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Abstract

South African diesel locomotives travel under electrified railway lines that use the IEC
60913:2013 clearances. It has been identified that the IEC standard does not cater for
the diesel locomotive exhaust pollution in the air gap clearance design, and this may have
unknown electrical implications. This research aims therefore to investigate the effects of
engine flue on the dielectric strength of the air gaps and contribute to the knowledge needed
to safely operate diesel locomotives under the railway high voltage catenary system. The
research is executed through computer simulations and laboratory experiments. The Wits
High Voltage laboratory is used for air breakdown tests in normal air and in engine flue pol-
luted air conditions. Breakdown simulations are implemented in MATLAB ™ using a fluid
gas discharge model to represent the discharge process taking into account gas composition
through Townsend coefficients. Experiments have shown that there is a linear relationship
between breakdown voltage and gap sizes for the tested range of 1 cm to 30 cm. It is observed
that for gap sizes less than 25 cm, the DC voltage breakdown strength of air is enhanced by
the presence of engine flue gas by a maximum of 26 %. Beyond 25 cm the flue gas reduces the
breakdown strength of air by as much as 21 % in petrol flue and by 36 % in diesel flue. The
enhancement is attributed to the increased flue humidity and the corona stabilization effect.
For the gap sizes greater than 25 cm the corona mechanism is different, thus the humidity
and corona stabilization cease to be influential. Lightning impulses were used to observe the
extent of the corona stabilization, tests showed a similar trend to that of DC voltage but
most importantly, the difference between flue and normal air breakdown voltages was less
than that of DC voltage results by 8 %. This is attributed to the decrease in corona stabi-
lization effect due to the reduced space charge in impulse tests. The simulations predicted
the actual breakdown voltages observed in the experiments and it showed the same trends
for gap sizes less than 25 cm for DC voltages. The research concluded that the presence of
engine flue enhances the dielectric strength of air for the gap size range 3 cm to 25 cm under
the tested environmental conditions. This is due to the increased humidity of the flue. No

differences were observed for 1 cm and 2 cm.
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Chapter 1

Introduction

Since the inception of railway catenary systems (RCS) in South Africa, British stan-
dards have always been used for guidance on technical requirements such as the de-
termination of electrical clearances. Defined as the air gap between the locomotive
electric supply lines and the ground and the top of an electric locomotive [1]. As
the economy grows, there is increased reliance on locomotives to transport passengers
and bulk goods. Unfortunately, there are many regions in the country where there are
unelectrified railway systems and this entails the use of diesel powered locomotives.
Consequently therefore the South African railway systems are operated with a fleet

comprising of both electric and diesel powered locomotives.

The diesel locomotives often have to make use of the electrified RCS for various rea-
sons and the exhaust outlets located on top of the locomotive release flue gases directly
to the electrical cables causing contamination of the electrical air gap. From a high
voltage perspective, pollution of the air and high voltage equipment may compromise
the integrity of the dielectric strength of the air and equipment of the RCS [2]. Figure
1.1 is an illustration of an RCS showing various clearances, where the reduced clear-
ance is of interest in this study. The South African railway operators are concerned
that the criteria for determining the air clearances may have not taken into account
flue contamination of the air. Thus the above stated possible knowledge deficiency
was the basis of the present research. The approach would be to conduct a more com-

prehensive fundamental study on air breakdown mechanisms. The objective therefore
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FIGURE 1.1: Ilustration of RCS clearances and locomotive

would be not to evaluate the adequacy of the railway catenary system’s clearences but
to provide knowledge for use by the designers in developing appropriate technologies.
The generated knowledge would be generic and therefore applicable in similar scenar-
ios where there exists flue contaminated air in close promixity of high voltage lines.
The scope of this research will be limited to air gaps only, more work could be done
on equipment such as RCS insulators. In the case of RCS, the flue affects the air gap
that would have been set to meet minimum international standards and this may lead
to catastrophic accidences causing damage to equipment and injurying passengers. It
may become a major problem more so when the locomotives pass under a bridge or a
tunnel because the clearances under these structures are already set at their minimum
mostly due to costs [3]|, and more so the flue gases cannot easily escape the tunnel

which might have unknown electrical safety implications.
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1.1 Problem Statement

Currently the standard used to design electric railway systems in South Africa is the
IEC 60913:2013 international standard [4] that unfortunately does not cater for diesel
flue gas pollution of the RCS. The omission is presumably because the case of diesel
locomotives travelling under electrified railway lines is unique to the country. This
poses a unique problem as there is no knowledge of how the flue gases interact with
electric systems and how they can possibly be a risk to people and equipment due to
electric breakdown. It is therefore important to understand how combustion engine
flue gases affect the electrical breakdown characteristics of air in order to generate

knowledge for mitigating this problem.

1.2 Research Question

The problem outlined above leads to the research question:
How does engine flue gas affect the dielectric strength of air gaps in the context of

railway overhead catenary systems?

1.3 Research Aims and Objectives

The aim of this study is to experimentally determine how pollution caused by flue
gases from locomotive engines affect the dielectric strength of RCS air clearances. The

study is conducted through:

1. High voltage physical experiments comparing breakdown voltages of an air gap

under normal air conditions and under flue polluted air conditions.

2. Computer simulations to comfirm and develop the theory explaining the volt-
age breakdown mechanisms of an air gap under normal air conditions and flue

polluted air conditions.



Chapter 1. Introduction 4

This dissertation is structured as follows:

e Chapter 2 gives the background and related work for the research.

e Chapter 3 delves into the chemistry and physics of gas discharge phenomena
in air.
e Chapter 4 explains the laboratory experimental setup, validation and corre-

sponding procedure with the results and analysis.

e Chapter 5 details the mathematical modeling for the computer gas breakdown

simulations and gives the corresponding results and analysis.

e Chapter 6 gives the research conclusion and recommendations for possible

future work.
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Background

There exists limited literature directly addressing the effects of engine flue pollution on
breakdown voltage levels of air or any equipment. An experimental study conducted
in 1985 by Lambeth and Nguyen [3]| showed that the introduction of diesel and
gasoline flue gases in a rod-plane gap length greater than 25 cm resulted in a 20 %
reduction in the AC breakdown voltage of such a gap at a temperature of 20 °C.
This decrease was observed with both petrol and diesel flue gases when compared to
other pollution experiments which included water droplets, wheat flour and salt fog
pollution. These results may suggest that the chemical compositions of the flue gases
are the major contributors to these results since this is the only difference between the
tested pollution types. All the experiments were conducted under the same pressure
and temperature. The following sections give a brief overview of the South African
railway systems and reviews relevant literature on how the presence of engine flue gas

might affect the processes involved in gas discharge phenomena.

2.1 The South African Railway System

The South African railway system operates it’s fleet on three lines with different volt-
ages. There are locomotives that operate only under DC, AC or dual AC-DC voltage
and there are also diesel locomotives along with dual DC-Diesel mode locomotives.

The system consists of a 3 kV DC line, a 25 kV AC line, and a 50 kV AC line to

operate the various locomotives. A summary of the South African fleet of locomotives
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is given in Table 2.1 along with the conditions under which these locomotives can be

found traveling under DC traction.

TABLE 2.1: Types of locomotives and the voltages they operate under

[5].
Locomotive Type Locomotive Class Operating Condition
for 3 kV DC
Single Voltage 3 kV | 6E1,8E, 10E, | Operate or hauled dead
DC 10E1,10E2,18E
Single Voltage 25 kV | TE,7E1,7E2,7E3,11E | Hauled dead
AC
Single Voltage 50 kV | 9E, 15E Hauled dead
AC
Dual Voltage 3 kV DC | 14E, 14E1, 19E Operate or Hauled dead
& 25 kV AC
Dual Mode 3kV DC & | 38 Class Operate or Hauled dead
Diesel or diesel mode

As can be seen from the summary, the only case where a diesel locomotive travels
under an electrified line is when the dual mode 3 kV DC-Diesel locomotive operates
in the diesel mode. The AC systems are only used by the 25 kV AC and 50 kV AC
locomotives and sometimes the AC-DC dual locomotives. The study is therefore only
concerned with the scenario where the diesel locomotive is operated under the 3 kV
DC traction as it is the practical case and the interest therefore would be air gap

breakdown under normal operational DC voltages.

The presence of the diesel flue in the reduced electrical clearance (the distance be-
tween the catenary system’s contact wire and the top of the locomotive) is of interest
in this study. In the case of the South African electrified traction system, the air
clearances are normally specified as the distance between rail and the contact wire.
This allows ease of locomotive classification by it’s height also known as the vehicle
gauge height. The Transnet Electrical Safety Instructions (ESI) [5] specify that the
absolute minimum contact wire height with reference to the rail level is 4240 mm on

a DC line. The reduced electrical clearance can then be inferred from this and the
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original "as built" height of diesel locomotives as given in Table 2.2. The minimum
reduced electrical clearance is therefore calculated to be 110 mm as dictated by the
height of the class 38 dual 3 kV DC-Diesel locomotive. The shortest locomotive (class
36-000) will leave a reduced electrical clearance of 366 mm. The clearance range in
this work is therefore chosen to be from 0 mm to 300 mm in order to cover the range
of clearances arising from the various diesel locomotives. The tests below 110 mm
and voltages above 3 kV will be conducted for generic knowledge generation purposes
that will help develop a more holistic understanding of breakdown characteristics of

diesel flue polluted air.

TABLE 2.2: Heights of diesel locomotives in South Africa |[5].

Locomotive Maximum vertical dis- | Clearance
Class tance between top of

rail and upper surface of

roof metal structure
33-200 3 943 mm 297 mm
34-000 3 962 mm 278 mm
35-000 3 874 mm 366 mm
36-000 3 924 mm 316 mm
37-000 3 924 mm 316 mm
38 (Dual 3 kV |4 130 mm 110 mm
DC/Diesel)

The absolute minimum clearances for all the South African locomotive types are
summarised in Table 2.3 for completeness.

