. 5.11. They cannot be compared with other tapes, because they

are manufactured with a different process and possess a higher quality than the hand-made
samples.
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Fig. 5.9. Tensile strength remaining after the exposure to wellstream gas mixture.
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Fig. 5.10. E-modulus and toughness remaining after the exposure to wellstream gas mixture.

It is clear, based on Fig. 5.8, that RR tapes do not expand as much as VPI tapes and the resin,
and furthermore, their weights do not increase as much. It is also evident that the insulation
with zinc naphthenate (Z) has expanded over three times as much as the others. Furthermore,
it has lost its strength and modulus almost completely, which can be seen in Figs. 5.9, 5.10,
and 5.11. The insulation has absorbed a lot of liquids and become soft, and it clearly does not
withstand the environment. It is also evident in Fig. 5.8 that the volume increase of material
G2P has been notably higher than those of other VPI tapes.
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Fig. 5.11. Stress versus strain curves for mica tape samples.

The reference values for tensile strengths of mica tapes can be observed in Fig. 5.11. They
differ slightly from the ones reported in (Emery and Smith, 2001) and (Emery and Williams,
2007), but they can be arranged in a similar order: tape with modified glass fabric (G1) is the
strongest, Kapton® backing (K) comes next, and traditional woven glass-fabric-backed tape
(G2) has the lowest tensile strength. Furthermore, Emery and Smith (2001) reported that the
tape with zinc naphthenate is stronger than the Kapton®-backed tape. However, Emery and
Smith (2001) and Emery and Williams (2007) used somewhat different manufacturing and
testing methods and did not reveal their impregnating resins. Furthermore, they did not apply
any aging to the samples and discussed only the reference samples.

The mechanical properties, namely tensile strength, of the reference samples depend some-
what on the tape structure, but as it can be observed in Fig. 5.11, the tensile strength after the
test is virtually the same with materials K, N, G1, G2, and RR1. Excluding the last material,
all the tapes have been impregnated with the “resin” in a VPI process. Material Z contains
similar glass fabric as material G2. The only difference of these two materials is the accelera-
tor of the resin. As pointed out in the previous section, the resin containing zinc naphthenate
does not withstand the environment. Its failure in the wellstream gas has been the reason for
the failure of material Z in this experiment. Therefore, it can be stated that the strength after
the exposure to wellstream gas environment is mainly provided by the resin and it is almost
independent of the tape construction.
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Based on the mechanical parameters and increases in weight and volume seen in Figs. 5.8
to 5.10, the RR tapes tolerate the environment better than the VPI tapes. They do not ab-
sorb as much gas and, presumably thus, retain their mechanical properties better. However,
their mechanical properties have been initially lower. After the test, they have rather similar
mechanical behavior as the VPI tapes, as can be seen in Fig. 5.11.

Resin rich tapes contain epoxy novolac resin, the resistance of which to wellstream gas mix-
ture was discussed in the previous section. It was found that the epoxy novolac resin gained
less weight and expanded less than the epoxy anhydride resin. Nevertheless, the difference
in mechanical properties was marginal. The results presented in the previous section (Figs.
5.1 and 5.3) are therefore convergent with Figs. 5.8 to 5.10, although the epoxy novolac resin
inside the RR tapes is not the very same as the material A in Section 5.1. Despite seemingly
better performance of the RR tapes, it is not fully justified to favor them over the VPI tapes.
All of the VPI tapes, except the one with zinc naphthenate (Z), were still in fair condition
after the exposure. The changes in their parameters had not been critical.

The performance of material G2P has been slightly worse than that of the materials impreg-
nated with epoxy resin, except material Z. According to Fig. 5.9, the tensile strength has
decreased to half during the test, but accordingly, it has diminished also with materials K,
Gl1, and RR2. But the E-modulus of G2P has dropped down to approximately one third,
which is roughly 10% less than that of other VPI tapes, except material Z. The hyphothesis
based on Sihvo et al. (2008) has obviously been too harsh, because the materials do tolerate
the wellstream gas. Nevertheless, similar tape impregnated with epoxy resin using a BCl3 ac-
celerator is able to tolerate the environment better. The observation encourages to use epoxy
resin over the common and cost-effective polyesterimide.

Material G2 before and after the test is illustrated in Fig. 5.12. Material P is not included in
Figs. 5.8 to 5.10, because it was damaged very badly and no measurements were carried out.
Material P was totally delaminated, which can be seen in Fig. 5.13.

It can be seen in Fig. 5.12 that the insulation has lost its transparency almost completely. It is
virtually impossible to discern the logo in the right-hand figure, whereas it is clearly visible
on the left. The lighting conditions have not been exactly the same, but the conclusion is still
undeniable. No distinctive delamination was observed with a microscope on material G2.
Transparency was weakened as a result of the diffusion of wellstream gas. The transparency
of the samples was used as a sort of a quality indicator in the VPI process. A transparent
build as seen on the left in Fig. 5.12 represents good impregnation.

The failure of material P is obvious in Fig. 5.13. The backing material has disappeared from
the insulation causing total delamination. The insulation was based on resin rich technology
and epoxy novolac resin, which means that neither the manufacturing process nor the im-
pregnating resin has been the reason for its poor performance. PET film clearly reacts with
the wellstream gas.
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Fig. 5.13. Material P after the exposure.

5.2.2 Imperfectly impregnated mainwall insulation

The effect of impregnation process quality on the weight and volume increase is illustrated
in Fig. 5.14, on the tensile strength and elongation in Fig. 5.15, and on the E-modulus and
toughness in Fig. 5.16, respectively.
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It can be seen in Fig. 5.14 that increases in both weight and volume are significantly higher
in imperfectly impregnated samples. Based on Fig. 5.15, fully cured samples generally have
a higher strength, while imperfectly impregnated samples are more flexible. The significant
decrease in the E-modulus in imperfectly impregnated samples can be observed in Fig. 5.16.

Figures 5.14, 5.15, and 5.16 indicate that the chemical aging has been more severe in the
incompletely impregnated insulation systems. Insulation system G2 was impregnated poorly
and it had lost its strength almost completely during the test. The mica tape and the VPI resin
used in material G2 are able to tolerate the environment, as shown in the previous results
(Fig. 5.9). The incomplete VPI process still seemed rather successful when evaluating the
mechanical strength of unaged samples. The inadequacy of the VPI process quality has been
emphasized in the chemical aging test.

5.2.3 Summary of the results

PET film has been identified to be sensitive to water-saturated hydrocarbon gas. It became
partly dissolved at the investigated pressure and temperature of 150 bar and 130 °C. Mica
tapes containing zinc naphthenate accelerator absorb much gas mixture, and thus, get me-
chanically soft. The insulation with zinc naphthenate is not capable of providing sufficient
strength after the exposure to the wellstream gas.

Polyesterimide resin was capable of surviving in the environment, but it was not able to hold
its properties as well as the corresponding tape impregnated with an epoxy resin. Further-
more, the volume increase in the material was high. The reasons for its poorer performance
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were not analyzed in detail.

Glass fabric, Nomex® aramid fiber, and Kapton® polyimide film can provide sufficient re-
sistance to the wellstream gas. If such materials are used in VPI mica tapes, the mechanical
properties of the insulation are dependent upon the compatibility of the resin when exposed to
a water-saturated hydrocarbon gas environment. The presented results indicate that the resin
provides the strength of the insulation after chemical aging has been performed. The tested
RR tapes contained epoxy novolac resin and retained their mechanical properties better than
the VPI tapes impregnated with epoxy anhydride resin. The mechanical properties of VPI
mica tapes in a pressurized water-saturated hydrocarbon gas environment are greatly depen-
dent upon the impregnation process. If such tapes are not fully impregnated, they easily lose
their strength.

The test procedure emphasizes the comparative nature of the examination. The properties
of the samples after the test are generally worse than what was expected. The samples were
relatively small and contained four cutting edges. It is inevitable that the samples delaminate
slightly near the edges during the cutting process. Therefore, they are able to absorb more
gas and deteriorate more regarding their mechanical properties. Aging to this extent is not
expected with full-scale machine windings, which is discussed in more detail later in Section
5.7.
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5.3 Wellstream gas content study

There are plenty of compressors similar to the one considered in this thesis, operating in
dry hydrocarbon gas. Such compressors operate as parts of the natural gas supply network
in Europe. They apply the same basic technological concept, which allows the gas to flow
through the electrical motor. Therefore, it was hypothesized that dry hydrocarbon gas (sales
gas) is not disastrous from the insulating materials’ point of view. This was also verified by
testing.

Furthermore, previous investigation (Sihvo et al., 2008) for insulating materials of a steam-
filled turbo-generator showed that water is extremely aggressive to insulating materials, al-
though the insulation systems considered were designed for low-voltage operation. It was
observed that insulating materials partly dissolve into water. The earlier study served as a
hypothesis that water as a part of a wellstream gas mixture will cause aging, even though the
amount of water in the wellstream gas mixture is very low. In addition to the two hypotheses,
the influence of hydrocarbon condensate was initially not known.

The test matrix is shown in Table 5.3. The results focus on Wellstream, Cond, HC + MW,

and Sales gas exposures. The liquid environments were used merely to give additional infor-
mation on what happens to the materials and how to detect it.

Table 5.3. Test matrix for the wellstream gas content study.

Test label Test fluids and gases Tem[[;ecr?ture Pr[ebs;rl;re T[llrlr]le
Dry HC gas +

Wellstream condensate + 130 150 750
MEG/water

Cond Dry HC gas + 130 150 750
condensate

HC + MW ‘ Dry HC gas + MEG/water ‘ 130 ‘ 150 ‘ 750

MW | Liquid MEG/water | 130 |14 | 168

MWII |  Liquid MEG/water | 130 | 69 | 168

FW gas Dry HC gas + 130 150 168
Fresh water

FW liquid | Liquid Fresh water | 130 | 150 | 168

Sales gas | Dry HC gas | 130 | 150 | 750

The problem was tackled with individual tests for the influences of the condensate and the
mixture of MEG and water, respectively. The Cond experiment used a mixture containing
dry hydrocarbon gas and hydrocarbon condensate of the exact same amounts that was used
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in the Wellstream experiment, for instance in Sections 5.1 and 5.2. Correspondingly, the HC
+ MW mixture contained the mixture of water and MEG and no hydrocarbon condensate.

The purpose of experiments in liquid environments was to cause severe degradation to insu-
lating materials and to detect which kinds of changes, particularly in the FTIR spectra, the
test conditions cause. The hydrolysis reaction includes water molecules reacting with the
insulating materials. Therefore, it causes changes in the chemical structure. The test was
carried out with atmospheric pressure prior to heating and with an absolute pressure of 6 bar
prior to heating. The actual pressures during the tests were not measured. The values in Table
5.2 are estimated pressures and obtained from the PVTSim simulation.

Correspondingly, a severe test was carried out with pressurized fresh water. The test itself
was not essentially realistic from the perspective of the subsea natural gas compressor, since
the composition of tap water does not correspond to the produced water from the well. The
produced water contains ions and aggressive components, such as salts, which are at least to
some extent also present in tap water. Nevertheless, fresh water is a good indicator on the
insulation performance, because it rapidly causes severe damage. Furthermore, the test was
to cause hydrolysis reaction, which could then be detected without the interference of MEG.
The test was carried out in the same chamber as the tests with gas mixtures, Fig. 3.12. The
chamber was half-filled with tap water. Half of the specimens were placed in the liquid phase,
that is, below the surface, and half in the gaseous phase, i.e. above the surface. The chamber
was then pressurized with dry hydrocarbon gas.

The materials used included two mica tape samples, VPI tape G2 and resin rich tape RR1 de-
scribed earlier in Table 5.2, and two impregnating resins, epoxy anhydride resin C and epoxy
novolac resin A described in Table 5.1. The resins are mentioned in the reverse alphabetical
order to provide more informative presentation; resin C is included in tape G2, and tape RR1
contains impregnating resin similar to resin A.

5.3.1 Physical dimensions

Changes of weight and volume during the exposures are illustrated in Fig. 5.17 for the main-
wall insulation and resin samples. Density changes during the exposures are illustrated in
Fig. 5.18.

It is evident in Fig. 5.17 that both the weight and volume of the G2 mainwall insulation
increase more in Wellstream and Cond exposures than in HC + MW exposure. A similar
trend can be observed with resin C. The weight and volume increases of G2 in these three
tests correlate with the weight and volume increases of resin C. This is a somewhat consistent
outcome, because G2 mica tape is impregnated with resin C. However, a similar correlation
cannot be found in either MW or MW?2 exposures. Tape G2 gains similar amount of weight
as in the wellstream exposure, but the weight increase in resin C is much less than that.

Whereas G2 tape appears to be more vulnerable to heavy hydrocarbons than water, RR1
behaves in the exact opposite manner with respect to its weight. A comparable trend, but also
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applicable to volume, can be observed with resin A in Fig. 5.17. The impregnating resin in
RR1 mica tapes is of similar chemistry, but not the very same as resin A.

The test indicates that the G2 mica tape structure is suffering from swelling during the ex-
posure. With fresh water, the G2 material expanded approximately 23%. It is shown in the
following subsection that the mechanical properties were also significantly changed during
the exposure. However, the weight of the samples did not increase considerably during fresh
water exposures. The changes in volume are therefore linked to delamination of tape layers.

It is worth noticing in Fig. 5.18 that hydrocarbon compounds cause a negative density change,
whereas the mixture of MEG and water is producing a positive density change. Materials ex-
pand more because of the diffusion of hydrocarbons, and the hydrocarbon compounds get
trapped inside the polymer matrix. They cannot depart the material during the depressuriza-
tion. The diffusion is discussed further in Section 5.7.

5.3.2 Mechanical properties

Relative changes in tensile strength, elongation at break, E-modulus, and toughness of mica
tape samples are illustrated in Fig. 5.19. The E-modulus of the resin samples is illustrated
in Fig. 5.20. The stress versus strain curves for each material and exposure are depicted in
Fig. 5.21. Absolute values of strength and elongation can be seen in the stress versus strain
curves.