The contact wire delivers the power to the locomotive, it is made of a solid copper
conductor with grooves at the top for the dropper and c-jumper clamps to hold it
from the tiger wire. The contact wire has a cross-section of 107 mm? for the 25 kV
AC system and a 161 mm? cross-section for the 3 kV DC and 50 kV AC systems. The
following section explores the characteristics of flue contamination and how it may
interact with the high voltage environment near the contact wire and into the reduced

electrical clearance.
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TABLE 2.3: Summary of reduced clearance for minimum contact wire
height and condition of locomotive subjected to clearance [5].

Locomotive type Contact Clearance | Limiting condition
wire
height
Single voltage 3 kV DC 4240 mm | 100 mm Class 8E hauled dead
Dual voltage 3 kV DC/25 | 4 240 mm | 120 mm Class 14E/19E hauled
kV AC dead
Dual mode 3 kV DC/Diesel | 4 240 mm | 110 mm Diesel mode or hauled
dead
Diesel 4 240 mm | > 100 mm | All classes hauled or
powered
Single voltage 25 kV AC 4 300 mm | 100 mm Hauled dead with
pantographs
Single voltage 25 kV AC 4240 mm | 120 mm Hauled dead with no
pantographs
Singled voltage 50 kV AC 4 240 mm | 340 mm Hauled dead with
pantographs

2.2 Engine Exhaust Flue Gases

A major by-product of the engine combustion process is heat and the other byproducts

are water vapour, carbon dioxide and nitrogen, which according to Majewski [7], their

volumetric concentrations are usually in the ranges stipulated in Table 2.4.

TABLE 2.4: Comparison of typical flue gas composition in a diesel
engine exhaust and gas composition of normal air.

Gas Molecule | Flue Volumen- | Air Volumetric | Typical Flue
tric % Range % Volumetric %
COq 2-12 - 12
H50 2-12 - 11
O, 3-17 22 9
N, 92 - 59 78 67

In Table 2.4 the typical volumetric concentrations of engine exhaust flue gases are

compared to that of normal air. It can be seen that the presence of flue in the air

decreases the amount of oxygen and nitrogen molecules while increasing the amount

of water vapour and carbon dioxide molecules. The gas composition in an engine
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exhaust varies depending on the quality of the engine’s combustion process. As such
a range is also specified for the volumetric concentration of molecules in flue.

In the experimental and simulation investigations therefore, the worst case scenario
would need to be considered. Among these gases, there are additional pollutants
that come from various non-ideal combustion processes. The pollutants are hydro-
carbons (HC'), carbon monoxide (C'O), nitrous oxides (NO, ) and particulate matter
(P Mg, PMss for particulate diameters of 10 and 25 microns respectively). The com-
bined volumetric concentration has been experimentally found to be approximately
0.1 % [7]. Due to the small amounts of these pollutants, Jasskelainen [8] argues
that the particulates can be ignored and the diesel exhaust gas properties may be
approximated to that of air. He further states that this method brings errors and re-
quires results to be corrected for the increased vapour, carbon dioxide and decreased
oxygen. In that regard these changes in oxygen, nitrogen, vapour and carbon dioxide

constituencies can be regarded important for this study’s accuracy of findings.

The international union of railways (UIC) sets the standards for the maximum diesel
emissions of diesel locomotives [9]. These are specifically for particulate matter due to
their effects on human health. The restrictions are tabulated in Table 2.5 for different
diesel locomotive engines grouped according to the period of manufacture as per
Directive 97/68/EC (as amended by 2004,/26/EC). Most of South Africa’s locomotives
fall within the UIC stage III group; these specified emissions are not used in the
simulations of this research due to their small combined volumetric concentrations
being less than 0.1 % as stated above. These characteristics affect the atmospheric
conditions which in turn may affect the breakdown strength of an air gap. The next
section discusses how the atmospheric conditions that are likely to be affected by

engine flue can individually affect the dielectric strength of air.
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TABLE 2.5: Locomotive Diesel Emissions Standard by the UIC

Stage Power Py NO, HC co PM | Date
Cylinder displ. g/kWh | g/kWh | g/EWh | g/kWh

130 < Py < 560kW 4.0 4.0 3.5 0.2 2007

IITA 560 < Py < 2000kW 6.0 0.5 3.5 0.2 2009

Py > 2000EW, V}, , > 5l 7.4 0.4 3.5 0.2 2009

I1IB Py > 130kW 4.0 4.0 3.5 0.025 | 2012

2.3 Effects Of Atmospheric Conditions

Locomotive diesel flue has a number of chemical properties as mentioned above, and
the gas temperatures are normally in the order of 200 °C' [10]. The high temperature
is in combination with the increased vapour, caborn dioxide, decreased oxygen and
possibly the particulate matter. Such atmospheric conditions have been both postu-
lated theoritically and experimentally to have an effect on the dielectric strength of
air. Below is a discussion of the effects of the environmental factors that are likely to

be affected by the engine flue.

2.3.1 Pressure

Atmospheric air pressure is a function of altitude and a number of studies have con-
ducted experiments showing that a decrease in gas pressure (increase in altitude)
results in a decrease in the breakdown voltage of an air gap [11, 12, 13, 14, 15, 16].
The process of breakdown requires an avalanche of electrons to propagate from one
end of an air gap to the other and as such, the electrons need energy to sustain this
movement. The avalanche is caused by electron collisions with molecules and a mean
free path exists between the colliding electrons and molecules; the distance of this
mean free path allows the electron to gain kinetic energy as it moves [2]. In a low
pressure gas, the electrons and molecules are relatively loosely packed and the mean
free paths are increased, which results in electrons gaining more energy and being

able to eject other electrons through collisions and sustaining the avalanche [17]|. In
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the case of this study, the locomotive’s diesel flue is directed to the open atmosphere
and thus it is assumed that the diesel flue has very little effect on the atmospheric
pressure in the air gap clearance. However the altitude of the site of the tests relative

to the sea level atmospheric pressure needs to be taken into account.

2.3.2 Wind Movement

The pressure is further affected by the movement of the exhaust draft, in which
accelerating molecules due to the wind speed might have an impact on the mean free
path of the collisions of electrons and molecules. Experiements conducted by Mahatho
et al [20] on the effect of wind with a velocity of 3.6 m.s™! on the sparkover voltage
of a rod-plane air gap showed that wind reduced the sparkover voltage by 10 kV for
small air gaps (5 cm) but this difference became smaller with the increase of the air
gap length where at 8 cm it was 5 kV. This result was observed for a positive polarity
voltage, where no effects were apparent on a negative polarity voltage. According
to experiments conducted by Swanson [18] on the effect of wind on the repeatition
rate of corona, it was observed that airflow with a velocity of 2.5 m.s™! affected
the repeation rates by removing space charge from the air gap. It is noted that the
direction of the wind and the wind speed played a critical role on the affected space
charge and consequently the effect on onset streamers. Swanson’s experiments showed
that the space charge moves with the direction of the wind and the amount of the
dispersed space charge increased with wind speed [18, 19]. It was found that the
wind speed affected the repeatition rate of the discharge pulses but did not affect the
discharge mechanism itself as the measured average peak current under both airflow
and no airflow conditions remained the same. This indicates that the movement of
the exhaust draft might influence the dielectric strength of the air gap by removing
space charge. The extent of the effects of the exhaust draft in this study will likely

depend on the velocity and direction of the draft.
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2.3.3 Temperature

Allen, Lam and Greaves |21, 22| performed tests to determine the effect of elevated
temperatures on breakdown of non-uniform fields. It was found that the breakdown
voltage of a rod-plane air gap exponentially decreased with increased temperature.
From their test results, it is found that temperature reduces the breakdown voltage
more in gaps longer than 20 cm and not so much in gaps shorter than 10 cm when
testing under the temperature range 21 °C' to 148 °C' [21]. This result agrees with
other publications that investigated the effect of temperature on the dielectric strength
of air. Cowen et al [23| investigated the cause of transmission line flashovers under
sugar cane plantation fires in South Africa and found that the main cause was the
increased temperature and that the ash particles and smoke density had little effects.
Aleksandrov and Bazelyan [24] used a 1.5D simulation to show the effects of temper-
ature and density on properties of a long positive streamer in air. A 1.5D simulation
is a term used for simulations showing 1 dimensional movement in time for an applied
force. The calculated results showed that temperature had a more pronounced effect
than density. Where the temperature decreased the rate of dissociative electron-ion
recombination, allowing more free electrons to exist. Experimental measurements
performed by Alexandrov et al [25] showed that the channel’s plasma conductivity
increased by a factor of 100 with increasing temperature in the range 17 °C to 700
°C'. It is therefore expected that the increased temperature of the engine flue de-
grades the dielectric strength of the air gap. Experimental studies should therefore

take temperature changes into account.

2.3.4 Humiditiy

Humidity is a measurement of the presence of water molecules in the atmosphere [2].
One of the byproducts in diesel flue is water molecules. The effect of water particles
on streamer breakdown can be explained in terms of charge dynamics in the streamer

air breakdown channel. The processes of electron loss and generation in the streamer
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channel are not as well understood as the electron-impact processes at the streamer
head. It is believed that the loss of electrons in the channel in air is dominated by

the three-body attachment process in equation 2.1 [26]:

e+ Oy + M — Oy + M, k = k(E/N,T, M) (2.1)

Where M = Oy in dry air and M = O, & H50 in humid air and £ is the reaction rate
which is a function of reduced electric field E/N, gas temperature 7" and M. The loss
of electrons through the dissociative recombination with simple molecular ions (O3
,N) is given by:

e+ ABT - A+ B (2.2)

These simple models may fail in describing a number of the observations in the kinetic
processes in the channel. As such, Aleksandrov et al [6, 24] have used simulations
to study the properties of a long streamer in air by taking into account a detailed
kinetic model with decreased model dimensionality. According to their simulations,
an increase in humidity leads to an increase in the voltage required to breakdown a
gap. It is found that this is due to the process represented in equation 2.1 being
dominant in the channel since the rate of processes 2.1 with M = H5O is ten times
greater than with M = O,. This is also due to the decrease of electron detachment
from negative ions due to clustering negative ions or quenching of the metastable states
of O, in collisions with HoO. The overall result agrees with the results of Lambeth
and Nguyen’s experiments [3] which tested breakdown under clean fog created by
steam and by salt steam. In the context of the present work, an interesting fact about
engine exhaust flue is that it has both increased temperature and humidity. Therefore,
since temperature and humidity have opposing effects, it means that the dominant

parameter will determine the overall result of breakdown in engine flue.
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2.3.5 Contamination

The particulates in diesel emissions can be regarded as pollution since according to
Kuffel [2], pollution is the presence of foreign particles in an air gap or insulator.
In this case, the foreign particles are particulate matter classified in into two groups,
PM;y and PMs; for particulates with sizes upto 10 pum and upto 25 um in diameter
respectively. It has been theoretically shown that the presence of conducting particles
in an electric field distorts this electric field by creating localised regions of enhanced
electric field and hence reduce the strength of air [2]. Tests conducted by Loft et
al in [31] on the effects of 0.2 mm and 0.63 mm diameter sand particles on air gap
breakdown showed that the presence of sand particles decreased the dielectric strength
of air and more so when the particles were charged. Furthermore, the increased size
of the particles also further decreased the breakdown voltage. This is in agreement
with investigations conducted by Naidoo and Swift [32| on large particle initiated
breakdown of air gaps of transmission lines. They tested particles with sizes ranging
from 1 mm to 50 mm. Wheat flour and coal dust pollution was used by Lambeth |3]
and there was little difference between the two but the breakdown voltage showed a

slight decrease from dry normal conditions.

The effects recorded in the studies above are for large particles as compared to the
ones expected from the flue gas in this study, and the changes observed are small. As
such, in the context of this study, it is expected that the particulates have minimal
effects due to their small sizes (um) and concentrations being less than 0.1 %. The
next chapter delves into the theory that is needed to represent these environmental

conditions in the numerical modeling of the gas discharge process.
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Chapter 3

(Gas Discharge Theory

Gas discharge is characterised by the many possible ionization processes involving
electrons, molecules and ions in a gaseous system. It is important to understand the
basics of gas discharges and how various molecules interact with electrons in order
to model the gas discharge process and comment on any effects of flue gas on the
dielectric strength of air. This chapter presents an overview of the gas ionisation and
discharge process. The details of this process are further revealed in the discussion

and analyses of the research results.

3.1 Electrical Breakdown Phenomena In Gases

The process of electrical breakdown involves a number of important stages that have
been covered in literature and are still being explored as authors come up with new
theories of the possible processes and conditions involved in breakdowns [27, 28]. It is
generally accepted that these stages occur sequencially as described in the subsections

below.

3.1.1 Ionization

The fundamental process in gas discharge mechanisms is the ionization stage, in which
molecules in a gaseous system lose electrons [2|. The molecules may lose electrons
through various means; which include collision with electrons and ions, photoioniza-

tion, thermionic ionization. These reactions are represented by equations 3.1 to 3.3,
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and they can occur due to an electron-molecule collision where the electron has enough
energy to eject electrons from the molecule. Free electrons (termed seed electrons)
may exist in the gaseous system due to natural processes and thus can initiate this
process of ionization. When there exists a photon from natural processes with enough
energy, the energy is absorbed by a molecule and an electron is ejected. Thermionic

ionization occurs due to heat energy ejecting an electron from a molecule.

e+ A— AT + 2e (3.1)
photon + A — AT + ¢ (3.2)
heat + A — AT +e (3.3)

Other sources of electrons include cathode emissions but the most dominant sources
are collisional and photoionization [2]. The growth of these freed electrons leads to

breakdown as described in the following sections.

3.1.2 Avalanche Formation and Corona

The electrons generated from the ionization process move through the gap in the di-
rection determined by the electric field polarity. They collide with other molecules
and release more electrons as described in the ionization stage. The number of elec-
trons increases exponentially forming an avalanche as each freed electron releases more

electrons, this growth is defined by equation 3.4 [2].

N = Nyele=md (3.4)

Where N is the resulting total number of avalanche electrons in a gap distance d
created by a seed electron. N is the number of seed electrons, « is Townsend’s first
ionization coefficient, describing the number of electrons created per unit length. 7 is
the Townsend’s attachement coeffiecient describing the number of electrons attached

to molecules per unit length. The growth process of the avalanche electrons is known
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as "Townsend’s Discharge" [2]. The avalanche of free electrons will form localised
conducting plasmas known as corona near the high voltage rod [29] as shown in

Figure 3.1 for a positive high voltage rod.
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FIGURE 3.1: Schematic of the formation of corona due to localised
avalanches.

3.1.3 Streamer Formation and Arc Formation

The plasma begins growing into a streamer depending on the magnitude of the applied
voltage, the gap geometry, and the environmental conditions. During this process, the
streamer avalanche groups itself into two zones, known as the head and the channel
(tail) of the streamer. The streamer head consists of corona as shown in Figure 3.2.
Furthermore, the tail and the head are not mutually exclusive, the corona activ-
ity (ionization, excitation and dissociation of molecules) happening in the streamer
head’s high electric field provide the channel with charged particles. These particles,
molecules and atoms can enable the streamer to self-sustain and bridge the gap with
a leader. The "Streamer Breakdown Criterion" |[2| maintains that for a streamer to
initiate and self-propagate through the gap, the number of avalanche electrons in the

head must reach a critical value as defined by equation 3.5.

N = Nye (e=md > 18 (3.5)
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FIGURE 3.2: Schematic of streamer channel and corona at the head,
developing into a leader.

The propagation of the streamer to the anode distorts the electric field due to the
development of an opposing electric field arising from the space charge distribution.
The electric potential in the streamer head which affects the electron-impact processes
that results in the streamer breakdown criterion being met or not |[6] is then changed
by the distorted electric field. It has been found that for the streamer to propagate,
the critical electric field near the streamer head must be about 2.5 kV/mm in small
gaps. As such, the space charge modified electric field at the streamer head then
dictates whether the streamer will continue propagating to the anode depending on
the magnitude of this modified electric field. If the field meets the critical value, the
streamer is self-sustained and continues the propagation and bridges the gap, at which
point an arc may form. Since electrons are the main players in these phenomena, the
gases involved have a major impact as various gas molecules have different properties
that influence the ease of attaching or detaching electrons from them [2] which is why

it is crucial to consider gas composition when dealing with engine flue.

The next two chapters detail the experimental tests and simulations to observe how
engine flue affects the breakdown charateristics of air. The theory described above
is the fundamental knowledge from which the discussion and analysis is derived to

interpret the results.
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Chapter 4

Experimental Tests and Results

This chapter gives the details of the experimental tests conducted to investigate the
effects of engine flue on the dielectric strength of air gaps. High voltage breakdown
tests were conducted in a laboratory using DC voltages, then impulse voltages were
used to verify some of the effects uncovered from the DC tests. For both DC and
impulse voltage tests, a gap in normal clean air and a gap in flue polluted air is used
and the test results are analysed and compared. The investigation is conducted for a

petrol and a diesel engine.

4.1 Common Breakdown Experimental Methods

The common methods of performing breakdown experiments are to choose a gap ge-
ometry that approximates the setup being studied. It is preferable to choose a worst
case gap geometry that is applicable to the study. Studies concerned with electrical
breakdown use a rod-plane gap geometry to perform breakdown tests. This is because
the rod-plane gap geometry has been shown experimentally and mathematically to
represent a worse case scenario and most importantly, many real world setups ap-
proximate to a rod-plane geometry [2|. In the case of a RCS-locomotive geometry,
the setup is a wire-plane gap geometry with the reduced electrical clearance as the
gap. While a horizontal rod-plane (or wire-plane) geometry is appropriate for the
RCS-locomotive setup as was used in |[3], it can be simplified to a rod-plane geom-

etry by considering the cross-sectional view of a locomotive under a RCS, which is
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just a point-plane setup that then can be approximated by a rod-plane setup. The
finite element modeling (FEM) simulations in the figures below illustrates how this
is possible, the same arbitrary voltage of 120 kV is applied in all models. Figure 4.1
shows the electric field distribution of a horizontal line-plane geometry which gives

a uniform distribution and thus cannot be used to model and test for a worst case

scenario in this study.
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F1GURE 4.1: FEM simulation of a wire-plane geometry and it’s field
distribution within 2 cm of the gap from HV wire to plane.
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Considering a cross-sectional view of this geometry shows a point-plane (or small
disc-plane) setup, the FEM simulation and field can be seen in Figure 4.2 and the

corresponding field distribution is a decaying exponential function outside the point

conductor.
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FIGURE 4.2: FEM simulation of a point-plane geometry and it’s de-
caying field distribution within 0.4 cm of the gap from the HV eletrode.