Dry hydrocarbon does not cause significant changes to any of the tested materials, as can
be seen in Figs. 5.19 and 5.20. Based on Fig. 5.19, the changes in the tensile strength and
E-modulus of RR1 mica tape have also been minor in Wellstream, Cond, and HC + MW
exposures, during which the quantities of G2 mica tape have clearly reduced. Yet, after such
exposures, the tensile strength of both mica tapes was approximately 80 MPa, which can be
observed in the stress versus strain curves in Fig. 5.21. The G2 mainwall insulation was only
initially much stronger.

It can be seen in Fig. 5.21b that the stress versus strain behavior of resin C is fairly similar
in Wellstream and Cond exposures. These two curves also depart considerably from the
reference curve. On the other hand, Sales gas exposure follows the reference curve rather
closely, although the breaking point is found at a lower elongation and strength. The curve
of HC + MW exposure sets roughly in the middle of the Wellstream and reference curves.
Similar behavior can be seen with G2 mica tape in Fig. 5.21, but the HC + MW exposure has
been almost as harsh as the Wellstream exposure. These observations are convergent with
Figs. 5.19 and 5.20. It is concluded that the mechanical properties of the epoxy anhydride
resin weaken during the exposure to the wellstream gas essentially because of the heavy
hydrocarbon compounds in the gas mixture. The conclusion is supported by the weight and
volume data in Fig. 5.17.

The results on tests with water are more difficult to interpret. It is evident in Figs. 5.20 and
5.21 that resin A suffered badly in the FW liquid experiment. The environment destroyed
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the material almost completely and also changed the physical appearance, which indicated
internal crystals similar as in Fig. 5.4. The E-modulus was reduced indicating mechanical
softening.

In the exposures to liquid environments, resin C became more brittle. In Fig. 5.21 none of
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the curves extend to the ultimate tensile strength, but still it can be seen that the curves for
reference, Wellstream, Cond, and HC + MW all extend beyond the yielding point, that is,
the point at which the curve begins to bend and the behavior becomes nonlinear. However,
yielding point is not distinctly present with polymers, and it was therefore not defined. The
deviation of samples from liquid environment exposures was relatively small. It was de-
tected during measurements that the material had become more brittle. The E-modulus after
MW exposure was almost that of the reference, Fig. 5.20. With resin C this observation is
of importance, because Wellstream, Cond, and HC + MW exposures undeniably made the
material softer.

5.3.3 Dielectric properties

The real parts € and imaginary parts €’ of complex permittivity as functions of frequency
for the G2 mainwall insulation, resin C and resin A before and after Wellstream exposure
are illustrated in Fig. 5.22 and Fig. 5.23. The €’ and €” of the G2 mainwall insulation after
different aging conditions are presented in Figs. 5.24 and 5.25, respectively. The curve fits
have been derived according to Egs. (2.25) and (2.26), respectively. The €” and €” before and
after MW exposure for resin samples are illustrated in Figs. 5.26 and 5.27.

It can be seen in Fig. 5.22 that €’ of the resins has decreased during the Wellstream expo-
sure. Diffusion studies by Pethrick et al. (1996) and Hong et al. (2009a) indicate that the €’
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—_— A after
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Fig. 5.22. Real part of complex permittivity before and after exposure to wellstream gas mixture. The
conditions were 130 °C and 150 bar. The test duration was 750 h.
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Fig. 5.23. Imaginary part of complex permittivity before and after exposure to wellstream gas mixture.
The conditions were 130 °C and 150 bar. The test duration was 750 h.
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Fig. 5.24. Real part of complex permittivity of G2 mica tape before and after exposure to different
environments. The conditions were 130 °C and 150 bar. The test duration was 750 h. The curve fits are
defined to match Eq. (2.25).
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Fig. 5.25. Imaginary part of complex permittivity of G2 mica tape before and after exposure to
different environments. The conditions were 130 °C and 150 bar. The test duration was 750 h. The
curve fits are defined to match Eq. (2.26).
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Fig. 5.26. Real part of complex permittivity of the resins before and after MW exposure. The
conditions were 130 °C and 1.4 bar. The test duration was 168 h.
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Fig. 5.27. Imaginary part of complex permittivity of the resins before and after MW exposure. The
conditions were 130 °C and 1.4 bar. The test duration was 168 h.

increases as the amount of absorbed water increases. Water is a very polar molecule and its
relative permittivity is 80.4 (Young and Freedman, 2000). Also Kirner and Ieda (1991) and
Fukuda et al. (1997) reported similar behavior, but only with resins that contain fillers. They
did not observe this with bulk resins. The observations reported are not convergent with Fig.
5.22. The reason for this is the complicated nature of the wellstream gas. It contains water,
which has a high permittivity, but also heavy hydrocarbon compounds having low permittiv-
ity. The total permittivity is determined by the entire wellstream gas mixture, not only by
water.

It can be observed in Fig. 5.23 that mica tape G2 experiences a distinctive polarization
phenomenon, the peak of which occurs at approximately 2 Hz. A significant increase in €” in
the vicinity of 8 Hz can be seen after Cond exposure in Fig. 5.25. The loss peak can also be
seen in the reference sample, but it is very flat. The peak is located at approximately 6 Hz. The
polarization observed near 8 Hz with material G2 in Figs. 5.22 and 5.23 is apparently caused
by the diffusion of heavy hydrocarbon compounds. As a result of the diffusion of water this
peak has been shifted to a lower frequency, where it is seen after Wellstream exposure.

It can be seen in Fig. 5.23 that the HC + MW curve departs from the Wellstream curve
in the low frequency region. This indicates that water can cause polarization at very low
frequencies. This kind of behavior has been reported by Farahani et al. (2006), Pethrick et al.
(1996), and Hong et al. (2009a). With resin A, the liquid MEG/water causes a distinctive
polarization phenomenon at very low frequencies, which can be seen in Fig. 5.27. This can
also be observed suggestively after the Wellstream exposure in Fig. 5.23. A similar effect
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can be seen with material G2 after HC + MW exposure (Fig. 5.25), but it is not discernible
with resin C.

It can be seen by comparing Figs. 5.22 — 5.27 with Fig. 2.7 that the dielectric relaxation does
not obey the relaxation defined by Debye equations. Furthermore, no distinct relaxation is
seen with the resins in the Wellstream exposure as the responses appear almost flat in Figs.
5.22. For neither of the resins, it is possible to define the parameters € and €. The departure
from the Debye model is obviously due to the complexity of the actual insulating materi-
als, especially after the exposures. The diffusion case was approached by another method.
The Debye model is defined for an ideal dielectric, and it explains the dielectric relaxation
phenomenon for such a material. Practical measurements almost never completely follow
the Debye model, because it is extremely difficult to manufacture a perfectly homogeneous
polymer and connect it flawlessly to the measuring electrodes.

The parameters of the curve fits seen in Figs. 5.24 and 5.25 are listed in Table 5.4. The
fit was quite good with all the aging conditions. It is worth noticing in Table 5.4 that the
exponent s # 1, which indicates that the exponent s has to be taken into account. It was seen
that the conductivity o does not have a major influence on the permittivity € except with
the HC + MW exposure. With other exposures and reference material, the conductivity was
very small and its effect was discernible only at very small frequencies. The data without the
conductivity proportion, that is, the base Cole-Cole relaxation, departed from the data only
at two lowest frequency measurements. The effect of conductivity was negligible elsewhere.
The conductivity o had a slightly higher influence on the dielectric losses. Its contribution
to the results on the HC + MW exposure was significant. Basically, the difference between
Wellstream and HC + MW curves is due to the conductivity o, which has been provided
by the diffusion of produced water, the conductivity of which is approximately 10 S/m. It
is still interesting that the conductivity has not increased during the Wellstream exposure,
because the produced water was present in such an experiment also. The effect of produced
water on the conductivity of the whole insulation has been mostly canceled out by the heavy
hydrocarbons, because the amount of heavy hydrocarbons in the gas mixture is significantly
larger than the amount of water.

Table 5.4. Parameters for the curve fits in Figs. 5.24 and 5.25.

fothbel |6 | syl | oS/l | st | 0
Reference | 484 | 430 | 070 | 050 | 10 | 125 | 283 | 56
Wellstream | 486 | 394 | 065 | 055 | 10 | 120 | 79.6 | 2.0
Cond | 533 | 347 | 060 | 059 | 10 | 120 | 199 | 80
HC+MW | 515 | 414 | 068 | 048 | 33 | 315 | 796 | 20

The reference sample of the mainwall insulation consists essentially of insulation and some
voids, and its €’ and € can be defined based on the reference curves in Figs. 5.22 and 5.23.
During the exposure, the material experiences a volume increase and it also absorbs foreign



5.3 Wellstream gas content study 139

substances. Yet, everything the material contained initially is still inside the structure of the
material. Hence, it is possible to model the sample after the exposure as two capacitors Cj
and C; connected in series as

et
- Ci1+Cy

5.1)

The capacitance C is now the capacitance observed with dielectric response measurements.
Capacitor Cj is the material as occurring in its original conditions, € = €], A, and d. The
capacitor C; represents the diffused medium with € = & is the permittivity of the diffused
substance. The area A is not changed, but the distance between plates refers to the expanded
section (volume increase) only. This is represented by volume fraction ¢, which is the vol-
ume increase divided by the volume after the exposure. The capacitances C| and C; can be
expressed as

A
C1 = E()E]E = 61C0 (5.2)
A 1
Cy= — =6-C 53
2 6062d¢ 62¢ 0 (5.3)

Combining Egs. (5.1), (5.2), and (5.3) yields

E]CQEQ%CU €] EQ%C() €] 62%
C= T~ 1~ “0%ere 54

61C0+62$C0 €1 +€2$ 'TZ

On the other hand, the observed capacitance C can be expressed as

A 1
Cc=¢ =€'C 5.5
Oy d¢ 0Ty ¢ (5:5)
Combining Egs. (5.4) and (5.5) and rearranging yields

€ _ €16 (5.6)

1+¢ _¢61+€2

and further to

€(pe+e)=1+dee (5.7
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Regarding the Wellstream, Cond, and HC + MW exposures, where the permittivity has been
reduced, the e, can be solved by

der€

(P —¢ o8

€2

Permittivities of diffusing substances for the mainwall insulation in Wellstream, Cond, and
HC + MW exposures calculated based on the volume increase, the volume fraction, and Eq.
(5.8) are listed in Table 5.5.

Table 5.5. Permittivities of diffusing substances. Values of €| = 4.48 and €' are obtained at 50 Hz
[frequency. e is calculated according to Eq. (5.8).

Testlabel | AV | ¢ | € | e
Wellstream | 0.0839 | 00774 | 414 | 209

Cond | 00838 | 00773 | 403 | 175
HC+MW | 00400 | 00381 | 439 | 287

Scaife (1972) measured the permittivities for n-alkanes from n-pentane (CsH;, with all car-
bons in a single unbranched chain) to n-decane (Ci1gH»;2). He reported the relative permit-
tivity of n-pentane to be 1.841 at room temperature. The permittivity was increased along
the molecular weight of n-alkanes, and the permittivity of n-decane was reported to be 1.989.
Values of hydrocarbons lighter than pentane are difficult to determine, since the compounds
are in a gaseous phase at room temperature. The value 1.75 in Table 5.5 for Cond mixture
seems realistic with respect to the values reported by Scaife (1972). Higher €’ at Wellstream
exposure is caused by the effect of water. The €’ at HC + MW exposure may be somewhat
erroneous, because the diffusive compounds are mostly water. Water is able to fill the free
volume between the polymer chains, which leads to changes in weight and dielectric prop-
erties, but not in volume, as the water is filling space that was initially empty. Therefore, €
does no correlate with the volume increase. The & could not be determined for resins in the
MW exposure.

5.3.4 FTIR spectroscopy

The FTIR spectra of resin C after testing in gas mixtures are illustrated in Fig. 5.28, and the
spectra after the exposures to liquid conditions in Fig. 5.29. The FTIR spectra of resin A did
not reveal any significant changes.

A significant difference in the spectra in the region of 3700 — 3000 cm™! is observed in Figs.
5.28 and 5.29. This is due to water inside the materials and has been reported by many
researchers, (Wu and Siesler, 2003; Ferndndez-Garcia and Chiang, 2002; Liu et al., 2002;
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Fig. 5.28. FTIR spectra of resin C after exposures to various gas mixtures.

Musto et al., 2000). The water is trapped in the free volume of the polymer matrix and has
not reacted with the material.

In Figs. 5.28 and 5.29, the IR spectra of resin C contain reduction of the peak at the wave
number 1801 cm™!. Furthermore, it includes changes in the region of 950 — 850 cm™!.
Both changes refer to bonds, the number of which has decreased during the exposure. It
can be seen in the magnified section in Fig. 5.28 that the peak at approximately 1801 cm™!
disappears completely during the HC + MW exposure, but is only slightly reduced during
the Cond and Sales gas exposures. This applies to the changes in the region between 950 —
850 cm™! also. The transitions can be observed in Fig. 5.29 with all the liquid environments.
Therefore, it is concluded that these changes have been caused by water. They are not affected
by hydrocarbons or MEG.

The investigation of the peaks in the FTIR spectra is rather difficult. Depending on the ma-
terial, the peaks can occur at slightly different wave numbers, and the information in the
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Fig. 5.29. FTIR spectra of resin C after exposures to liquid environments.

literature is not precise. Therefore, many peaks observed in the spectrum can have several
possible causes. The peak observed at 1801 cm™! in resin C is most likely linked to the an-
hydride crosslinking group, which links the molecular chains together. The changes in the
region 950 — 850 cm™! can refer to several bonds, but most likely they are attributed to an
epoxide group. The reduction in this peak indicates that the remaining epoxide groups, which
have not reacted in the curing process, have reacted with water. The considerations for these
changes are presented in Section 5.7.