A rod-plane geometry is shown in Figure 4.3 from which it is can be seen that the

field distribution approximates to that of the point-plane geometry with a possible
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difference of 2 kV to 3 kV. The rod-plane setup allows ease of scaling down the RCS-
locomotive setup to a laboratory setup since one can easily construct a rod-plane
setup and introduce engine flue in the air gap. The drawback is that the amount of
flue and concentration in the laboratory setup would not be the same as that of an

actual locomotive.
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F1GURE 4.3: FEM simulation of a rod-plane geometry and it’s decaying
field distribution within 0.4 cm of the gap from the HV eletrode.
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The common measuring instruments in high voltage tests are oscilloscopes and poten-
tial dividers or high voltage probes. Apart from measuring the breakdown voltages
in the experiments, pre-breakdown corona is often of particular interest in literature.
This is because it is known that corona has an effect on the breakdown voltages ob-
served. Thus measuring pre-breakdown corona enables a more detailed analysis of
how the breakdown characteristic is governed by charge dynamics. The tests con-
ducted in this study are for diesel flue and petrol flue to contrast the two and for

normal air conditions.

4.2 DC Breakdown Experiment

The DC voltage experiment is conducted in a laboratory setup as described in this
section. The tests are conducted only for DC because the case when diesel locomotives
travel under electrified lines is only under 3 kV DC lines. The polarity of the DC
voltages in the railway system is positive, thus the experiments are conducted with
positive DC voltage. Voltage magnitudes higher than 3 kV DC are used in the tests
to get an understanding of the breakdown dynamics of engine flue for the tested gap
range in the high voltage laboratory at the Witwatersrand University at an altitude

of 1740 m above sea level.

4.2.1 Experimental Setup

The DC voltage experimental setup is shown schematically in Figure 4.4. It is
composed of a 300 kV DC Cockroft-Walton high voltage generator, a partially top
open gas chamber made of bricks representing a case where a locomotive travels under
a tunnel and exhaust flue cannot easily escape. The engine flue sources are a petrol
electric generator and a 70.4 kW caterpillar (model DESSEOQ) diesel electric generator
shown in Figure 4.5. Data acquisition is accomplished through a data logger system
that is composed of a high frequency current transformer (HFCT) that connects the

air breakdown leakage current to a PicoLog 1012 data logger with a 1% accuracy [30].
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FIGURE 4.4: Experimental setup: testing DC breakdown of engine flue
inside a brick chamber.

The applied voltage is also measured through the data logger which connects to a
personal computer to continuously store the logged data. The meassured gap leakage
current data during the tests represents corona activity as it is due to the movement
of the space charge in the air gap. High voltage 1000:1 and 2000:1 potential dividers
and a set 20 A fuses are used to connect the applied voltage and leakage current CT

to the data logger for protection.

F1GURE 4.5: DESSEO Catappilar diesel electric generator with 70 kW
output.
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Two electrode configurations are used as shown in Figure 4.6; (a) sphere-sphere and
(b) rod-plane.The sphere-sphere gap has been well studied and the breakdown voltage
corrected to standard conditions of various gap sizes can be easily calculated or read
out from graphs [2]. Thus the sphere-sphere gap is suitable to be used as a calibration

setup.

Source | 100mm Source L mm
3m

(a) (b)

FIGURE 4.6: Test gap geometries, (a) Sphere-Sphere and (b) Rod-
Plane

Breakdown tests are conducted on a sphere-sphere setup placed inside a chamber for
the calibration. The vertical rod-plane geometry has been shown above to approxi-

mate the geometry presented by a locomotive and overhead line system.
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FIGURE 4.7: Image of the laboratory experiment setup with the petrol
engine source.
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The diameters of the spheres are 100 mm each, chosen such that their curvature is
large enough and does not represent a point-to-point gap geometry. The copper rod
electrode with a flat-bottom diameter of 15 mm emulates the railway copper contact
wire of 16 mm in diameter, it has an edge radius of 1 mm and the ground plane is

3m-by-3m. Figure 4.7 and Figure 4.8 are images of the laboratory setup showing

the components of the experiment setup.
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FIGURE 4.8: Image of the laboratory DC generator connection to water
resistor that connects to the HV rod.

The diesel electric generator is not in these images as it is placed outside the labora-

ory. The square chamber is 60 cm in width, calculated by taking into account that
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the DC generator can give a maximum of 300 kV, which would breakdown to the wall
of the chamber if it was 12 c¢m closer to the rod, implying that the chamber width
must be at least 24 cm (twice the the minimum distance to the rod since it is a square

chamber).

4.2.2 The Test Procedure

The breakdown tests are performed in accordance with the SANS 60060-1:2011 testing
techniques [33]. Figure 4.9 gives the experimental flow chart based on this testing
technique. Gap sizes from 10 mm to 300 mm are tested in 10 mm increments for
breakdown in both normal air conditions and in engine flue gas conditions. The gap
size range of 10 mm to 300 mm is chosen such that the absolute minimum reduced
clearance of 110 mm in a RCS as mentioned in the background is within the test range.
The 300 mm is to accommodate the clearance of the shorter locomotives that create
a reduced clearance of 366 mm. For each electrode geometry, a gap size of 10 mm is
fixed, then the applied voltage is increased at a rate of 1 kV /sec until the gap breaks
down as detected through the data acquisition system. The input source voltage and
the leakage current are measured and logged through the data logger throughout this
process. The air gap is given 5 minutes to de-ionise and disperse the formed space
charge then the process is repeated 10 times before the gap size is increased by 10
mm. This process is repeated until a gap size of 300 mm is reached. The temperature,
pressure and humidity measurements are done once for every gap size once the flue
source generator has been running for 10 minutes to allow steady flow of the flue and

get the steady state measurement of the chamber atmospheric conditions.

4.3 DC Experiment Results and Discussion

This section gives the results from the DC tests in normal air conditions and in en-
gine flue polluted air conditions. The experiment calibration results are compared to

published data. The test results from the two environmental conditions are compared
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F1GURE 4.9: Experiment flow chart, the tested gap sizes are increased
in 10 mm increments to 300 mm
and contrasted. An analysis and discussion based on the observed differences or sim-
ilarities thereof are given in this section. The results are given as breakdown voltages
against gap distances, furthermore, the pre-breakdown corona is measured and anal-

ysed to further understand the phenomena governing the differences in breakdown
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mechanisms between the air and flue environmental conditions.

4.3.1 Test Calibration

Figure 4.10 shows the breakdown voltage as a function of gap size for the sphere-
sphere gap electrode geometry in air. The experimental results are compared to the
data published by Kuffel [2] for the gap size range of interest in this work; 10 mm to
300 mm. It can be seen that the two data sets practically overlap, with a maximum

percentage difference of 3 % which shows the correctness of the test setup calibration.
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FIGURE 4.10: Sphere-Sphere breakdown calibration results compared
to published data.

The data was corrected to standard atmoshperic conditions using the SANS60060-
1:2011 standard. The measured environmental conditions for the test calibration are
given in Table 4.1. The fact that the corrected data replicates the published data
shows that the correction is valid. Based on this, the validity of the remainder of

the tests and measurements for the rod-plane electrode geometry can be trusted to
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represent accurate measurements since the only difference to the calibration setup
would be the gap geometry in the tests.

TABLE 4.1: Chamber air conditions for the calibration tests

Parameter Sphere-Sphere
Temperature [°C]| 21
Pressure [mBar| 833.7
Relative Humidity [%] | 35.2

The data has been corrected for pressure, temperature and humidity according to the
SANS 60060-1:2011 standard [33|. Stating that if the tests were performed in standard
atmospheric conditions defined as the pressure py being 1013 mbar, temperature
at 20 °C' and humidity hg being 11 g/m? the breakdown voltage Uy would have been

observed to be given by equation 4.1.
Uy =U/K; (4.1)

Where U is the measured voltage, and the correction factors k; for air density correc-

tion and ko for humidity correction are embeded in K; as:
Ky = kiks (4.2)
And the air density correction factor is given by:
ky=0" (4.3)

Where m is an exponent dependent on gap geometry and assumed to be 1 in this

study. The relative air density is:

5P 2B+ (4.4)
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And the humidity correction factor is given by:

ky = (1+40.014 (/6 — 11) — 0.00022 (h/5 — 11)*)" (4.5)

4.3.2 Rod Plane Breakdown

The average chamber conditions for the rod-plane tests in both air and flue are pre-
sented in Table 4.2. An increase of approximately 105% and 76.6% in the chamber

temperature and humidity is recorded, while the pressure remained almost constant.

TABLE 4.2: Chamber air conditions for the Rod-Plane tests

Parameter Normal Air | Petrol Flue | Diesel Flue
Temperature |°C]| 23.4 48 35
Pressure [mBar| 832.8 833.5 838

Relative Humidity [%] | 36.8 65 62

The test results are plotted in Figure 4.11, each data point is an average of 10
breakdowns per gap size. The plots shown are for normal air and for flue polluted
air conditions where the tested gap size range is from 10 mm to 300 mm. Gap sizes

beyond 300 mm could not be tested due to the limitations of the used DC generator.
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FIGURE 4.11: Breakdown voltage curves for the rod-plane tests in air,
petrol and diesel flue.
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As expected, the breakdown voltages are much less than that of the sphere-sphere
tests. This is due to the high magnitude and non-uniformity of the electric field
distribution in the rod-plane gap geometry compared to that of the sphere-sphere
geometry. The results have not been corrected to standard atmospheric conditions
as the main focus is to understand the practical impact of the atmospheric condi-
tions created by the engine flue. Atmospheric correction of HV breakdown results is
normally performed to get a view of how the tested gap or equipment would behave
under a different atmosphere. In the case of this study, the environmental conditions
created by the engine flue are of interest and thus no corrections are needed since
the results already depict the scenario of interest. The general trend is as expected,
the breakdown voltage increases almost linearly with increasing gap size. The results
show that the breakdown voltages in petrol flue conditions are marginally higher than
that of normal air conditions in the range of 30 mm to 250 mm. While diesel flue

breakdown results overlap with the air breakdown results for this range.