5.3.5 Glass transition temperature

Glass transition temperatures for epoxy resin samples are illustrated in Fig. 5.30. In the
figure, it is evident that the dry hydrocarbon gas has virtually no effect on resin A, but has
some effect on resin C. The glass transition temperature of both resins is heavily reduced



5.3 Wellstream gas content study 143

after the Wellstream exposure. The T of resin C has decreased more after the Cond than
HC + MW exposure. By contrast, the Ty of resin A has decreased more during HC + MW
than Cond exposure. These relations are in close agreement with the observations from the
weight and volume data in Fig. 5.17. The former observation is also supported by the stress
versus strain behavior in Fig. 5.21. Thus, regarding exposures to Wellstream, Cond and HC
+ MW, the data on glass transition temperature correlates with the data on weight, volume,
and E-modulus.
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Fig. 5.30. Glass transition temperatures of epoxy resin samples before and after exposures to different
environments.

The reduction of glass transition temperature caused by liquid environments (MW, MW2,
FW liquid, and FW gas exposures) can be clearly seen with resin A, but not with resin C.
The reduction of T in resin A is somewhat convergent with the weight increase seen in Fig.
5.17. The brittleness caused by water was not seen with resin A. In fact it had become soft
during FW liquid and FW gas exposures, as can be seen in Fig. 5.21. Softening has also
been indicated by the glass transition temperature.

Resin C, on the other hand, experienced softening in the Wellstream and Cond exposures.
The material also experienced the most significant drops in 7’ in the same exposures. Resin
C became more brittle during MW, MW2, FW liquid, and FW gas exposures, which indicate
only little reduction in the glass transition temperature.

Many researchers have reported that T, drops as a result of water absorption (Banks and
Ellis, 1979; Nogueira et al., 2001; Xiao and Shanahan, 1998). Nogueira et al. (2001) used
an epoxy novolac resin and reported softening because of water absorption. Their results are
convergent with the results in Fig. 5.30 on resin A. Banks and Ellis (1979) and Xiao and
Shanahan (1998) used bisphenol A epoxy resin, which corresponds to resin C.
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Most likely, the glass transition temperatures measured on resin C after exposures to liquid
environments have been too high. The water has partly evaporated during the heating of
the sample. The evaporation could not be detected during the measurements. It did not
produce any clearly discernible anomaly in the vicinity of the boiling point of water in the
heat flow versus temperature curve. The first heating run, which has obviously caused most
evaporation, contained also traces of the thermal history of the materials. To detect the glass
transition temperature of an epoxy that has absorbed water, another test method should be
used. Banks and Ellis (1979) used nuclear magnetic resonance study (NMR), and they sealed
the samples tightly so that no water could escape from the sample. Xiao and Shanahan (1998)
and Nogueira et al. (2001) used a dynamic mechanical analyzer (DMA).

5.3.6 Summary of the key results

Aging of mainwall insulation structures and epoxy impregnating resins caused by different
components of the wellstream gas have been investigated, and the results have been presented
in this section. Specimens have been exposed to different gas mixtures. The effects of heavy
hydrocarbons and water on insulating materials have been distinguished.

Two different epoxy resins experience the wellstream gas in different ways. Bisphenol A
epoxy anhydride resin is more vulnerable to heavy hydrocarbons, whereas epoxy novolac
resin suffers more from water. Similar observations were made with mica tapes having sim-
ilar impregnating resins. Epoxy resins experience some changes during the exposure to the
wellstream gas. Epoxy novolac resin only absorbs water, and no distinct changes in its chemi-
cal structure can be detected. However, Bisphenol A epoxy resin suffers from slight chemical
changes.

During the exposure to the wellstream gas, the bisphenol A epoxy resin is experiencing me-
chanical softening, which can be seen in the decrease in E-modulus, the increase in weight
and volume, and the reduction in glass transition temperature. The chemical structure of
the resin is not changed by heavy hydrocarbons, but it is slightly changed by water. Chem-
ical changes were attributed to hydrolysis reactions in anhydride and epoxide groups. The
discussion on the chemical changes is found in Section 5.7. The changes in the chemical
structure do not cause the reduction in the mechanical properties, but it is caused by heavy
hydrocarbons.

Epoxy novolac resin does not absorb much hydrocarbon compounds and does not experience
significant mechanical softening when exposed to the wellstream gas. It does, however, expe-
rience softening caused by water. Furthermore, water causes polarization at low frequencies
in the material. Some traces of the polarization phenomenon can be seen after exposure to
the wellstream gas, but no softening.

Nevertheless, an order of preference cannot be defined between epoxy novolac resin and
Bisphenol A epoxy anhydride resin based on their performance in the wellstream gas. Both
resins experience aging, but it is of different nature and it is, above all, due to different sub-
stances in the gas mixture. Yet, the experiments gave indications that both resins could be
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used in the subsea compressor.

The mainwall insulation behaves essentially similarly as the resin with which it is impreg-
nated. The resin provides the strength, and the aging of resin results in the aging of the
whole mainwall insulation. Therefore, a mainwall insulation impregnated with epoxy anhy-
dride resin experiences mechanical softening similarly as the resin itself, and the mainwall
insulation containing epoxy novolac resin is not significantly affected by the wellstream gas.
Yet, the mainwall insulation experiences additional polarization effect, which was not seen
with the resins. Furthermore, the composite mainwall insulation structure is more vulnera-
ble to the environment than bulk epoxy resins. The changes in mechanical properties have
been more distinctive. The last two observations indicate that the aging phenomenon is more
complicated in a composite insulation structure. It is discussed more closely in Section 5.7.
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5.4 Effect of the temperature study

The test matrix contained three tests at different temperatures, as listed in Table 5.6. The test
environment was based on the Wellstream test (Table 5.3), which is now referred to as W$
130 exposure according to the temperature. The accelerated conditions were then produced
only by increasing the temperature. The materials used in the investigation include resins A
and C described in Table 5.1 and the mainwall insulation structure G2 depicted in Table 5.2.
The purpose of the test was simply to investigate the sensitivity the temperature has on the
materials. It has to be emphasized that both overheated gas mixtures were at temperatures
higher than the glass transition temperatures of the resins.

Table 5.6. Test matrix for the effects of the temperature study.

Test label Test fluids and Temperature Pressure Time
gases [°C] [bar] (h]

WS 130 | Wellstream gas | 130 | 150 | 750
WS150 | Wellstream gas | 150 | 150 | 750
WS170 | Wellstream gas | 170 | 150 | 750

The conditions for increased temperatures differ from the WS 130 conditions. According to
the phase envelope illustrated earlier in Fig. 3.11, the mixture is not exactly at the dew point at
130 °C and 150 bar. Regarding to the pressure, there is a slight difference, but this has only a
minimal influence on the test conditions, that is, the conditions virtually match the dew point.
However, the gas mixture is very sensitive to the temperature. It can be seen in Fig. 3.11 that
the hydrocarbon saturation line is located at a higher temperature than the water saturation
line at 150 bar. Therefore, the gas is able to contain more liquids when the temperature is
increased up to approximately 150 °C, when the mixture becomes saturated with respect of
hydrocarbons also. The flash conditions of the test fluids are described in Table 5.7. The
fractions are calculated with PVTSim software. Based on Table 5.7, the WS 150 mixture is
close to its hydrocarbon saturation state containing very little liquid components. The W§
170 mixture is superheated with respect to both hydrocarbons and water.

Table 5.7. Mole percentages of the components and densities of the test fluids.

Test label Mole % Mole % Mole % Density
Vapor Liquid Aqueous [g/cm?]
ws130 | 9859 | 131 | 01 | 0115
wS150 | 9993 | 007 | 0 | 0107
WS 170 \ 100 \ 0 \ 0 \ 0.100
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5.4.1 Physical dimensions

The weight and volume increases during the exposures to different temperatures are illus-
trated in Fig. 5.31 and the density changes in Fig. 5.32. According to Figs. 5.31 and 5.32,
the resins gained more weight, they expanded more, and their density decreased more in the
WS 150 than in the WS 170 exposure. The fact that the test conditions exceed the glass tran-
sition temperature of the resins is not visible in Fig. 5.31. The weight increase curves for
the resins seem convergent. The largest increase in the WS 150 is most likely related to the
composition of the gas. In the WS 130 exposure, the gas has not been fully saturated with
respect to water and especially to hydrocarbons. In the WS 150 exposure, the gas mixture
has been water saturated and virtually also hydrocarbon saturated, which can be seen in the
flash data in Table 5.7. In the WS 170 exposure, the gas mixture has been superheated and
fully in a gaseous phase. These differences mean that the gas mixture has contained the most
heavy hydrocarbon compounds in the WS 150 exposure. These compounds have condensed
and trapped inside the polymer matrix as the temperature has been reduced. This is seen
as the largest weight increase. By contrast, the gas mixture in WS 170 has contained the
least fractional amount of hydrocarbons and water, which can be seen in the lowest weight
increase.

Mica tape G2, on the other hand, experiences further changes in weight, volume, and den-
sity in the WS 170 exposure. This can be linked to delamination of the tape material. The

10 .
—O—  Weight: resin C
—— Weight: resin A
—h—  Weight: G2 A
81 Volume: resin C
= Volume: resin A /A\
A—  Volume: G2 /
6 /
g
<
4
A
A
2
]
n |
0 H
0 50 100 130 150 170 200

r[°C]

Fig. 5.31. Weight and volume increase of the resins and the mainwall insulation in exposures at
different temperatures.
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Fig. 5.32. Density change of the resins and the mainwall insulation in exposures at different
temperatures.

temperature has assisted the delamination. The changes between the exposures are not likely
to be linked to the depressurization. The WS 130 exposure had been carried out two times
both resulting in almost identical weight and volume changes. The test for longer duration
also resulted in almost the same changes, as will be shown in the following section. Resin
A has become darker during the exposures to higher temperatures. This can be seen in Fig.
5.33, in which the sample is illustrated. The discoloration also took place with this particular
material when it was cured at a high temperature. The resin C did not change color during
the exposures.

Fig. 5.33. Resin A after exposures at different temperatures.
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5.4.2 Mechanical properties

The mechanical properties retained during the exposures for material G2 are illustrated in
Fig. 5.34. The relative values of E-modulus of the resins are shown in Fig. 5.35. The stress
versus strain curves for material G2 and resins are illustrated in Fig. 5.36.
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Fig. 5.34. Tensile strength, elongation at break, E-modulus, and toughness of G2 mica tape retained
during the exposures at different temperatures.
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Fig. 5.35. E-modulus of the resins retained during the exposures at different temperatures.

It is noteworthy in Fig. 5.34 that the tensile strength and E-modulus of material G2 decrease
almost linearly as the temperature is increased. By contrast, the elongation increases, but not
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Fig. 5.36. Stress versus strain curves before and after the exposures at different temperatures. The
resin samples, excluding resin C in WS 150 and WS 170, could not meet the ultimate tensile strength,
because they are so brittle. Therefore, the comparison of resins focuses on the E-modulus.

exactly linearly. The stress versus strain curve (Fig. 5.36) visualizes the increased softening
of material G2. The E-moduli of the resins in Fig. 5.35 follow the same trends as their
weights and volumes in Fig. 5.31 and densities in Fig. 5.32.
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The stress versus strain curves of the resins in Fig. 5.36 are slightly misleading showing too
much degradation for samples of the WS 170 exposure. The bending head of the instrument
was not tightly attached. This is seen as a short plateau in the initial sections of the curves for
the WS 170 exposure. This interference does not affect the E-modulus or the tensile strength.
It only slightly increases the elongation at break, but this quantity was not analyzed. The
interference is shifting the curves to larger elongation, which appears as if they have become
softer. In reality, the resins had not become softer in the WS 170 than in the WS 150 exposure,
which can be seen in the E-modulus in Fig. 5.35.

5.4.3 FTIR spectroscopy

The IR spectra of resin A did not reveal clear changes. The FTIR spectra of resin C before
and after the exposures are illustrated in Fig. 5.37, and the areas of interest are magnified in
Fig. 5.38. It can be seen in Fig. 5.37 that the changes observed with the WS 130 exposure
are more pronounced in the exposures at higher temperatures. Small departures from the
reference curve can be seen at the wave numbers 1325 cm™" and 1287 cm™! after the WS 170
exposure. The changes could not be unambiguously interpreted, but all the alternatives given
by PerkinElmer and Hannah suggested that they are linked to changes in the aromatic rings.
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Fig. 5.37. IR spectra of resin C before and after the exposures. The numbered areas are magnified in
Fig. 5.38.
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5.4.4 Glass transition temperature

The glass transition temperatures of the resins before and after the exposures are illustrated
in Fig. 5.39. It can be seen in Fig. 5.39 that T, of resin A has been less after the WS 150
exposure than after other exposures. This is convergent with the weights and volumes in Fig.

5.31.
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Fig. 5.39. Glass transition temperatures of the resins before and after the exposures.
However, the glass transition temperature of resin C appears to reduce linearly as a function

of the exposure temperature. This is not supported by weight and volume, which means
that the further reduction in T in the WS 170 exposure is not caused by the absorption of
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hydrocarbon compounds. It is more likely linked to the chemical changes observed. Yet, the
reduction in glass transition temperature and the chemical changes possibly affecting it have
not, at least significantly, influenced the E-modulus.

The measured value of T, in the WS 170 exposure appears to deviate from what was expected
based on measurements on other quantities. Fundamentally, there are two possible reasons
for this: an error in the measurement, and a physical phenomenon, which is merely not sug-
gested by the other measured quantities. The erroneous measurement is supported, because
the change in Ty was not seen as a change in weight increase. With all other exposures, these
quantities were seen to correlate. However, the measurements were carried out by an auto-
mated scheme and repeated for two times, which minimizes the possibility of human error.
The sample may have caused flaws, but such was not seen with other samples. Furthermore,
the test procedure wipes out the thermal history of the sample. The traces caused by the cut-
ting process or contamination are only visible in the first heating run, not in the succeeding
ones.