The introduction of engine flue pollution compromises the breakdown strength of the
air outside this range; where the major compromise is seen at the gap sizes bigger
than 250 mm for petrol flue and for sizes bigger than 240 mm for diesel flue. The
maximum recorded increase in breakdown voltage is 26 % occuring at the 50 mm
to 70 mm gap sizes while the maximum decrease in breakdown voltage is 21 % at
300 mm for petrol flue and 36 % at 300 mm for diesel flue. Interestingly, a decrease
has also been reported by Lambeth [3] on AC tests for cooled flue and different rod
dimensions. These results show that in a real world scenario where the voltage is 3 kV
and the minimum clearance of 110 mm, the gap would not breakdown in both normal
air and in flue polluted conditions provided that the flue temperature averages at 35
°C' to 50 °C. It can be seen from Figure 4.11 that 70 kV to 80 kV is required to

breakdown the 110 mm air gap.
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In order to explain these observations, gas dynamics and corona needed to be investi-
gated as it is known that pre-breakdown corona mechanisms determine the breakdown
voltages and the behaviour of the streamers. The manner in which pre-breakdown
corona affects breakdown phenomena in gases is described below and an analysis of

the corona results is then given.

4.3.3 Pre-Breakdown Corona

In non-uniform gap geometries, many forms of discharges are often observed prior to
complete breakdown of the gap. The various discharges are caused by the electron-
impact processes occuring within the region of high electric field stress. The pre-
breakdown discharges are called corona and they often affect the level of voltage at
which complete breakdown is observed [2]. The electron dynamic processes such as
ionisation and attachment occur near the high voltage electrode, the region in which
the reactions are dominant is known as the active region. In the presence of an ap-
plied voltage, free electrons will accelerate and collide with molecules, freeing more

electrons and creating negative and positive ions in the process.

This process creates a plasma of charge, in which the electrons are attracted to the
positive electrode, positive ions slowly drift towards the ground electrode and faint
streamers of discharge known as corona discharges are formed. The level at which the
corona discharges begin is termed corona inception and the inception voltage depends
on the gas pressure, electric field, gap geometry and gas types. The discharge stream-
ers formed may propagate through the gap only if the applied voltage is high enough
to allow the electric field in the streamer head to be greater than the minimum field
E. being about 2.5 kV/mm [2]. At this point the ionisation processes in the streamer

head are able to self propagate and bridge the gap.
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Often the corona reaches a steady state before it transforms into self sustained stream-
ers, this state is observed by a luminious glow at the high voltage electrode and can
be seen to be purple in positive voltage electrodes, this mode of corona is called glow
corona. The type of breakdown that occurs is also affected by whether the corona
mode is glow or just streamer corona |2, 45|. The positive glow has many positive ions
that suppress the electric field needed for sustained streamers, therefore more voltage
is needed to breakdown the gap, or alternatively, the gap size may be decreased in
the presence of the glow in order for spark breakdown to occur |2, 43, 45|. Below is a
discussion of the observed corona and how it may be affecting the breakdown voltage
characteristics of the experiments in this study. The corona measurements shown
are for petrol flue, the measurements for diesel flue are similar as was seen from the

breakdown results.

Corona Inception

Corona inception is defined as the onset of the discharge activity and the voltage at
which the discharge activity is first observed is known as the inception voltage [2].
Corona activity has been measured using a current transformer that measures the
leakage current due to the discharge in the gap. The corona activity is reported in
volts rather than amperes as the output of the CT is volts and the study is more
interested in the behaviour rather than the actual magnitudes of the corona currents.
The inception voltages for the DC tests are shown in Figure 4.11, and interestingly
the observed inception voltages do not change with increasing gap sizes. For both air
and flue conditions, the inception voltages average at 30 kV. This invariance of the
inception voltage was also reported by Hassan in [43] who experimentally studied
corona and breakdown in small gaps with a needle-plane gap geometry. It can be
seen that for gap sizes less than 50 mm, corona inception is very close to breakdown
voltage. In the present work, no corona was observed for 10 mm and 20 mm as there
was no measured pre-breakdown activity; this is attributed to the fact that at these

gap sizes, the 15 mm diameter of the flat-bottom rod was bigger than the gap size
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and so created a quasi-parallel plate gap geometry with a uniform field where corona

may not exist before gap breakdown.

Why Corona Inception is Independent of Gap Size and Environment

To understand why the observed corona inception voltages are independent of the
gap sizes and type of environment, focus is on the critical region also known as the
active region. For corona to occur, the threshold for inception in the critical region
is governed by the streamer criterion, stating that the number of electrons in the
avalanche head must be greater than the critical minimum value of N,.;; described by

equation 4.6 [2, 46]:

exp

/6Z(a — n)dz} > Nit (4.6)

It is evident from equation 4.6 that the important parameter is the effective ionisation
(av—mn), as such, the effective ionisation was computed for air and flue and is shown in
Figure 4.12. The effective ionisation (« — ) is computed by taking into account the
gas molecular compositions of air and that of diesel flue given in Table 2.4 using the
the Bolsig method described in [39]. They are calculated for a generalised volume
with gas neutral particle density IV, the output coefficients are then given with respect

to a reduced electric field £/N with units of Townsend (7'd) where:

1 Td=10"" V.em? (4.7)

It can be seen from Figure 4.12 that the effective ionisation of air is higher than
that of flue, with the trend being linear for the most part of the electric field range.
More importantly, for explaining why corona is independent of gap size, two electric
field ranges are identified in Figure 4.12. These are for electric fields less than 200
Td and greater than 200 T'd; where the effective ionisation coefficients for both air

and flue are equal for fields less than 200 T'd. For fields greater than 200 T'd, the two
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coefficients differ, with air having a greater effective ionization coefficient.

According to equation 4.6, if the effective ionisation o —n is the same for two different
gaseous systems and the critical region 0z kept constant, then N..; will be reached
at the same voltage for the different gaseous systems. In the case of the air and flue
systems, Figure 4.12 shows that the effective ionizations of these gases are equal
for electric fields below 200 T'd. As such, the corona inception voltage would be
the same for these gases if the critical field is below 200 T'd. Since the experimental
measurements showed that the inception voltages for the gases are the same, it follows
that for air and flue in this study, corona inception occurs in the critical region dz
when the electric field is approaching 200 T'd, an exact value cannot be determined

at this point.
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FIGURE 4.12: Effective ionisation coefficient for air and flue

For the specific gap geometry in this study, it is found that this electric field of
200 T'd corresponds to an applied voltage of 30 kV, the measured inception voltage.
Additionally, the size of the critical region is speculated to be 10 mm to 20 mm. This
is because at these gap sizes, no corona inception was observed prior to breakdown,
meaning that the corona inception voltage was the breakdown voltage observed to

be in the range 20 kV to 30 kV. The corona inception is independent of the gap size
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because inception happens in the critical region, which in this study was deduced to
be 10 mm to 20 mm and thus because all the gap sizes were greater then this critical
region, the applied voltage exceeded the inception voltage of 30 kV, consequently

satisfying the inception voltage criteria.

Pre-Breakdown Corona Magnitude and Pulsation

The corona voltage magnitude before breakdown is shown in Figure 4.13 where it
is evident that the magnitude of the corona breakdown is much higher in flue than
in air. This is consistent with the breakdown voltages reported above, but most
importantly, it is noted that the difference between air and flue pre-breakdown corona
magnitude increases with increasing gap size. This shows a direct relationship between
pre-breakdown corona magnitude and breakdown voltage. The corona magnitude is

defined as the peak of the corona waveform in Figure 4.14 captured before breakdown.
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FIGURE 4.13: Pre-breakdown corona magnitude in air and in engine
flue gas.

The corona pulsation activity was recorded for both air and flue conditions, Figure
4.14 shows the recorded corona waveforms for a 4 cm gap and a 23 cm. The pulsations
represent corona activity and are present in all four waveforms, but it is noted that
the pulsations in flue are more pronounced and significantly higher in magnitude than

that in air.
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FIGURE 4.14: Comparison of pre-breakdown corona activity in air and
flue at 4 cm and at 23 cm. CT output shown as voltage.

Two major observations are noted. The first one being that the pulsations in air are
not as pronounced as in flue. In flue, the pulses are clearly visible while this is not
the case for air. This implies that the pre-breakdown corona activity in flue is more
intense than that in air. The magnitude of the pulses was measured from each pulse’s
origin on top (peak-to-peak) of the ripple waveform of the DC generator, where it was
found that the peak-to-peak corona voltages in flue are 95 % higher than that of air
at 40 mm. With this consistancy showing a 94 % difference in peak-to-peak corona
voltage of flue compared to that of air at 230 mm. This result is as expected because

of the observed higher breakdown voltages in flue shown in Figure 4.11.

To explain the reason for these corona behavioural differences, one needs to look at
what really happens that forms corona pulsations and how flue gas might then affect
this. It is known that in positive corona, particularly in the onset streamer mode of
corona, the pulsation in Figure 4.14 is due to the collapse and rejuvenation of the
electric field during ionisation. The sketch shown in Figure 4.15 illustrates how the
electric field is collapsed due to the corona space charge; as the laplacian electric field

is increased, a number of ionisation processes occur near the anode.
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FIGURE 4.15: Illustration of electric field collapse due to corona space
charge.