The resin C was seen to absorb a lot of hydrocarbon compounds during the exposures. These
compounds act as plasticizers inside the material and cause internal disorder, which is seen
as a reduced E-modulus and glass transition temperature. The plasticizer can put the inter-
nal structure of the resin in a more severe disorder, if the temperature is increased. This is
discussed in more detail in Section 5.7.

5.4.5 Summary

The wellstream gas mixtures at higher temperatures did not cause further degradation in
the epoxy novolac resin. However, at higher temperatures, the epoxy anhydride resin did
experience further reduction in the glass transition temperature. It also experienced new
changes in its chemical structure while the changes observed also with other exposures were
pronounced.

Mica tape impregnated with epoxy anhydride resin experienced more degradation when ex-
posed to higher temperatures. The reduction in mechanical properties indicated a linear
downward trend as a function of exposure temperature, which was supported also by the
weight and volume data, although they did not have a linear trend. The impregnating resin
of the G2 mainwall insulation had become more sensitive at higher temperatures, which has
then weakened the composite insulation structure.

The experiments did not, however, give indications of the initial glass transition temperature
of the resins. The hypothesis was that the materials would experience further degradation
similar to that of material B described in Section 5.1. This, however, did not take place.
The glass transition temperature of the resins decreases below the test conditions in any case
as a result of the diffusion of the wellstream gas. This can be seen in the glass transition
temperatures measured after the WS 130 exposure, which are below the test temperature
(130 °C), even though they were above that before the test. The properties of the mainwall
insulation were seen to decrease almost linearly as a function of temperature and were not
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dependent upon the initial glass transition temperature of the impregnating resin.

The conditions of the gas mixtures were different, which can also be seen in the results. In
the WS 150 exposure, the gas mixture was very close to the hydrocarbon saturation line.
The gas mixture contained a larger fraction of heavy hydrocarbon compounds than the other
mixtures. In WS 130 such compounds had not all been evaporated and in WS 170 they
were all evaporated, but the mixture was superheated. Therefore, the resins experienced the
largest absorbances in the WS 150 exposure, which can also be seen in the largest mechanical
softening, that is, the lowest E-modulus.

It is clear that the Arrhenius lifetime relation Eq. (2.2) does not hold. It has to be emphasized
that the thermal classification is 180 for the resin C and 220 for the resin A, which are above
the exposure conditions. However, the classification is defined for operation in dry conditions,
and the wellstream gas environment is significantly harsher than that. Without the wellstream
gas environment, the materials would not have experienced any aging within the given time.
Yet, the resins were not particularly sensitive to the increase in temperature, and the aging
phenomenon was more influenced by the content of the gas mixture, which was discussed in
the previous section. Hence, the aging phenomenon is not plain thermal aging defined by the
Arrhenius relation, but it is caused by the gas mixture penetrating into the materials.

The results of this study are of particular importance from the electrical machine point of
view. The temperature in the winding is not (as it was in the experimental test program) a
quantity defined by the surrounding conditions. The heat is generated by the windings of the
machine itself and the temperature is adjusted by the surrounding conditions, which provide
cooling. The temperature is defined essentially by the fundamental machine design, which
determines the cooling arrangements, such as cooling ducts inside the stator stack. The ex-
periments indicated that whether the operating temperature is below or above the initial glass
transition temperature of the resin is strictly irrelevant, as the glass transition is ultimately
defined by the diffusion of the gas.
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5.5 Effect of exposure duration

The test matrix contained two exposures in the wellstream gas. The first exposure was the
Wellstream exposure described in Table 5.3, which lasted for 750 hours. The second exposure
was carried out in similar conditions, but for longer duration, 3726 hours. The exposures are
labeled as WS 750 and WS 3726 in this section.

The IR spectra of resin A did not reveal any notable changes. The IR spectra of resin C after
3726 hours are not essentially different from those of after 750 hours. The changes observed
after 750 hours were also present with no additional changes suggesting that the chemical
changes have taken place within the first 750 h of aging. Therefore, no figures on FTIR
spectra are presented in this section.

5.5.1 Physical dimensions

The weight and volume increases during the exposures to different temperatures are illus-
trated in Fig. 5.40 and the density changes in Fig. 5.41. It is evident in Figs. 5.40 and
5.41 that the weight, volume, and density of the resins are not significantly changed after 750
hours. This means that the diffusion of the wellstream gas into resins has met its saturation
level. Furthermore, there appears to be a saturation level. The weight, volume, and den-
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Fig. 5.40. Weight and volume increases of resins and the mainwall insulation as functions of time of
exposure in the wellstream gas conditions.
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Fig. 5.41. Density changes of resins and the mainwall insulation as a function of time of exposure in
the wellstream gas conditions.

sity changes of the mainwall insulation G2, on the other hand, experience further diffusion,
which can be seen at 3726 hours. This suggests that there are two diffusion processes going
on: diffusion into the epoxy resin and diffusion into the interfaces of epoxy and glass or mica.

Therefore, the diffusion of wellstream gas into resins follows the common trend of diffusion
of water into plain epoxy resin, and the diffusion of wellstream gas into the mainwall insu-
lation behaves like the diffusion of water into epoxy resin with fillers. Both diffusion cases
were illustrated above in Fig. 2.6, which is based on the results by Fukuda et al. (1997),
Fernandez-Garcia and Chiang (2002), and Maggana and Pissis (1999). In all the reports,
the filler content in the resin was rather high. However, the results only suggest this. No
undeniable conclusions can be drawn, because the number of data points is so low.

5.5.2 Mechanical properties

The mechanical properties retained during the exposures for material G2 are illustrated in
Fig. 5.42. The relative values of the E-modulus of the resins are shown in Fig. 5.43. The
stress versus strain curves for material G2 and resins are illustrated in Fig. 5.44.

It can be seen in Fig. 5.42 that the deterioration of material G2 has continued slightly after
750 hours. However, such a trend cannot be seen with the resins in Fig. 5.43. In fact, the E-
modulus of resin A is higher after 3726 hours than after 750 hours. The material had become
slightly more brittle. The mechanical properties are convergent with the weight increase.
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Fig. 5.42. Relative values of tensile strength, elongation at break, E-modulus, and toughness of G2
mica tape as functions of time of exposure in the wellstream gas conditions.
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Fig. 5.43. Relative E-modulus of the resins as functions of time of exposure in the wellstream gas
conditions.
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Fig. 5.44. Stress versus strain curves before and after the exposures to the wellstream gas conditions
for different durations.

5.5.3 Dielectric properties

The real parts of the permittivity of the resins for different durations of aging are presented
in Fig. 5.45 and the imaginary parts in Fig. 5.46, respectively. The dielectric response of
the resins does not reveal any major changes, but small differences can be observed. The
€” of resin A contains some polarization information in the low frequency range, which can
be seen in Fig. 5.46. Interestingly, this effect has disappeared at 3726 hours. The € of
resin A has decreased gradually as a function of time. The € of resin C has also decreased,
but it is surprisingly slightly higher after 3726 hours than after 750 hours. The reduction in
€’ is due to the absorption of wellstream gas, in particular heavy hydrocarbon compounds.
The observations with the resins are, at least to some extent, affected by the sample quality.
Furthermore, the differences are only minor.
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Fig. 5.45. Real part of the complex permittivity of the resins before and after exposures to wellstream

gas mixture. The conditions were 130 °C and 150 bar.
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Fig. 5.46. Imaginary part of the complex permittivity of the resins before and after exposures to

wellstream gas mixture. The conditions were 130 °C and 150 bar.
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The real and imaginary parts of complex permittivity, € and €’

’, as functions of frequency

for G2 mica tape are illustrated in Fig. 5.47 and Fig. 5.48. Parameters for the curve fits are
listed in Table 5.8.
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Fig. 5.47. Real part of the complex permittivity of G2 mica tape before and after exposures to
wellstream gas mixture. The conditions were 130 °C and 150 bar. The curve fits are defined to match

Eq. (2.25).

A distinct polarization phenomenon can be seen with material G2 both € in Fig. 5.47 and

6"

in Fig. 5.48. This phenomenon can be seen after 750 hours, but more strongly after

3726 hours. A similar effect was seen above in Fig. 5.25 and it was concluded to be linked
to the hydrocarbon condensate. The polarization is attributed to diffusion, but also to the
delamination. Because of the latter effect, Eq. (5.8) does not give accurate results for the
case; the equation was only used in comparison of different environments, which did not
cause significant delamination changes.

Table 5.8. Parameters for the curve fits in Figs 5.47 and 5.48.

Test label

& €0 a [pS/m] [pS/m Hz]
Reference | 4.84 | 430 | 070 | 050 | 10 | 125 \ 28.3 \ 5.6
WS750 | 486 | 394 | 065 | 055 | 10 | 120 | 796 | 2.0
WS3726 | 513 | 236 | 055 | 062 | 105 | 195 | 1592 | 1.0
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Fig. 5.48. Imaginary part of the complex permittivity of G2 mica tape before and after exposures to
wellstream gas mixture. The conditions were 130 °C and 150 bar. The curve fits are defined to match
Eq. (2.26).

It was concluded in Section 5.3 that the heavy hydrocarbons tend to shift the large loss peak
towards higher frequencies. Based on Fig. 5.48 the peak appears to have been shifted towards
lower frequencies. The loss peak generally appears similar to the one caused by hydrocarbon
condensate (Fig. 5.25). This observation and the remark in Table 5.8 that the conductivity o
has increased point to the fact that water also contributes to the large dielectric loss indicated
in Fig. 5.48. Furthermore, the influence of produced water has been emphasized in the long-
term exposure, which can be seen in the increased conductivity of the material in Table 5.8.

The insulation resistance is illustrated in Fig. 5.49. During the exposure, the insulation
resistance was decreased to a measurable level, where it initially was not, but it is still many
decades above an acceptable level. Even though the dielectric losses have increased, the
insulation resistance has not changed significantly. Furthermore, the standard deviation was
high in all the measurements, which increases the uncertainty of the values presented in Fig.
5.49. The insulation resistance was very high, as a result of which the measured current
was very low and easily interfered by the disturbances. The measurements on insulation
resistance indicate far less deterioration than the measurements on mechanical properties or
glass transition temperature. The breakdown strength was not determined, which prevents
making any detailed conclusions on the deterioration of dielectric properties.
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Fig. 5.49. Insulation resistance of the samples before and after WS 3726 exposure.
5.5.4 Glass transition temperature

Glass transition temperatures of the resins after the exposures are illustrated in Fig. 5.50. It
is surprising that T is higher after 3726 hours than after 750 hours. The measurements for
T, after 3726 hours were performed with a different instrument. The Perkin Elmer device
described in Section 3.6.4 could not be used for this very set of samples and T, had to be
measured with a DSC instrument from another vendor (Netzsch). Therefore, also the sample
holders were not exactly similar. The procedure used for the measurement was similar with
the same heating rate. Yet, the values have obviously been higher than the ones measured
after 750 hours. The difference, as it is in that direction, is not significant and the results can
be concluded as with the weight and volume data: there has not been further aging after 750
hours.
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Fig. 5.50. Glass transition temperature of resin C and resin A after the exposures.
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5.5.5 Summary and discussion

The results indicate that the resin samples do not experience further aging in the wellstream
gas mixture after 750 hours. Their weight and volume do not virtually change. The me-
chanical properties of the resins are in close agreement with their weight and volume. This
indicates that the aging of epoxies is related to the diffusion process and no additional phe-
nomena are present.

On the other hand, mainwall insulation experiences further diffusion after 750 hours. This can
be seen in the further, although not very significant, weight increase and in the reduction in
mechanical properties. In addition, the polarization that the mainwall insulation experiences
significant increase after 750 hours. This can be seen in the high dielectric loss peak at
around 1 Hz in Fig. 5.48. The polarization can be linked to heavy hydrocarbon as concluded
in Section 5.3, but the effect of produced water has been more distinct than in the exposure
for 750 hours.

The purpose of this study was to analyze the diffusion as a function of time. Disappointingly,
the test matrix was wrongly selected for such a purpose, since the knee-point of the weight
increase curve (Fig. 5.40) has taken place before 750 hours, which was the first marker in the
curve. Therefore, no information on the diffusion coefficient could be obtained. However,
the long-term test revealed information on the properties of the materials after a long-time
exposure. Regarding the subsea compressor, this is more informative. The compressor is
designed to operate for years and its reliability is more dependent on the long-term behavior
than on the performance during the first few weeks.

5.5.6 Inconsistency of the study

The inconsistency of the study lies in the initial experiments. As stated in Section 5.1, the
depressurization rate was fast and the results shown in that section show much less weight
increase and, correspondingly, much less mechanical softening than the results shown in
Sections 5.3 and 5.4. The weight increase, remaining E-modulus, and glass transition tem-
perature of such tests are illustrated in Figs. 5.51, 5.52, and 5.53, respectively. Tests for 1500
hours and 2000 hours had also been carried out with the same depressurization procedure as
the first exposure for 750 hours described in Section 5.1.
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Fig. 5.51. Weight increase of the resins in the tests of different durations. The markers connected with
lines correspond to the data on WS 750 and WS 3726 exposures in Fig. 5.40. The data on failed tests
are indicated with faded-out markers without line connection.

The results of the failed experiments indicated that the knee-point of the diffusion curve was
in the vicinity of 1600 — 1800 hours. This is best seen with resin C in Fig. 5.51. The fits for
the other curves also suggested a knee-point in the vicinity, but it could only be detected by a
curve fit, not by looking at individual markers. The curve fits are not shown as they were not
very accurate. The knee-point was very difficult to determine, because the result did not have
the expected trend. This had been caused by too rapid and too inaccurate depressurization
procedure after each exposure. The weight increase of the resins in WS 750 exposure is
approximately two times the weight increase measured at the first exposure with too rapid a
depressurization rate.

The diffusion process of the wellstream gas into insulating materials has not been investigated
thoroughly enough. It is pointed out in Section 5.7 that the saturation value of the weight
increase mo, is more important than the diffusion coefficient D. In other words, it is more
important to detect the saturated state than the initial steps of the diffusion process.
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Fig. 5.52. Remaining E-modulus after the exposure of different durations. The markers connected with
lines correspond to the data on WS 750 and WS 3726 exposures in Fig. 5.43. The data on failed tests
are indicated with faded-out markers without line connection. The E-modulus for resin C after 1500 h

was not measured.
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Fig. 5.53. Glass transition temperature of resin C and resin A after the exposures. The markers

connected with lines correspond to the data on WS 750 and WS 3726 exposures in Fig. 5.50. The data

on failed tests are indicated with faded-out markers without line connection.
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5.6 Rapid decompression test

The test procedure is illustrated in Fig. 5.54. It contained ten decompressions in total, which
were all performed at a high temperature. The depressurizations in the chemical aging tests
were all done after the temperature had reduced. In that respect, this experiment is more
stressing.
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Fig. 5.54. Procedure of the rapid decompression test.

The samples for the test included the mainwall insulation G2 and resins C and A. Also com-
plete bar samples were used in the tests. The bars were not tested with any diagnostic method.
Their purpose was to see what the test environment causes for a complete bar, because the
small cake samples of the mainwall insulation were seen to delaminate rather easily espe-
cially near the edges.

5.6.1 Physical appearance

The analysis is concentrated on the physical appearance and information on the previous
tests. The diagnostic quantities were not measured, because the materials appeared to suffer
so heavy damage. The material G2 after the test is illustrated in Fig. 5.55, resins C and A in
Fig. 5.56, and the bar sample before and after the test in Fig. 5.57.
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Fig. 5.55. Mainwall insulation samples after the rapid decompression test. The sample was submerged
in water prior to photographing to emphasize the cracks. A few cracks are also highlighted.

The material G2 has suffered from distinct delamination, which can be seen in Fig. 5.55. The
sample was destroyed almost completely. Delamination cracks were visible between almost
every tape layer. Also the resins were heavily affected by the test. Both of them have suffered
from internal changes, which can be seen in Fig. 5.56. These kinds of crystal structures were
seen when the samples, which had absorbed wellstream gas, were heated above their glass
transition temperature.

The severe damages observed in the mainwall insulation cakes and resins are not as such
visible with the bar samples, but also the bar has suffered during the experiment. It can be
seen in Fig. 5.57 that the color of the bar has changed. The copper is not shining through the
insulation as it does in the reference sample. This indicates that the insulation has suffered
from delamination as it is no longer transparent. The delamination can be seen in the end
of the insulation in Fig. 5.57c. Yet, the insulation has still kept its form and the surface is
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Fig. 5.56. Epoxy resin C (a) and A (b) after the rapid decompression test.

smooth. In similar experiments carried out earlier, the failure of insulation caused by rapid
decompression was seen as blisters on the insulation surface; such were not found in the bar
sample.

Internal cracks in the insulation caused by the pressure changes have been observed with
high-voltage XLPE cables. This phenomenon, called environmental stress cracking, occurs
in the insulation near the electrode in the presence of water. The oxygen is attached to the
high-voltage electrode, and the remaining hydrogen diffuses into the insulating material. The
diffused hydrogen becomes pressurized causing internal pressure changes in the material,
which lead to the formation of cracks inside the insulation. Hvidsten et al. (2009) reported
the cracks to be approximately 1 pm wide. Internal cracks of similar width (0.5 — 1 pm)
were also found in resin A after the depressurization of the wellstream gas exposure, which
is illustrated in Fig. 5.60 in the following section.
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Fig. 5.57. Bar samples before (a) and after (b and c) the rapid decompression test.
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5.6.2 Summary

The mainwall insulation cakes are seen to be badly damaged. This is related to their shape and
size. Such samples are small and contain cutting edges, which are not present in the entire
bar. During the diffusion process when the gas penetrates into the samples, it prefers the
cutting edges over the smooth surface. Correspondingly, when the gas departs the material, it
tends to flow through the cutting edges. This causes severe delamination. The diffusion and
departure are discussed more closely in Section 5.7.

The results indicate that rapid decompression is a very harsh condition. The test procedure
has probably been too severe for the materials. It has to be emphasized that all the depressur-
izations in this very test were carried out while the chamber was hot and the test specimens
above the glass transition temperature of the resin. In the other tests, the chamber had been
cooled before depressurization. Therefore, the pressure changes were not so severe for the
other tests.
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5.7 Aging of the insulation in the wellstream gas

So far, the preceding chapters have merely presented the observations made in the course
of the study. The discussion on the results is presented here. The results are contemplated
in new light with all performed tests taken into account. Furthermore, this section contains
explanations on what has happened to the materials in the tests. The aging models presented
in Section 2.5.1 have been discussed in the light of own results.

5.7.1 Physical integrity

The microscope image of the mainwall insulation G2 after the 750 h exposure to wellstream
gas is illustrated in Fig. 5.58 and SEM images after the 3726 h exposure in Fig. 5.59,
respectively. The SEM images of resin C are illustrated in Fig. 5.61 and of resin A in Fig.
5.60, respectively. The reference sample of resin C was not investigated with SEM.

Fig. 5.58. Microscope image on the mainwall insulation G2 after 750 hours in the wellstream gas. The
left arrow points to a crack between the mica layer and the epoxy layer. The right arrow indicates a
crack within the mica layer.

It is evident in Fig. 5.58 that the mainwall insulation has experienced small cracks in parallel
with the tape layers. The left arrow indicates a crack in the interface of the mica tape (lighter
areas) and resin (darker sections). Interestingly, the right arrow points to the crack that has
formed inside the mica tape between mica flakes. The SEM image, Fig. 5.59, illustrates
the inner structure of the mainwall insulation with glass strains, mica flakes, and areas of
epoxy resin clearly visible. The magnified section in the upper right corner illustrates the
glass strains located perpendicular to the photographed plane. The blue arrows indicate gaps
between the glass strains and the layer of epoxy resin. The resin has apparently detached
from the glass strains. Correspondingly, the green arrow in the lower right image refers to
the absence of epoxy binding on the glass strain. There seems to be no epoxy attached to the
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Fig. 5.59. SEM images on the mainwall insulation G2 after 3726 h in the wellstream gas. The blue
arrows in the upper right corner point to gaps between epoxy and glass strains. The green arrow
indicates that there is no epoxy attached to a glass strain.

strains in that area. The strains in the lower right corner are located in the opposite direction
from the ones seen in the upper right corner. Prior to the SEM examination, the samples were
broken into smaller pieces. Based on the images, the treatment has been rather violent, as
the mica flakes were seen as disordered. The sample treatment may also have caused some
detachment between the glass strains and epoxy. Nevertheless, during the SEM examination,
the above conclusion was considered valid. Furthermore, it is supported by the lower right
image in Fig. 5.59, in which the epoxy has disappeared from all around the glass strains; this
cannot have been caused by external violence alone.

It has been reported that the composite insulation consisting of mica, glass, and epoxy is
vulnerable in the interface of epoxy and glass. Jia et al. (2006) showed with SEM images that
the epoxy detaches from the glass strands. Park (1987) reported that cracks in parallel with
the tape direction are formed, when the insulation is stressed mechanically. The SEM images
in Fig. 5.59 support the conclusion by Jia et al. (2006) that the delamination, as seen in Fig.
5.58, is caused by the reduced attachment between epoxy and glass.

It can be seen on the right in Fig. 5.60 that the structure of resin A (epoxy novolac resin) has
suffered from internal cracks. The figure indicates that the exposure has caused irreversible
changes. The resin structure was not perfect and contained some impurities, as seen on the left
in Fig. 5.60, but the insulation built in an industrial process tends to include some impurities
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Fig. 5.60. Scanning electron microscope images on resin A before (left) and after (right) the exposure
to the wellstream gas. The exposure duration was 3726 h. The cracks seen in the figure point to the
nearest edge of the material.

Fig. 5.61. Scanning electron microscope images on aged samples of resin C. Samples have been
exposed to the wellstream gas for 3726 hours.

in any case. Only the samples built in the laboratory with extreme care and planning can
be fully pure. The internal cracks cannot be seen in the resin C (bisphenol A anhydride
resin) in Fig. 5.61, but impurities are present also in that one. Resin C absorbed more
wellstream gas during the experiments, but it is a more flexible material. Hence, the SEM
images support the conclusion that the impregnating resin C is more suitable than resin A.
This conclusion could not have been made based on mechanical, or dielectric properties, glass
transition temperature, or weight and volume data. On the contrary, such quantities rather
favored resin A. Surprisingly, the internal cracks cannot be seen to affect the mechanical
properties of the resin. Resin A was brittle after the exposures, but it was brittle also before
them. The brittleness after the exposures may be linked to the internal cracks, without which
the material could have appeared to have softened during the exposure, which was seen with
resin C. Nevertheless, it has to be pointed out that the resin samples were tested as large
samples, while they are designed to be impregnants of the whole mainwall insulation and
to be applied only as thin layers. Therefore, it is not certain that such internal cracks are
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present, when the resin is part of a complex insulation system. In addition, resin C suffered
from internal cracks in the rapid decompression test.

The cracks formed inside resin A appear to be aligned. They may have been formed ulti-
mately in the depressurization procedure, when some of the gas absorbed is forced out of the
material. The cracks are formed in parallel with the direction in which the gas has flown. The
molecular structure of resin A has been too stiff to reorganize itself when the gas has departed
and left sections inside the polymer matrix empty. The polymer matrix has collapsed in these
areas and the cracks have been formed. Alternatively, the cracks have formed when the gas
has simply elbowed its way to the surface by cutting the bonds that stay in its way. The for-
mation of cracks is illustrated later in Fig. 5.65. The structure of resin C, on the other hand,
is more flexible and able to reorganize itself when the gas is leaving the insulation. Figure
5.60 indicates that also irreversible changes take place during the exposure to the wellstream
gas, and the changes observed are not merely due to diffusion. Therefore, by the definition
by IEC (2004), the phenomenon can be referred to as "aging’.

5.7.2 Mechanical strength

Microscope images of the breaking points of the G2 mainwall insulation after the three-point
bending tests are illustrated in Fig. 5.62. The figure illustrates the aging phenomena. It can
be observed that the reference sample breaks so that some parts delaminate and the crack
extends towards the surface. The aged sample experiences only delamination, which extends
so far in horizontal direction that the overall strength of the sample is weakened. The aged
sample does not experience a crack, which extends through the tape layers. The strength that
keeps the adjacent tape layers together is much weaker than the strength of a single tape layer.
With a reference sample, the strengths are theoretically equal.

T s et e . iR

Fig. 5.62. Breaking point of material G2 after the three-point bending test. The reference sample on
the left and the sample that has experienced wellstream gas exposure (750 hours) on the right.

Figure 5.62 supports the aging symptoms stated above and reported by Park (1987) and Jia
et al. (2006). In the composite insulation structure, the attachment of epoxy to the glass
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strands or mica flakes is weakened during the aging. The tape layers are separated from
each other, and the mechanical strength of the composite insulation structure is thus reduced.
The delamination of the insulation is even more severe, if the insulation is not thoroughly
impregnated with the resin.

5.7.3 Dielectric properties

The dielectric properties of the mainwall insulation sample face slight changes during the
exposure to wellstream gas. The dielectric constant of the insulation, that is, the real part of
complex permittivity, reduces during the exposure. On the other hand, the dielectric losses
increase. The changes are caused by the hydrocarbon compounds that the insulation absorbs.
In the long-term exposure, the loss peak was notably increased, even though the other quan-
tities remained almost at the same level as compared with the exposure for 750 hours. The
insulation resistance did not significantly decrease in the long-term test.

The dielectric losses after 3726 hours of exposure were roughly 7.5 times the losses in the ref-
erence sample. The high-frequency permittivity €. has reduced by 46%. These quantities do
not directly indicate a reduction in the dielectric strength, because the insulation resistance re-
mained high. Rather, they indicate diffusion and delamination. Higher dielectric losses cause
additional heat to generate and they can possibly increase the temperature of the insulation.
However, it was pointed out in Section 5.4 that the insulation under the given conditions is
not sensitive to small changes in temperature. Furthermore, partial discharge activity is not
related to the dielectric losses, in other words, the increased losses do not increase the partial
discharge magnitude. Therefore, the increased dielectric losses are not as severe a symptom
as in a traditional industrial machine.

Regarding the wellstream gas environment, it is likely that the delamination of the tape layers
takes place without an electrical breakdown. The delaminated mainwall insulation structure
may still have fair dielectric strength, as all the layers of mica tape are still between the
conductors. The delaminated sections are filled with pressurized gas, which does not enhance
the progress of an electrical breakdown as fast as atmospheric air. Hence, the theory presented
by Montsinger (1930) for mica-asphalt insulation that the mechanical strength is lost at first
and the dielectric strength as its consequence, seems reasonable.

5.7.4 Chemical reactions in the epoxy anhydride resin

Changes in the chemical structure of bisphenol A epoxy anhydride resin were observed at
1801 cm™! and in the range between 950 — 850 cm™!. According to the reference material of
the instrument (Hannah; PerkinElmer), the former change can be attributed to the carbonyl
compound illustrated in Fig. 5.63. It can be seen in Fig. 2.4 that the anhydride component
contains these carbonyl groups. It was concluded in Section 5.3 that these changes are caused
by the produced water, not by hydrocarbons or MEG.
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Fig. 5.63. Carbonyl compound attributed to the peak at 1801 cm™" in the IR spectra.

During curing, the bisphenol A epoxy resin reacts with the anhydride curing agent so that a
number of the epoxy groups react with the anhydride groups of the curing agent forming a
complex chemical structure, as described above in Fig. 2.4. The epoxy chains are connected
to each other by anhydride groups. When water is diffused into the material, it reacts with the
anhydride groups by breaking the carbonyl compound seen in Fig. 5.63. The reaction causes
new OH groups to form at both sides of the broken bond. The reaction is seen as a reduction
of corresponding groups in the IR spectra, for instance in Fig. 5.28. The chemical reactions
were seen to take place within the first 750 h of aging. This suggests that the anhydride groups
attributed to the peak in the IR spectrum are the ones that have not reacted during the curing
process. This is supported by the lack of correlation between the chemical changes and the
mechanical properties. The reaction sites are located in the lone branches of the polymer
chains, and the reactions do not involve the bond scission in the primary molecular chain.
Therefore, the strength of the primary molecular structure is not affected.