These processes include electrons being absorbed into the anode and electrons being
absorbed by electronegative molecules to form negative ions leaving a positive space
charge around the anode. The positive ions are attracted to the ground electrode but
move much slower than electrons due to their size and low mobility. As a result, the
positive space charge then shields the anode by forming a local space charge cloud
before moving away from the anode [47]. Consequently, the electric field inside the
discharge area is decreased by the opposing electric field formed by the positive space
charge distribution. The space charge distribution results in the electric field being
enhanced a distance away from the anode, which may then allow self-sustained ioni-
sation irrupting at this distance. If the resultant electric field is less than the critical

minimum electric field E, in dz then self-sustained ionisation is supressed.

This results in the ceasation of the electron avalanches and the developing streamers
may extinguish. The space charge cloud is then removed by the applied voltage and

the laplacian electric field is restored, allowing the avalanche electrons to regenerate
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and this process repeats itself for as long as the applied voltage does not provide
enough E-field strength for sustained ionisation. At this point, if the streamers are
unable to finally propagate out of the active region, the pulsations will not stop. When
the breakdown finally happens, it is said that the breakdown is corona stabilized. This
corona phenomena inhibits breakdown of the air gap, hence the phenomenon is called

corona stabilization |2, 43].

Observed Corona Stabilization

Corona stabilization is a specific phenomena in which during partial discharge, a
cloud of positive ions (also referred to as space charge) forms around the tip of the
positive electrode due to a slow rising voltage [44]|. The positive ion cloud decreases
the electric field strength near the electrode, which results in breakdown occuring at
a higher voltage. Consequently, corona stabilization then also results in the corona
taking longer to transition from streamer mode to glow then breakdown. In this
work, the author defines corona stabilization by quantifying the magnitude "X" of
the corona pulses as a percentage increase of where the pulse occurs at "Y" as shown

in Figure 4.16.
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FIGURE 4.16: Illustration of points used to compute pulsation %
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The pulsation % is defined by equation 4.8. Which calculates the average pulsation

% for a gap size, the average is for the number of pulses n that occur on a corona

waveform which were observed as 2 pulses for air and 3 pulses for flue in the tests.
"X, -,

pulsation% = Z v
n i

i

x 100% (4.8)

From Figure 4.14, it is evident that the corona stabilization phenomenon is more
prevalent in flue than in air. In the case of this study, the major difference between
flue and air is the gas composition of the flue gas system. In which water molecules and
carbon dioxide are introduced into the oxygen and nitrogen gas system. Furthermore,
it has been found that in small air gaps, the three-body attachement process given in
equation 2.1 dominates the gas dynamics during ioninzation in air which results in
the loss of electrons [26]. Hence due to the increased humidity of the flue gas, the
processes by which possible electrons get depleted near the anode to form negative
ions are increased. This means that more positive ions are left over to form the space
charge cloud around the anode, and as such, corona stabilization is enhanced in flue
which lead to the higher breakdown voltages observed in flue comapared to air. This
explains why the calculated Townsend effective ionisation coefficient for flue is low; the
rapid attachment of electrons leaves behind the positive space charge which in turn
enhances the corona stabilization effect. The curves plotted in Figure 4.17 show the
characterisation of the corona stabilization effect through equation 4.8, which shows
that the percentage increase of the pulse magnitudes for air and flue both increased

with increasing gap size.

The corona stabilization is generally higher in flue, which confirms that indeed break-
down voltage is governed by corona mechanisms. Most interestingly, as the gap size
is increased, the corona stabilization increased in both gas systems, but increased 20
% more in air than that in flue. Furthermore, It can be seen that after 250 mm the

rate of this increase in air becomes even higher while that of flue continues in the slow
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FIGURE 4.17: Corona stabilization with increasing gap size.

steady increase. This change also reflects on the breakdown voltages at the cross over
point, where breakdown in air becomes higher than in flue. It is thought that above
250 mm, the breakdown mechanism in air is different due to the change in the corona
mechanism while that in flue does not change. It seems as though the enhanced
corona stabilization in flue prevents the change of corona mechanism and hence no
change in breakdown mechanism as observed in air, this consequently allows the flue
gas to maintain the steady rate of increase in breakdown voltage. It is speculated
that the change of breakdown mechanism in flue may happen at bigger gap sizes than
the tested range, that the enhanced corona stabilization shifts the point at which the

change must occur.

The characteristics of the engine flue included the airflow of exhaust draft which it
was stated in the background section that this might affect the breakdown in flue.
The engine flue was introduced inside the chamber from the bottom and the measured
airflow velocity was 2.5 em.s~! upwards which is quite slow when compared to the
velocities mentioned in the background section. Thus it is concluded that the flue
velocity was too small to remove any space charge and have any considerable influ-

ence on the corona. Furthermore, Swanson [18| identified that airflow speed affects
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1

the repeatition rate of corona pulses; which was calculated to be 0.6 pulses.ms™" and

0.55 pulses.ms™! in flue and air respectively. This small difference in repeatiton rates

1 could not affect the corona

confirms that the measured airflow speed of 2.5 c¢m.s™
and thus the effect of humidity and corona stabilization is thought to be the major
contributor to the observed corona and breakdown characteristics of flue when com-

pared to that of air.

To verify the effects of space charge and humidity on corona stabilization that in-
creased the breakdown voltages of flue, impulse tests were conducted as presented
in the following section. Where the aim is to observe any changes in the breakdown
voltages in flue since the space charge in impulse voltages is reduced due to the short

time available for charge formation.

4.4 Impulse Experiment Setup and Procedure

The impulse experiment setup and procedure is detailed in this section. The parameter
of interest is the difference between the breakdown voltages of air and flue polluted air.
As mentioned above, the effects of space charge on corona stabilisation is said to be the
main factor in the observed differences on the breakdown voltages of flue and air. The
space charge is affected by the increased humidity of the flue and results in increased
corona stabilisation. This resulted in increased breakdown voltage levels of flue when
compared to that of air. As such, the impulse tests are performed to verify the effect of
the flue humidity on corona stabilisation. Impulse voltages force breakdowns without
allowing enough time for space charge to build up, this characteristic is suitable for
observing how the humidity which is postulated to act on the space charge will affect
the breakdown in a low space charge environment. This is beacuse the absence of the
space charge should then allow the flue and air breakdown levels to be almost the

same if the proposed effects of humidity on stabilisation are true.
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4.4.1 Experimental Setup

The impulse experiment setup is shown in Figure 4.18; the only difference between the
impulse and the DC experiment setup is the type of source and the data acquisition
system. A five stage Marx generator is used in this experiment, with the wave shaping
output resistor and capacitor selected for a standard 1.2/50 us standard lightning
impulse. In this setup, no corona measurements are made, instead an oscilloscope is
used to record the lightning impulse waveform through a potential divider circuit as

the data acquisition system.
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FIGURE 4.18: Impulse test setup

Only a rod-plane gap geometry is tested under impulse conditions and Figure 4.19
shows the images of the laboratory setup. The chamber image is the same as the one

in the DC setup.

The Test Procedure

The impulse tests are conducted for the gap range of 10 mm to 300 mm in both air

and in flue conditions. The experiment is conducted in accordance to the IEC 60060
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FIGURE 4.19: Image of the laboratory experiment setup for impulse
tests
Uso impulse test procedure. The gap sizes are increased in steps of 10 mm and for
each gap size, a Uy impulse test is performed with 20 breakdowns.
After performing the Usy test for each gap size, the voltage at which there is a 50 %
probability that the gap might breakdown is then calculated by taking the average of
the recorded 20 breakdown and withstand voltages through equation 4.9 per gap.

1 20
Uso = — Z v (4.9)

Where V; is the recorded breakdown or withstand voltage.
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4.5 Impulse Experiment Results and Discussion

This section gives the impulse experiment results for both air and flue conditions.
The Usp results are given and discussed, furthermore, they are contrasted with the
DC results in order to check the extent of the effect of space charge on the corona
stabilization discussed in the DC results section. Figure 4.20 shows the 1.2/50 us
standard lightning impulse waveform used in the experiments, generated in the HV
laboratory. Table 4.3 gives the average chamber environmental conditions for the

impulse tests.
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FIGURE 4.20: Laboratory generated standard 1.2/50 us lightning im-
pulse waveform

TABLE 4.3: Chamber air conditions for the Rod-Plane impulse tests

Parameter Normal Air | Petrol Flue | Diesel Flue
Temperature [°C]| 24 47 19
Pressure [mBar| 833 834 836

Relative Humidity [%] | 36 64 62

Impulse Breakdown

The Usy impulse voltages with increasing gap size for flue and air are shown in Figure

4.21. As expected, the Usg voltages are higher than that of DC breakdown voltages,
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this is because in impulse test, the impulse waveform is applied for a very short pe-
riod of time which results in more voltage needed to breakdown the gap. The electron
avalanche formation then needs to happen within the rise and fall time of the applied
impulse waveform. The overall time needed to realise an impulse breakdown is known
as the lag time ¢. It is composed of the statistical time lag t,, which is the time lapse
between the application of an impulse voltage and the occurance of a seed electron to
initiate discharge. Then the time lapse after the initiation to breakdown is known as
the formative time lag t; [2]. Furthermore, it is known that the statistical time lag and

formative time lag depend on the pre-ionisation and discharge mechanism respectively.
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FIGURE 4.21: Experimental impulse U50 breakdown characterstics for
flue and air

The overall trend is still linear and the presence of flue has similar effects as in the
DC tests where it can be seen that the impulse breakdown voltages in flue are slightly
higher than in air. This shows that breakdown processes in gases in both cases of
impulse and DC are essentially a function of the effective ionisation coefficient, since
in both cases of impulse and DC tests the breakdown in flue is higher than in air.

These results confirm the correctness of the Bolsig+ calculated effective ionisation
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coefficients in Figure 4.12 found to be smaller in flue gas than in air. Interestingly,
no cross over points where observed at 30 mm and at 250 mm as was the case with
DC tests. Instead, the breakdown voltage of air after 250 mm is seen to fluctuate
around the breakdown voltages of the petrol flue curve rather than crossing it. The
breakdown voltage curve of diesel flue is however marginally higher than that of both
petrol and air. The average difference is calculated to be 18 kV when compared to air.
This difference is attributed to the decreased temperature of 19 °C' during the diesel
impulse tests as given in Table 4.3. It is thought that humidity played no major role
in this increased breakdown curve because the humidity of the petrol and the diesel
tests were similar, as a result it can be expected that if the temperatures were also

similar the curves would overlap more closely than the current result.

The impulse experiment is used to test if the decrease in pre-breakdown space charge
would affect the corona stabilization effect that was enhanced by the flue humidity
in DC. Visually, it is difficult to tell from Figure 4.21 if the deviation of the flue
breakdown voltages from that of air have changed in impulse conditions compared to
DC. As such, the weighted mean percentage increase (WMPI) between the DC and
impulse results is used to compute any differences between these two cases, the WMPI

is given by equation 4.10.

WMPI = —;

Uair <’ Uair - Uflue
i=1 Uain

e 100% (4.10)
The WMPI is used to highlight the relavancy of the differences between the two curves
while ensuring that the points where there is no difference do not void the differences
observed, which is the case with simply taking an average difference accross the data.
Figure 4.22 compares the WMPI of DC breakdown voltages against that of impulse
Uso voltages. It is found that the use of LI decreases the WMPI between air and
petrol flue; in DC tests, the calculated WMPI between air and flue is 10.3 % while it

is found to only be 6.55 % in impluse tests. Furthermore, the maximum percentage
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increase observed in impulse tests is 11.8 % occuring at 210 mm for petrol and 12.4
% for diesel occuring at 200 mm, which is lower than the maximum percentage in-
crease of 26.39 % observed at 50 mm for petrol and 36 % for diesel at 300 mm in the
DC tests. The decrease in the WMPI when using impulse voltages shows that space
charge has influence in the gap breakdown voltage under DC voltage and therefore
the concept of corona stabilization is more applicable to DC. This is consistent with
Bhutt’s [44] argument that stabilization occurs when a slow rising applied voltage
is used, whereby a DC voltage can also be clasified as a slow rising voltage during

breakdown testing.
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FIGURE 4.22: Weighted Mean Percentage Increase from air to flue
experimental results in impulse tests and DC tests.

The diminished difference in breakdown voltages between air and flue under impulse
voltages show that the recorded high humidity in the flue had minimal effects on the
breakdown voltages due to the lack of space charge. The theory that the humidity
acted through the space charge to enhance corona stabilization by absorbing electrons
in the DC tests can be said to have been verified by the decrease in the WMPI be-

tween air and flue impulse breakdowns voltages.



Chapter 4. Experimental Tests and Results 50

This chapter presented the laboratory experimental component of the research. It
was broken into two main experiments, which are DC breakdown experiments and
impulse breakdown experiments. The setups and procedures of both experiments
were in accordance with [EC standards. Results from the DC tests showed that the
breakdown voltages in flue conditions are higher than those in normal air conditions
for gap sizes less than 250 mm. The flue contamination compromised the air strength

for gap sizes greater than 250 mm.

Upon analysing the results, it was found that the increased humidity of the flue caused
an enhancement of the corona stabilization effect by increasing electron attachment,
which then lead to an increase in the dielectric strength of air. The stabilization effect
is mainly a property of the space charge, and therefore, impulse tests were conducted
to evaluate the extent of how the flue affects the space charge. The results of the
impulse tests also showed that flue increased the dielectric strength of the air but
these effects decreased in the impulse tests. The decrease confirmed that the impact
of space charge on corona stabilization had been affected by the high humidity in
the flue gas. In the next chapter, the mathematical model and simulations for gas
discharge are presented, where the main aim is to provide a way to verify experimental

data, more so when comparing different gas systems.
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Chapter 5

Discharge Modelling and Simulations

The gas discharge mathematical modelling and computer simulations are presented
in this chapter. The simulations are primarily used to validate the DC experimental
results by running the mathematical model in MATLAB™. A fluid dynamic model is
adopted from literature and used to model the gas species as fluid under the influence
of an electric field. The simulation results are given for both air and flue conditions

while the shortfalls of the model are highlighted.

5.1 Modelling of Gas Discharge Phenomena

Gas discharge can be modeled as the movement of charged particles originating from
the gas molecular constituents. The charged particles are primarily accelerated by
an applied electric field. Among the various methods for modelling gas discharge are
those using the kinetic model of gases, where the kinetic energy of the particles is from
the applied electric field. This model has some limitations and thus a fluid dynamic

model is often used to model gas discharge.

The most used fluid dynamics model is the flux corrected transport algorithm by Boris
and Book [34] and later proposed by Morrow to be used to numerically describe the
flow of charged gas particles in air [35]. The model has been used by Morrow and
Lowke to succesfully describe streamer development and propagation in standard air

conditions [36]. They found that a streamer created by a 20 kV DC source did



Chapter 5. Discharge Modelling and Simulations 52

not brigde the 5 cm rod-plane gap tested, the streamer only travelled 3.5 cm which
is expected as 20 kV is expected to breakdown only a 1 cm gap. In the model,
the motion of charge is described by drift-diffusion equations and influenced by the
chemical characteristics of the gas molecules in the electric field environment. Kim et
al [37] also managed to use fluid equations in COMSOL Multiphysics to investigate
and estimate the breakdown voltage of air under standard conditions. Swanson [18]
used this model in investigating the role of singlet oxygen on corona in air and in a
similar manner this model can be used to investigate the effects of the diesel flue gases
on streamer breakdown. The model in itself is not new, Swanson combined it with a
number of other developed models to represent phenomena such as photo-ionization
and electric field effect. The unique aspect in this study is how it is used to understand
the effects of the engine flue gas composition on breakdown strength; a phenomenon

which has not been explored.

5.1.1 Flux Corrected Transport Algorithm

In order to accurately model real physical gas dynamics, Boris [34] developed a
method of solving contuinity equations where the results are out of bounds due to
cases of shocks and steep gradients of flows. The method is known as flux corrected
transport (FCT) algorithm of solving continuity equations. This concept has two
major stages, where in the first stage (called the transport), the fluid is transported
from one point in space to another through a said time. In the second stage, called
antidifusion stage, errors introduced in the first stage by fluid shocks and steep flow

gradients at the bounds of the interested space are corrected.

Figure 5.1 is a flow diagram of the flux corrected transport algorithm, where positive
and negative ions along with electrons are considered to be plasma. A seed plasma is
introduced in the gap, then based on the applied voltage, the Laplacian electric field is

determined and combined with the Poissonian electric field to compute the net electric
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field. Swamp parameters such as Townsend, diffusion and mobility coefficients that
represent the specific gas system being studied are fed into space-time drift-diffusion
equations that transport the plasma ions and electrons through the gap. Furthermore,
an external current due to the resulting charge movement is determined and fed back
into the algorithm as a voltage drop in the next iterations. The various components

that make up the algorithm are discussed in the next sections.
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FIGURE 5.1: Flux Corrected Transport algorithm flow chart [18]
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Drift-Diffusion Model

The transport algorithm performs its main function by employing drift-diffusion equa-
tions for electrons and ions, moving them through the gap like fluid. The coupled
drift-diffusion equations in one dimension are given as equations 5.1, 5.2 and 5.3

[18, 34, 35, 36]:

ON, (N, V) 8 &N,
8t —S+Nea|7e| _Nen‘78| —NeNpﬁ—T‘i‘% (DeaZQ (51)

ON, d(N,7,) 0 9N,
8t—s+mw74_mmﬁ NNy = =+ o— | Dy 5 (5.2)
ON, rﬁwNNﬂ—mMﬁ“+ﬁnyM (5:3)
ot el Ve nep 0z 0z " 022 '
Where:

+ = Electrons e, negative ions n and positive ions p
N, = Number density for electrons and ions [cm ~?]
U, = Electron and ion velocities [ern.s™!]

o, 1) = lonisation and attachment coefficients [cm ]

S = Photoionisation term [cm 2.5

3

3 = Recombination coefficient [em®.s™]

D, = Diffusion coefficient [cm?.s7]

The equations give the change of particle density in time at a certain position in the air

gap space. For example, by looking at equation 5.1, the major transport components



Chapter 5. Discharge Modelling and Simulations 55

affecting the electron density N, are photo-ionization S, Townsend first ionization «
that generates electrons based on their velocity v, influenced by the applied electric
field, while n depletes electrons through attachemnt processes. ( is the recombination
coefficient governing the recombination of electrons N, with positive ions N,. Lastly,
the last two terms describe how electrons move out of the said point in space with
mobility v, and how electrons diffuse into the said point in space through D..

It is apparent that the gas transport and Townsend coefficients which form part
of the swam parameters need to be determined before hand in order to apply the
drift-diffusion equations that will transport the charge plasma, therefore the following

sections details how these are calculated.

Molecular Distribution and Cross Sections

Before delving into how the swamp parameters are calculated, one needs to under-
stand the molecular interactions of the gas constituents. The swamp parameters are
a function of electric field but the final result largely depends on the many types of
electron-molecule collision reactions that could occur in the gas volume. The reac-
tions are based on a probabilistic distribution phenomena related to the energy of an

electron and the collisional cross sections for various types of reactions [18].

Molecular Distribution

One of the main aspects of electron-molecule reactions is the availability of molecules
in a said volume and how their molecular energy is distributed. This is because
for every possible reaction, there needs to be an electron with minimum electron
kinectic energy such that the reaction results in the ejection of electrons in the air
gap. Equation 5.4 describes the distribution of molecular velocities resulting from

the random collisions [2] and how it varies with increasing gas temperature.