The other reaction seen in the IR spectra of the bisphenol A epoxy resin, for instance in
Fig. 5.28, takes place in the range between 950 — 850 cm™!. The change is not as clear as
the former, but it indicates the disappearance of the small peak observed at 915 cm™! in the
reference curve. This peak most likely points to the asymmetric stretching mode of the epoxy
group. Such a peak takes place at different wave numbers depending on the epoxy structure
(with many epoxies it is located at wave numbers smaller than 900 cm™"). For the bisphenol
A, the epoxy group has been reported to exist between 916 and 912 cm™~! (Cherdoud-Chihani
et al., 2003; Sanchez-Soto et al., 2007; Denq et al., 1999; Kimura et al., 1998). These epoxy
groups have not reacted in the curing process, but it does not mean that the curing has been
incomplete. The reaction of these groups would have needed a larger amount of curing agent,
which as such could have caused changes in the performance. The reaction of water and
epoxy group includes the opening of the epoxide ring resulting in additional OH groups to
form. The formation of new OH groups, both in this reaction and with the anhydride group,
cannot be detected in the IR spectra, because the spectra already contain so many OH groups.
Correspondingly with the reactions attributed to anhydride groups, these reactions were seen
to occur within the first 750 h of aging and not to affect the mechanical properties. Thus,
there is a certain amount of remaining epoxide groups, which can possibly react, and they all
react within the first 750 h of aging. The reactions of epoxide and anhydride groups are not
necessarily connected to each other. The amounts of data and experiments are too limited
to fully determine this. The evolutions of the peaks are not fully comparable with respect to
different gas mixtures in Figs. 5.28 and 5.29.

It is clear that chemical changes take place inside the bisphenol A epoxy resin. However, the
only diagnostic method used in this doctoral thesis was the FTIR spectroscopy, which in many
occasions is not the most informative one, and does not give clear information on which kinds
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of reactions have taken place. Furthermore, it definitely does not give the reaction formulas.
It only gives information on the chemical structure before and after changes have occurred.
The explanations given above are only theories indicating that the reactions have probably
taken place accordingly. A more thorough chemical analysis is needed to confirm them.

5.7.5 Diffusion

The aging of insulating materials is related to the diffusion of the gas mixture into the insula-
tion. As the gas penetrates into the epoxy resin, the glass transition temperature reduces and
the mechanical properties decrease. The resin becomes softer and more flexible. Therefore,
the wellstream gas acts as a plasticizer inside the epoxy resin. Plasticizers are used in hard and
brittle plastics, such as PVC (polyvinyl chloride), to increase their flexibility. They infiltrate
into the polymer matrix, but do not chemically react with the polymer. When penetrating,
the plasticizers force the polymer chains to move further away from each other creating more
free volume between the chains. This is seen as a volume increase of the material.

The plasticizing effect of the wellstream gas is linked to heavy hydrocarbon compounds (hy-
drocarbon condensate). Water, on the other hand, is a small molecule and its diffusion is
not causing so much internal disorder in the material. However, the nature of diffusion is
dependent on the material. It was pointed out in Section 5.3 that the bisphenol A epoxy anhy-
dride resin absorbs large amount of hydrocarbon condensate, whereas the epoxy novolac resin
tends to absorb more water. The difference can be explained by the chemical compositions
of the materials.

Epoxy novolac resin is hydrophilic containing relatively many OH groups. There are no OH
groups present in the chemical structure, Fig. 2.3, but they are formed in the curing reaction.
Its chemical structure, therefore, has similarities with the structure of water. The OH groups
of these two molecules tend to interact, which is seen as high water absorption. By contrast,
the chemical structure does not attract hydrocarbon molecules. Furthermore, the chemical
structure of epoxy novolac resin is very dense. The structure contains many epoxy groups,
and if they all react, the crosslink density is high, resulting in the brittle nature of the resin. A
dense structure contains less free volume, which makes it more difficult for large molecules
to diffuse into the polymer matrix. Therefore, the hydrocarbon compounds do not penetrate
into the epoxy novolac resin as easily as they diffuse into the bisphenol A epoxy resin, the
crosslink density of which is lower.

The diffusion of the wellstream gas into the epoxy anhydride resin occurs more easily than
in the novolac resin. The chemical structure of the bisphenol A epoxy resin enables greater
flexibility of the epoxy system. The epoxy groups are further away from each other than in
the epoxy novolac resin, as was earlier mentioned with reference to Fig. 2.2 and Fig. 2.3,
resulting in the crosslinking groups (anhydride groups) to exist further from each other. Such
a structure has apparently more free volume inside the polymer matrix and it can also be
more flexible. The applied force is allowed to bend the chains a little, because their support
beams (crosslinking groups) are located further apart, and a force does not easily break bonds
in the crosslinking groups, that is, cut the crosslinks. Hence, the wellstream gas can diffuse
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more easily into the bisphenol A anhydride resin than into the epoxy novolac resin. The
sparse chemical structure is also more easily reformed enabling a higher volume increase.
On the other hand, the flexibility allows better resistance to internal cracks, when the gas
diffused inside the polymer structure is departing. Yet, rapid decompression also causes
internal cracks in the bisphenol A resin.

The diffusion process was not closely investigated. Because of the too long test durations, the
diffusion coefficient was not determined. This is unfortunate and disappointing. However,
the definition of such a quantity is not important with respect to the long-term performance
of the insulation in wellstream gas, because it was stated in Section 5.5 that the diffusion
does not progress further after 750 hours with epoxy resins. The epoxies meet the saturation
of their absorbance. Therefore, the diffusion of wellstream gas into epoxy resins follows
Fick’s second law, Eq. (2.8). However, the diffusion into the mainwall insulation did not
give clear information on saturation, as it seemed to have climbed after 750 hours. This
supports the statement that the diffusion of wellstream gas into composite insulation does
not follow Fick’s second law. This has been reported by many authors (e.g. Fukuda et al.,
1997; Ferndndez-Garcia and Chiang, 2002; Maggana and Pissis, 1999), who have studied
the diffusion of water into epoxy resins that contain fillers. It has been stated that such a
diffusion process contains two separate diffusion processes, which both individually follow
Fick’s second law (Maggana and Pissis, 1999). This has also been reported for mainwall
insulation (Hong et al., 2009a). Nevertheless, the diffusion coefficient will most likely be
different in operating conditions, which involve less liquids in the gas, lower pressure, and
lower temperature. However, information on the diffusion coefficient would probably have
been fruitful.

The diffusion process as described here is practically almost irreversible. The changes ob-
served in the chemical structure of the bisphenol A epoxy resin are minor and were not seen
to have significant effects on the properties of the material. Therefore, the materials are ex-
pected to revert close to their initial behavior, when the hydrocarbons in them are removed.
Hence, the phenomena observed would not resemble “aging” as described by IEC (2004),
because the changes could be reversed.

However, it was seen that it is virtually impossible to remove the hydrocarbons from the
materials without breaking them. It was seen that neither a vacuum treatment at room tem-
perature nor heat treatment (close to T) at atmospheric pressure could remove them. With
such methods, water could be removed. If heated above the T, the resins experienced in-
ternal cracks and bubbles as the hydrocarbons evaporated and the resins could not hold their
structures. As seen in the results shown in the previous sections, the depressurization does
not remove all the hydrocarbons, but causes internal cracks in the epoxy novolac resin as seen
in Fig. 5.60. Also rapid decompression at the temperature above T, causes internal cracks
as shown in Section 5.6. It would have required careful treatment in laboratory conditions to
remove the hydrocarbons from the material samples.

The diffusion process in general contains some irreversible features. Studies on the diffusion
of water into epoxies by Xiao and Shanahan (1998) showed evidence on irreversible effects
of the diffusion. They reported that a small amount of water may get permanently infiltrated
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into the polymer structure of the resin and cause permanent reduction in the glass transition
temperature of the epoxy. For the difficulties in the removal of the hydrocarbons mentioned
above, such an effect was not investigated in this thesis.

The insulating materials experience the diffusion not as aging or degradation, but rather as a
change into a different state. The hydrocarbons penetrate into the polymer matrix and force
the molecular chains to set differently. The chains are reformed into a less energy efficient
form, and there are internal tensions between the chains. Therefore, the external energy
needed to cut the molecular chains is lower, which is seen as a reduced mechanical strength.
If the hydrocarbons are gently removed from the polymer matrix, the chains reorganize back
to their original places, and the initial properties of the material are restored. If the removal
process is not gentle, the motion of hydrocarbon molecules may cut some of the polymer
chains. This is illustrated in the following section.

5.7.6 Effect of pressure gradients

The pressure changes cause severe and irreversible deterioration as pointed out in Section
5.6. During the test conditions the specimens are partly filled with the gas. Furthermore, the
resin is relatively soft, because it is above its glass transition temperature. When the pressure
suddenly drops, the gas departs from the material. The volume of the material is suddenly
decreased and the molecular chains are forced to move. When the gas has departed from the
material, the glass transition temperature increases as the penetrating species no longer cause
internal disorder in the molecular matrix. As the motion of the molecular chains ceases, the
material turns into glass. If the molecular chains do not get reorganized before the mate-
rial turns into glass, the structure will contain anomalies, which can be seen as crystallized
structures in Fig. 5.56.

However, this kind of behavior can be assumed irreversible, because the materials should
basically get organized again when the pressure is increased and a new amount of gas dif-
fused. This means that before the depressurization runs, the materials are in equilibrium
states. Certainly, such a glass transition effect is not expected to cause cracks inside the ma-
terial. Therefore, another approach is needed. The materials are in equilibrium when the
diffusion process has has been going on for a reasonable amount of time. At that point, the
conditions can be illustrated as in Fig. 5.64. Even though it was not stated in Section 5.4, the
diffusion of wellstream gas into mainwall insulation is expected to saturate completely. The
depressurization is illustrated more closely in Fig. 5.65.

In equilibrium, the pressure p; of the gas inside the insulation is equal to the pressure p;
of the surroundings. Accordingly, the chemical potential u; inside the insulation is equal
to the chemical potential uy of the surroundings. During the depressurization, the pressure
p> and the chemical potential w; of the surroundings rapidly change, but the ones inside the
insulation (pi1, 1) are not changed. Therefore, each gas particle inside the insulation are
forced to flow out of the insulation. The force F; appears towards the chemical bonds that lie
in the way, as seen in Fig. 5.65a. The force F; that causes a single gas particle to move can
be expressed as
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Equilibrium Depressurization
Gas

D, p, T

Fig. 5.64. Thermodynamic conditions of the gas and insulation in equilibrium and depressurization
states.

Fi=(p2-p1A; (5.9

The gas particle may go around the adjacent chemical bond (solid green in Fig. 5.65a),
which stands on its way. Alternatively, the gas particle may go through by breaking the bond.
Whichever way it proceeds, there is an area of low pressure p3 behind it (white area in Fig.
5.65b). The molecular chains A and B on both sides of the gas particle in the equilibrium state
are now forced by Fchain, o and Fchain, B, respectively, to move back to their original places.
These forces create stresses to the bonds marked with yellow in Fig. 5.65b. The departure
of the gas may cause either the green or yellow bonds to break. In either case, the result is a
crack, which extends straight towards the surface, as seen in Fig. 5.65c and in reality in Fig.
5.60.

The enthalpy, entropy, and Gibbs free energy of the wellstream gas mixture as functions of
pressure are illustrated in Fig. 5.66. Enthalpy and entropy are defined by calculations on
the flash conditions of the gas mixture with PVTSim software. The Gibbs free energy is
calculated according to Eq. (2.7).

a) c)

Fig. 5.65. Departure of the diffused gas from the insulation as seen at the molecular level. The grey
network indicates the molecular structure.
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Fig. 5.66. Gibbs free energy G, enthalpy H, and entropy S as functions of pressure. The temperature is
130°C.

The change in the Gibbs free energy is most rapid in the pressure range close to atmospheric
pressure. The Gibbs free energy is the sum of the particles in the thermodynamic system
multiplied by their chemical potentials:

G= Zy,»N,- (5.10)

The change in the Gibbs free energy is related to the change in chemical potentials, which
in the equilibrium state are same both inside and outside of the insulation. The amount
of Gibbs free energy per a single pressure step is at highest near the atmospheric pressure.
This is related to the volume of the gas. Under high pressure, the gas is compressed and its
volume hardly changes as a result of small pressure gradients. Near atmospheric pressure,
the gas is less compressed and allowed to expand or contract as a result of pressure gradients.
Therefore, the volume of the insulation is virtually constant during the pressure gradients
at high pressure, but it changes accordingly under the pressure gradients near atmospheric
pressure. The change in volume creates additional forces inside the molecular structure.
Thus, the reason for bond scission and formation of internal cracks is not only the force in
Eq. (5.9), but the combination of that and other forces including the ones created by the
expansions of the gas and the insulation. In other words, the case is too complicated to be
approached in this way. Equation (5.9) is not valid, because it gives the highest force at high
pressure. The volume change is included in the Gibbs free energy in Fig. 5.66. Therefore,
the depressurization has the most severe influence near the atmospheric pressure.
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5.7.7 Lifetime of insulation

The tensile strength and the E-modulus as functions of weight increase for the G2 mainwall
insulation are illustrated in Fig. 5.67. The E-modulus and glass transition temperature of the
resins as functions of weight increase are illustrated in Fig. 5.68. Curve fits are made based
on the exposures to the environments that contain hydrocarbons: Wellstream for various du-
rations and temperatures, Cond, and Sales gas. HC + MW exposure was not included in
the curve fits, because it did not follow the trend with the G2 mainwall insulation. Such an
environment had an effect more similar to that of liquid environments. Nevertheless, all the
test environments are illustrated in the figures mentioned above. The Wellstream exposures
for 1500 h and 2000 h, which contained only resin samples, were considered as failed ex-
periments in Section 5.5. They involved similar, too fast depressurization as the experiment
described in Section 5.1, which is labeled as WS 750k in Fig. 5.68. Therefore, the results
were not comparable with the other exposures in the methods used in the preceding sections.
Nevertheless, with a few exceptions, the test results follow the trend, if the properties are
discussed as functions of weight increase, as can be seen in Fig. 5.68.

Curve fits have not been made for resin A, because the data was too widely scattered. The
curve fit of the glass transition temperature for resin C does not take the WS 170 and WS 3726
exposures into account. It was stated in Section 5.4 that the WS 170 exposure further reduced
the glass transition temperature. The reason for the reduction could not be fully clarified.

100
® ® Jellstream
Cond
%0 * HC +MW
X % Sales gas
_ MW
S MW 2
-“é 60 FW liquid
g FW gas
% Tensile Strength * X WS150
8 40 x X WS170
g ¢ W WS 4000k
~ :
20 A\
E-Modulus—> \
0
0 1 2 3 4.01 5 5.37

Am [%]

Fig. 5.67. Tensile strength (left) and E-modulus (right) of the G2 mainwall insulation as functions of
weight increase. Curve fits are drawn based on the data from the Wellstream (750 h and 3726 h, and
also at 150 °C and 170 °C), Cond, and Sales gas exposures.
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Fig. 5.68. E-modulus (top) and glass transition temperature (bottom) of resin C and resin A (right) as
Sfunctions of weight increase.

With the WS 3726 exposure, the glass transition temperatures shown in Section 5.5 appeared
higher than expected because of the different measuring scheme and equipment. It can be
seen in Fig. 5.68 that these two markers depart considerably from the trend line. Actually,
they depart in different directions, whereupon their inclusions would not have significantly
affected to the curve fit. Interestingly, the experiments considered earlier as failed appear to
follow the general trend in Fig. 5.68. The amount of liquids in the samples did not correlate
with the test duration, but it correlates with the properties of the materials.

According to Fig. 5.67, the properties of the mainwall insulation G2 appear to be dependent
on the amount of the wellstream gas they have absorbed. With resins, the relationship is not
that clear (Fig. 5.68). The curve fitting equations are written as
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G2, Tensile strength :  o¢=—-17.8Am+95.7 (5.11)

G2, E-modulus :  Ug =-24.7Am+98.8 (5.12)

resin C, E-modulus : Ug = -2.03Am+99.9 (5.13)

resin C, Glass transition temperature : T, = —4.03Am +98.0 (5.14)

where the quantities o, Ug, and T, are expressed as percentages of the initial property. By
extending the trend line of the G2 mainwall insulation, it can be seen that the E-modulus is
completely lost when the weight increase is 4%, and the tensile strength, when the weight
increase is 5.37%. Therefore, the insulation has to break down at 4% at the latest. Such an
estimate cannot be defined for the plain epoxy resins. Their data are too widely scattered for
that. Furthermore, the weight incease required to cause the E-modulus of resin C to reduce
to zero is over 49%, which is far from reach. Nevertheless, it is not realistic to use the value
of 0% of the property remaining as an end-point criterion. The insulation must break down
some time before its strength is reduced to zero.

The properties of the G2 mainwall insulation appear to be linearly dependent on the weight
increase. Thus, also the lifetime is linearly dependent on the weight increase, which appears
to be dependent on the time of exposure in the given environment, but not linearly. It was
concluded in Section 5.5 that the weight increase is likely to follow the curve defined for
resins with fillers, as illustrated in Fig. 2.6. The weight increase as a function of time is
illustrated in Fig. 5.69 with the curve fit according to Eq. (2.10). The curve fitting estimates
that the curve will be saturated at approximately Am = 3.06% and the diffusion coefficient is
4.11-107* mm?2/h.
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Fig. 5.69. Weight increase of G2 mainwall insulation as a function of time. The curve fit is defined
according to Eq. (2.10).

The curve fitting suggests that there is only little additional diffusion after the long-term test
duration (3726 h). The tensile strength of G2 mainwall insulation in saturated conditions is
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according to Eq. (5.11) 41.1% of the original, and the E-modulus according to Eq. (5.12)
23.4%, respectively. Based on the fit in Fig. 5.69, it takes approximately 7000 h (approx. 292
days) to reach these values. A common determination for the end-point is that the mechanical
strength is reduced by 50% (Stone et al., 2004). According to Eq. (5.11), this is met at 2.56%
weight increase. The time required for this can be calculated from Eq. (2.10) as

t= f(i)ml (5.15)

With corresponding parameters, the time for 2.56% of weight increase is 1534 h. This would
be the lifetime estimate for such conditions. It cannot, however, represent the lifetime of
the insulation in the windings of an actual electrical machine. The small cakes used in the
aging experiments are more vulnerable to delamination during the depressurization of the
test, which was pointed out in Section 5.6. Furthermore, the conditions inside the natural
gas compressor are less harsh, with less heavy hydrocarbon compounds and water in the gas.
Thus, the diffusion in such conditions is espected to be significantly smaller. The diffusion is
related to the composition of the gas, as was concluded in Section 5.3. The parameters given
above represent the accelerated conditions. Considering the thermodynamic states of the
accelerated conditions and the real conditions, particularly the dew point and temperature, it
is likely that the saturation value of weight increase m., is below the end-of-life value, 2.56%
in the subsea compressor. However, to properly determine the lifetime estimate, the diffusion
parameters have to be determined for real conditions, and this has to be done with more
markers than in Fig. 5.69. The above-mentioned estimates for D and m., are not accurate,
because the curve fit is determined based on only three points in the curve, and one of the
points is zero.

The general lifetime equation can be defined based on Eqgs. (5.11) and (5.15). The former
equation describes only the curve fit in Fig. 5.67. It can be generalized by changing the
percentages into real values and by denoting the slope as a constant A. This yields:

o(my) _
o0) Amg+1 (5.16)

If the end-point criterion is considered as half of the initial strength as above, the left-hand
side of Eq. (5.16) becomes 1/2. Therefore, by substituting that and Eq. (2.10) to m, becomes:

0.75
%:Amt =Amm[1—exp{—7.3(%) }] (5.17)

Now, time ¢ is the lifetime L and it can be solved as:

4/3

2,1 \43
L:d—(—) 1
D\73

n(l - 2A:nm) (5.18)
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The lifetime is determined based on the diffusion process. It is not, in this case, dependent on
temperature, which was not seen to affect the saturation value m.,. However, the temperature
may have an influence on the diffusion coefficient D and thus on the weight increase at a
certain time my. Yet, it is not reasonable to formulate the lifetime equation, Eq. (5.18), as
such was formulated by Montanari and Mazzanti (1994) in Eq. (2.4) and by Crine (1991)
in Eq. (2.6) by including the term //k@® and thermodynamic potentials. The test program
carried out did not provide enough information for that. It has to be emphasized that Eq.
(5.18) is empirical and does not work with common thermal or electrical aging experiments.
It can potentially work when diffusion is the dominating aging process.

Based on this rough approximation, the insulation system G2 is expected to withstand the
conditions in long-term operation. The diffusion phenomenon, which is considered the dom-
inating aging effect, does not cause too much reduction in strength during steady-state oper-
ation. Still, the lifetime estimate given here is merely a detail. The true value of the chemical
aging test procedure lies in the observations on the material properties, how they behave, and
how they are dependent upon the weight increase caused by the diffusion process.

The diffusion reduces the strength of the material, as has been stated. It also reduces the
materials’ ability to tolerate additional stresses caused by for instance depressurization. The
failure of insulation as a result of these processes can be illustrated as in Fig. 5.70, which is
based on Fig. 2.5. Even though the empirical lifetime equation, Eq. (5.18), is not capable
of defining the potential wells, they can be discussed macroscopically. The potential well
approach states that the diffusion process provides a certain energy, which participates in the
breakdown process. The lifetime equation (5.18) is assuming that all the energy needed to
reduce the mechanical strength by 50% is provided by diffusion, which practically was the
case in the chemical aging tests carried out. The reduction of mechanical strength by 50%
is now illustrating the aging needed to make the insulation so weak that a sudden pressure
change can break it.

Free energy

A B
Fig. 5.70. Potential wells, original (A) and failure (B). The grey curve represents new insulation, the

black curve the insulation after diffusion process, and the red curve the insulation after a sudden and
high pressure change. The thermodynamic state of the insulation is represented by the blue ball.

The diffusion process is associated with the Gibbs free energy AG, which reduces the
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strength of the insulation. During a rapid pressure drop, the Gibbs free energy of the sur-
rounding gas suddenly reduces according to Fig. 5.66, while the Gibbs free energy of the gas
inside the insulation remains unchanged. Hence, there is “available” Gibbs free energy AG,
released for mechanical work. The work is done for lifting the potential in the well A. If the
pressure gradient is high, the Gibbs free energy of the well A, that is, the sum AG| + AG, ex-
ceeds the energy barrier AGy. As a consequence, the ball representing the state of the material
can roll downhill towards the well B. The state of the insulation is then changed from “orig-
inal” to “failure,” which is seen as the breakdown of the insulation. The diffusion process
provides the first steps towards the peak of the energy barrier, which is ultimately reached
with the aid of some additional stress, such as rapid pressure changes. The diffusion process
extends towards an equilibrium, which is indicated by the weight increase at saturation m,.
When this is reached, the weight increase is not likely to change. Therefore, in steady state
conditions the Gibbs free energy of the diffusion AG in Fig. 5.70 remains constant.

The diffusion of the wellstream gas into insulation is practically an irreversible phenomenon,
the reversion of which causes irreversible changes in the materials. This would justify the
use of the term "aging’ as described by IEC (2004). However, it is really difficult to quantify
the term ’aging’. Regarding the application and operating conditions, the diffusion is about
a permanent change of state in the materials, because the hydrocarbons cannot be removed
under service conditions. On the other hand, the diffusion process is stopped when the poly-
mer has saturated with the penetrant. At this point, it cannot absorb any more penetrant.
Correspondingly, aging in the insulation stops in saturated conditions, when the equilibrium
has been reached. However, the equilibrium in this case refers to a constant current through
the insulation, at which point the layer of insulation has turned into a layer of conductive
material. The general forms of aging, such as tree growth caused by partial discharges or de-
terioration caused by chemical reactions under high temperature, extend towards the failure
state. The diffusion process, on the other hand, does not really intend to break the insulation,
but only to make it weaker. After the diffusion process and the change of state, the material
can tolerate significantly less of typical forms of aging as can be seen in Fig. 5.70. Therefore,
it is practical in this case to discuss the diffusion process as one form of aging.

5.7.8 Validity of the aging test matrix

The test matrix was illustrated in Fig. 3.2. The tests carried out have provided informa-
tion on the aging of the insulating materials and also provided a rough lifetime estimate and
information on the aging phenomena. Yet, improvements could be made.

For material comparison, the test matrix was chosen appropriately. The exposures in the
wellstream gas mixture for 750 h caused clearly observable degradation of the materials.
Insulation systems can be compared with such a test, because the failed materials and systems
can be detected. The depressurization was too rapid at the resin screening test, but it did
not interfere the material comparison. It was observed that it is fundamental to a material
comparison to test all the materials in the same exposure. Also the tests for the wellstream
gas content study formed a logical set and provided information on different parameters.
However, dielectric response measurements were not carried out for all the samples and all
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the tests, which caused some gaps in the overall knowledge. Such measurements would
have provided more information on the effects of water and hydrocarbons on the dielectric
properties.

The exposures at higher temperatures caused unexpected results. It was seen that the aging
was determined by the thermodynamic state of the gas, and the temperature itself appeared
not to be significant. The Arrhenius relationship did not hold. Based on the test, the hypoth-
esis could be rejected and replaced with a new theory.

The tests performed to discern the diffusion curve failed, because the first tests were carried
out with too rapid depressurization after the test. The durations of the further tests were
dictated by the first test leading to a wrong test matrix. Furthermore, the depressurization
process was too rapid also in the other experiments. Three experiments were performed
with the wrong test procedure, and they did not provide information on the diffusion pro-
cess. However, the results on such tests were valid when the degradation was recorded as
a function of weight increase. The repeated test for 750 h and a long-term test for 3726 h
provided good markers in the diffusion curve, and the latter exposure gave information on the
long-term behavior. However, these two tests were inadequate to obtain the diffusion param-
eters. Additional experiments for 250 h, 500 h, and 1500 h could have provided the missing
information.

Another weak point was the rapid decompression test. The results indicated that the test had
been too harsh as the damage in the small samples was almost total. However, the entire
bar sample did not break down as badly, which highlighted the difference between the actual
insulation system and the test pieces. The only way to carry out the test was to insert all the
liquid components into the chamber at once. Adding them in between the depressurizations
would have required an additional day each time for the chamber to cool down. The test
results suggest that the test should have been carried out with a drier gas mixture and by
cooling down the pressure vessel after each depressurization. It has to be emphasized that
the depressurizations that the materials experienced were not too frequent, but too harsh. The
subsea compressor is expected to face more depressurizations during its lifetime than the
samples did in the test.

The mainwall insulation test samples were seen to break down more easily than the actual
insulation. It would have been more informative to expose the entire bars and cut them into
small cakes after the test. Then, the mechanical properties would have correlated better with
the acutal samples. However, the pressure vessels were too small for these kinds of test sam-
ples. Yet, an additional test should have been carried out with the bar samples and the type
of samples used to find the difference between the samples. Furthermore, the number of test
samples should have been higher to carry out backup measurements. This way, the diagnoses
the results of which were interfered by the measuring setup, such as in Fig. 5.36, could have
been adjusted accordingly. In addition, the test matrix lacks an actual bond between the ac-
celerated tests and the real operating conditions. However, the tests indicate that such a bridge
can be built by measuring the weight increase of the insulation in operating conditions. The
tests indicate that the decrease in strength can be determined based on the weight increase.
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Chapter 6

Conclusions

The effects of partial discharges on the insulation system in a pressurized subsea natural
gas compressor were investigated. The breakdown strengths for the hydrocarbon gases were
compared with nitrogen. The magnitude of partial discharges was measured as a function of
voltage, and a pressure limit above which the discharges are no longer active was determined.
A theoretical 2D FEM model was built to match the measurements.

An experimental chemical aging test program was carried out. The insulating materials and
their suitability were investigated by a comparative test in raw natural gas. The individual
effects of the components in the raw natural gas were studied by tests in modified gas mixtures
that emphasize the effect of a given component. The effect of temperature on aging was
investigated by three tests with similar gas mixtures in different temperatures. The long-term
effect of raw natural gas on the insulation was examined by a test, which lasted for almost
six months. The effect of rapid pressure changes was studied with a test including several
decompression steps. Finally, the observations from all chemical aging tests were combined
in an explanation on what has happened to the insulation and why.

Hydrocarbon gases have lower breakdown strengths than nitrogen. The difference is not
significant, but has nevertheless to be taken into account. The effect of moisture on the break-
down strength of methane was only marginal. The use of nitrogen gas instead of hydrocar-
bon gases in an analysis of discharge-related measurements, in particular partial discharges in
electrical machine windings, is justifiable when the difference in breakdown strength is taken
into account in the analysis.

Surface discharges on the electrical machine windings reduce significantly when the pressure
is increased. Above the pressure of 4 — 5 bar, the discharges virtually disappear. From the per-
spective of a subsea natural gas compressor, the role of partial discharges can be considered
negligible in the operating pressure. The existence of partial discharges is related to the local
electrical field strength. It was shown with a theoretical model that there is a region of high
field strength (higher than the breakdown strength of the gas) even when no discharges can
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be seen. This means that a single discharge must have a physical observable length. It was
approximated to be 40 pm. The approximation was based on the breakdown field strength at
a 1 mm gap distance. If the region of high field strength is too small to include a discharge of
such a distance, no discharges can take place.

Theoretical examination on the methods to reduce the local field strength in the critical areas
in the end-windings of an electrical machine reveals some ways to achieve major reductions in
the local field strength. However, these methods would require materials that cannot tolerate
raw natural gas or methods that cannot be applied to the windings of electrical machines
because of the limited space between the coils. The only way is to use a mainwall insulation
to terminate the conductive layer on the coil. Such a method can reduce the field strength by
40%, but still, the field strength is above the breakdown strength of the gas.

The chemical aging tests indicate that PET films cannot withstand raw natural gas. Other
backing materials of a mica tape (Kapton® polyimide film, Nomex® aramid paper, and glass)
can be used. With such backing materials, the performance is essentially determined by the
impregnating resin. The epoxy novolac resin and bisphenol A epoxy anhydride resin can
withstand the environment, when they are cured with a boron trichloride accelerator. A zinc
naphthenate accelerator cannot provide sufficient chemical resistance and it was found to
react with the gas. The VPI manufacturing process has to be completed carefully to ensure
perfect impregnation. If the insulation is not fully impregnated, the aging effect is more
severe.

The epoxy resins experience the raw natural gas rather differently. The epoxy novolac resin
does not absorb much hydrocarbons, and its weight does not increase as much as that of the
bisphenol A epoxy resin. The high crosslink density of the epoxy novolac resin prevents
large molecules from penetrating, but it also lacks flexibility during sudden pressure changes.
On the other hand, the epoxy novolac resin absorbs water more easily than the bisphenol A
epoxy resin. No changes were observed in the chemical structure of the epoxy novolac resin.

The heavy hydrocarbons cause the bisphenol A epoxy resin to gain relatively much weight.
The resin also absorbs a small amount of water, which causes small chemical changes in
the structure of the resin. These changes are attributed to the reactions between the anhy-
dride crosslinking groups and epoxy groups, but they do not have a distinct influence on the
properties of the resin. The mechanical and dielectric properties and the glass transition tem-
perature of the resin are reduced as a result of the diffusion of raw natural gas. The gas acts
as a plasticizer inside the bisphenol A epoxy resin.

The mechanical properties of the mainwall insulation system consisting of mica, glass, and
epoxy resin are closely dependent on the amount of raw natural gas absorbed. The aging of an
insulation under such conditions is clearly discernible, but the only factor clearly dominating
is the diffusion process. Based on the behavior of the tensile strength of the insulation as a
function of weight increase, a lifetime equation has been derived. A lifetime estimate for the
accelerated test conditions was calculated assuming that the end-point takes place when the
strength has decreased by 50%. Yet, the lifetime estimate does not represent the operating
conditions, because it was determined for accelerated conditions only. In order to find the
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correlation with accelerated tests and operating conditions, further investigation is needed
for the definition of the diffusion parameters in normal operating conditions, particularly the
weight increase at saturation.

Both resins and the entire insulation system are vulnerable to sudden pressure changes. When
the pressure suddenly drops, the gas diffused inside the insulation is forced to flow out. The
departure of the gas cause internal cracks in the insulation. There are cracks in the bulk
epoxy and detachment of epoxy from glass strains in the entire insulation system. The latter
effect leads to the delamination of the mainwall insulation, and further, to a lower mechanical
strength and higher dielectric losses. The diffusion process softens the insulation, but sudden
pressure changes can ultimately cause it to crack.

The effect of voltage on the diffusion was not investigated. This study would have required
complicated experiments and it was not included in this dissertation. This, however, is an
obvious topic for future research. The electrical field in an electrical machine is not very high
and effects of very high fields, such as space charges, are not present. Therefore, it is not
expected that the voltage would have a significant effect on the aging. Yet, the aging process
is related to the motion of substances inside the molecular structure of insulating materials.
An external electrical field can accelerate certain chemical reactions. Thus, it is not fully
justified to exclude its influence without thorough testing and discussion.
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Appendix A

Derivations for the real and
imaginary parts of the dielectric
response function

Equation (2.24) can be divided into real and imaginary parts. First, the imaginary unit i is
taken out from the exponential part according to de Moivre’s formula (Rade and Westergren,
1998)

(cos@+isinf)" = cos(nb) + isin(nb) (A.1)

For that purpose, Eq. (2.24) must be rearranged to the form in which de Moivre’s formula
can be used. The corresponding part of the equation can be written as

€ — €xo _ € — €xo _ € — €xo (AZ)
1+ (iwn)= 1+ (wn)"ii"@ 1 +i(wr)!~(cos % +isin %)~ '
Applying de Moivre’s formula (Eq. (A.1)) yields
&€ _ €& — € (A3)

1+ (iwr) 1@ 1+i(wT)l—a(cos(—ag)+isin(—a§))

Substituting negative angles and uniting the imaginary units produces



€ — €0 € — €0

= (A4)
+(iwr) 1+ (wr)l‘a(sin(ag) + icos(a%))
Multiplication by the complex conjugate of the denumerator yields
I-o(ginlaZ )= z
€ — 1+ (w7) (sm(a/ 5 ) lcos(a 5 ))
TsGoni— — (€ — €x0) (A.5)
+(iwT) 1+2(wr)l sin(a%) +(wr)22

Equation (A.5) is similar to (2.12). Hence, taking also the conductivity terms into account,
the modified Cole-Cole equation can be divided into real and imaginary parts as:

1 + (wr)!~ sin(ag) o
€(W) = €0 + (65— €x0) +— (A.6)
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Appendix B

Step-by-step procedure for vacuum
pressure impregnation

The procedure for VPI impregnation with resin C was carried out as follows. Temperatures
and pressures are indicated by bold and durations of each step by italic letters.

Al

. Preparations

o Manufacturing of the insulation on the bars and installing them into the dummy
stator
o Mixing of the resin
o Pre-heating of the dummy stator, 80 °C
o Cleaning of the VPI chamber and equipment
Inserting the dummy stator into the VPI chamber
Flushing the VPI chamber with nitrogen gas (5 bar) for three times to remove moisture
Heating of the VPI chamber and applying the vacuum, 70 °C, § mbar, over night
Pre-heating of the resin, 60 °C
Inserting the resin into the chamber, 70 °C, 5 mbar, 2 h
Increasing the pressure in steps, 70 °C
I. Slowly from vacuum to atmospheric allowing some relaxation time at atmo-
spheric, 10 min
II. Quite slowly to 5 bar allowing some relaxation time at 2 bar, 3 bar, 4 bar, and 5
bar, 40 min altogether
III. At an increasing rate to 100 bar allowing some relaxation time at 10 bar, 20 bar,
40 bar, and 80 bar, 40 min altogether
Maintaining the high pressure until 6 h has passed from inserting the resin, 70 °C, 100
bar, 2 h 30 min
Switching off the chamber heating and allowing the chamber to cool, 70 — 40 °C, 100



10.
11.
12.
13.
14.

15.

bar, several hours
Decreasing the pressure level at approximately 5 bar/min, <40 °C, 5 bar, 20 min
Pumping the resin out from the chamber, <40 °C, <5 bar, 15 min
Slowly decreasing the pressure to atmospheric, <40 °C, 1 bar, 10 min
Opening of the chamber and removal of the dummy stator
Dummy stator put into the oven for the curing process
.90°C, 12 h

II. 140°C, I16 h

Cleaning of the VPI chamber and equipment



Appendix C

Procedure for aging experiments
using wellstream gas

The aging experiments with hydrocarbon gases were carried out according to the following
procedure. It was used with the wellstream gas mixture.

w

PN

11.
12.

. Preparations

o Calculation on the amounts of liquid components and stabilization pressure

o Manufacturing of the test specimens

o Cleaning of the chamber
Inserting the test specimens and liquid components into the chamber
Flushing the VPI chamber with nitrogen gas (5 bar) for three times to remove moisture,
checking for leakages
Increasing the pressure gradually to the stabilization pressure (approximately 90 bar)
Leakage inspection
Heating the chamber to 130 °C
Adjusting the pressure to 150 bar
Time recording started
Maintaining the conditions for the entire duration of the test
Time recording stopped
Switching off the heat and allowing the chamber to cool
Depressurization carried out manually by clicking the valve on and off and allowing
some relaxation time after each valve opening, the average depressurization rates being
roughly as follows:

I. 20 bar/min at pressures above 20 bar

II. Gradually decreasing the depressurization rate
III. approx. 3 bar/min below 3 bar



13.
14.
15.

Opening of the chamber and removal of the test specimens

Removal of flammable liquid components from the chamber, cleaning of the equipment
Allowing the test specimens to relax for a few hours and let the surface moisture to
evaporate

. Diagnostic tests



Appendix D

Use of statistical distributions to
interpret the aging data

The density functions and estimates for normal, lognormal, and Weibull distributions, respec-
tively, can be written as (MATLAB, 2005)

1 N2
From(y) = 5 exp{—z (ya_él) } for —co<y<oo D.1)
T
__ 1 1 (Iny—p)? ; 0 5
o) = ~expl 5| for 3> (D2)
a a—1 a
Fyn(y) = E(é) exp{—(%) } for y=>0 (D.3)
| &
Anorm = N Zyi D4
i1
1 N
fogn = ;lnyi (D.5)

o =pr(1+ ) (D.6)



where I is the Gamma function. The statistical data on resin C from the wellstream gas
exposure are presented in Table D.1, and the data on resin A in Table D.2, respectively. Both
data sets are obtained from the screening test discussed in Section 5.1.

Table D.1. Statistical parameters of the E-modulus data of resin C before and after exposure to
wellstream gas. The data set is taken from the experiments discussed in Section 5.1.

Remaining
Distribution Reference data Aged data E-modulus
[%]

Normal Estimate 2819.53 Estimate 2657.77 94.263
distribution Variance 998.37 Variance 3693.52
Lognormal Estimate 2819.54 Estimate 2657.81 94.264
distribution Variance 997.00 Variance 3715.23
Weibull Estimate 2817.51 Estimate 2656.58 94.288
distribution Variance 1514.00 Variance 4407.26

a 283494 a 2686.20

B 92.15 B 50.61
Number of samples 19 22

Table D.2. Statistical parameters of the E-modulus data of resin A before and after exposure to
wellstream gas. The data set is taken from the experiments discussed in Section 5.1.

Remaining
Distribution Reference data Aged data E-modulus
[%]

Normal Estimate 2869.58 Estimate 2745.61 95.680
distribution Variance 379.21 Variance 277691
Lognormal Estimate  2869.58 Estimate = 2745.63 95.681
distribution Variance 378.75 Variance 2803.90
Weibull Estimate 2868.69 Estimate 2744.57 95.673
distribution Variance 549.87 Variance 3261.40

a 2879.21 a 2770.00

B 156.18 B 60.92
Number of samples 26 28

It can be seen in the tables that the differences between the distributions are negligibly small.
Only the Weibull distribution has a higher variance. The function of the Weibull distribution
for interpreting the weakest link -data can be seen in Fig. D.1, where the probability plot
of resin A after the exposure to the wellstream gas is illustrated. The Weibull distribution
appears to give a slightly poorer fit than the normal and the lognormal distributions in the



middle section, where most of the markers are located, but it best follows the markers located
at each end. The variance of the Weibull distribution is higher, but it can best predict the
markers that deviate from the main group. Therefore, the E-modulus data was treated with
the Weibull distribution for all samples, both references and aged samples. Nevertheless, the
differences between the distributions were negligibly small.

0991 Data
= Normal
0.95F| === Lognormal
09| === Weibull

075

Probability

0.25 [

0.1 [
0.05

001 F

2600 2650 2700 2750 2800 2850
Data

Fig. D.1. Probability plot of the E-modulus of resin A after the exposure to the wellstream gas and fits

according to normal, lognormal, and Weibull distributions. The data are illustrated with circles, each

of which having the same probability. The curve is scaled according to the normal distribution, i.e. the
normal distribution is shown as a straight line.
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