N | —

10 = (g2 (325 o
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Where:

f(v) = Probability density
kp = Boltzmann’s constant
m = Mass of particle[g]

T = Temperature| K|

v; = Velocity of particle[m.s™]

And it can be seen from Figure 5.2 that the increase in gas temperature results in
an increased probability that a higher number of molecules will have increased kinetic
energy. This in turn implies that more electrons and ions will be freed during collisions

due to the sufficient kinetic energies and hence affect the discharge process.

T=20°C

= 200 =

Fraction of Molecules

Kinetic Energy

FIGURE 5.2: Maxwell-Boltzmann’s distribution for number of particles
with enough energy to react at temperature T. adapted from [18]

Collisional Cross-Sections

A collisional cross section is the effective area around a gas particle that another par-
ticle’s center needs to be within in order to realise a collision [18|. Particles have
different cross sections for various possible reactions which affect the particle’s mo-
bility, diffusion and the overal gaseous system’s ionization coefficient. The collisional

cross sections for the gas molecules constituting normal air and engine flue are given
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and interpreted in this section. The cross-sections are based on the data published in
the LXcat database [38, 40]. The collisional cross sections for oxygen, nitrogen, car-
bon dioxide and water are shown in Figures 5.3, 5.4 and Figure 5.5 respectively. In
these figures, the cross sections are calculated for collisions between the gas molecules
and an electron with energy eV. These graphs give the possible collisional reaction
if the electrons with energy eV collide with the said molecule. Figure 5.3 and Fig-
ure 5.4 would represent air composition, while flue composition would have all the
molecules from Figures 5.3, 5.4 and 5.5.

Cross sections for air: As expected, it can be seen from Figure 5.4 that nitrogen has
a wide range of excitation reactions which absorb energy and prevent gas discharges,
making it a good insulating medium. Furthermore, momentum (effective) reaction
is most likely to occur across all energy ranges for all the molecules which does not
contribute to any of the factors affecting discharge. Ionization in nitrogen is seen
to only be possible in the upper ranges of electron energies with only one possible
ionization reaction. Oxygen has a number of excited states in the lower energy regions,
and two electron attachment reactions are possible in the energy ranges of 10 eV to
100 eV.
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F1GURE 5.3: Oy Collisional Cross Sections for the various possible
reactions depending on the energy of the electrons colliding with the
molecule.
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Cross sections for Flue: Figure 5.5 is the additional molecules that flue introduces

in air. The oxygen and nitrogen characteristics in air also apply here, but in reduced

concentrations. It is seen that water molecules have the most attachment reactions

and they are possible within a small range of energies before 10 eV. For both carbon

dioxide and water molecules, the excitation states span a wide range of energies but

with only one possible ionization reaction occuring at higher energies. In general,

it is seen that ionization is favoured at higher energies but there’s only one possible

reaction for all the molecules, and attachment is seen across three molecules with the

most in H,O. In engine flue, this implies that compared to air, ionization may be

counteracted by the increased attachment posibilities. These collisional cross-sections

along with Maxwell’s molecular distribution are used in computing the Townsend and

transport coefficients for flue and air in the following section.
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F1GURE 5.5: COs and H,0 Collisional Cross Sections for the various
possible reactions depending on the energy of the electrons colliding
with the molecules.

Transport and Townsend Coefficients

The swamp parameters of interest are Townsend ionization and attachment coeffi-
cients, electron mobility and diffusion for both normal air and flue conditions. They
feed in the transport algorithm used to describe how electrons and ions travel in space
within an electric field over time. In this research, the transport and Townsend coef-
ficients are computed by using the gas molecule’s collisional cross sections described

in the previous section. The cross sections are used in an algorithm that solves the
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Boltzmann expression in equation 5.5; the algorithm is called Bolsig+ and it was
developed by Hagelaar [39] for low temperature plasma.
of

. q 7 _(9f
oy TOV = BN, f = ((%) (5.5)

Where:

f = Boltzmann Probability Distribution
¥ = Electron velocity[m.s ']

q = Electron charge[C]
m = Electron mass|g|

E = Electric Field[V.m™!]

The Bolsig+ algorithm is designed to compute the swamp parameters for standard
pressure and temperature. This imposes a limitation on the temperature one can use
to calculate the swamp parameters. The computed transport and Townsend coefhi-
cients are shown in Figure 5.6, comparing the swamp parameters of air and engine
flue. When comparing the results for air and engine flue polluted air, it is evident that
the reduced Townsend coefficient (o — n)/N for engine flue gas composition is less
than that of normal air composed of 78% nitrogen and 22% oxygen. The difference is
not significant but implies the possibility that at standard temperature and pressure,
more voltage might be needed to breakdown a gap in flue gases than in air. The

following sections detail the other aspects of the model algorithm.
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Photoionisation

The photoionisation term seen in the drift-diffusion equations was primarily devel-
oped by Kulikosvsky [41] based on a model that was developed to partially follow the
photoionisation data by Penny and Hummert [42] who derived a relationship between
the number of photoionisation events and photo-electrons produced in a specific vol-
ume. The photoionisation term describes the number of electron-ion pairs formed per
second in a volume dV; due to photoionisation events in another volume dV; seperated

by a distance r as described by equation 5.6 [41].

I(dVs) f (r)

42

S(dVy,dVa) = dVy (5.6)

Electric Field

The net electric field is a found by computing the Laplacian and Poissonian electric

fields and taking their summation as seen in equation 5.7.

Er = E, + Ep (5.7)

Where the Laplacian electric field is defined as the electric field due to the applied
voltage. It is determined from solving Poisson’s equation 5.8 with zero particle

number densities [35, 18|.

V26 = —% (N, + N, + N.) (5.8)
0
Such that:
Ep=-V¢ (5.9)

The Possionian electric field is the electric field due to the space charge density p. It
is given at position = within a channel of radius r in a gap of length d showed by

equation 5.10 [18].
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d—x

1 x! !
Ex:—/ r+a —1—7611‘/4—/ r+2') |1 — ————| da’
() QEOIp( )[ 1/7x/2+r2] / Pl ) Nz

(5.10)
Circuit Current
The circuit current was derived by Morrow in [35] and is given by:
A 9°DN,
I(t) = / Nyv, — Ny, — Neve + ——— | Erda (5.11)
V;Lpplied 0 82515

Swanson then accounted for the circuit current’s effect of a voltage drop through
equation 5.12. Where the test circuit wiring is simplified and represented by a

capacitance C' and resistance R.

Vipptiea = 1 (t) R — é / 1(t)dt (5.12)

Boundary Conditions

The model is required to take into account that in the space of charge flow, electrons
are absorbed and released from the electrodes. As such, boundary conditions are
defined to represent this and allow continous flow of electrons; Table 5.1 gives the

respective boundary conditions [18].

TABLE 5.1: Model Boundary Conditions

Type Boundary Condition
Convective and diffusive N, | Anode/Cathode 0
Convective and diffusive N,, | Anode/Cathode 0
Convective and diffusive N, Anode 0

N,
Convective and diffusive N, Cathode e
Ve
Outer Boundary ¢4 Anode/Cathode 0
Inner Boundary ¢, Anode/Cathode Vapplied
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Accuracy, Stability and Noise

When solving the model algorithm, the accuracy, stability and noise is controlled by

fulfilling the Courant-Friedrichs-Lewy and von Neuman criterions in equations 5.13

and 5.14 [18].
A
At <22 (5.13)
Ue
Az?
ANt < —— 5.14
— 2D (5.14)

Which ensures that during electron propagation in the gap D, electrons do not move
outside the bounds of the gap space D due to irregular speeds in v.. The Debye length
Ap is included in the modelling to represent the plasma characteristics and equation

5.15 gives the respective criterion.

Ax < TAp (5.15)

5.2 Breakdown Simulation and Results

This section details how the model described above is implimented and executed in
MATLAB™to simulate a complete discharge event. The simulation results are given

and discussed along with any shortfalls of the model simulation.

5.2.1 Simulation Procedure

The simulation is an implementation of all the equations described in the modelling
section, in which the outputs of interest are the breakdown voltages for the tested
gap size range. The simulation is implemented through a series of loops that run in
time to use the model formulation to propagate electrons and ions through the gap.
In the process of doing so, the number densities, electric field and circuit current are

observed to show the growth of avalanches in the gap. Furthermore, since breakdown
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is of interest, the streamer criterion is used to define breakdown, in which equation
5.16 must be satisfied [2].

N, > 108 (5.16)

Where N, is the electron number density of the avalanche electrons. The output of
the simulation is a breakdown voltage versus gap size curve, and electron density
evolution in time. The simulation flow chart is shown in Figure 5.7 and executes for

the gap size range of 1 cm to 30 cm.

Yes

Streamer End
Criterion Met?
Yes
No
. . Record Voltage,
Load Transport Initialise Air Gap Increase CGa Sizeag G Size 30
Data ForEngine —» to 1cmand 0 [ Voltage by 1 kV P - ap ize
: Electron Density cm?
Flue Gas or Air kv and Run Model .
- & E-Field
I G
ncrease Gap |, No

Size by 1 cm

FIGURE 5.7: Simulation flow chart, the simulated gap sizes are in-
creased in 1 cm steps to 30 cm and the result is a plot of the breakdown
characteristic.

As mentioned before, the model uses swamp parameters calculated using Bolsig+ to
represent air and flue chemical conditions under standard environmental conditions;

the rest of the common parameters the simulation employs are given in Table 5.2.
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TABLE 5.2: Input Parameters for Positive breakdown Simulations in
Air and in Flue

Parameter Symbol Value
Pressure P 1.304 kPa
Temperature T 20 °C
Anode radius r 7.5 mm
Grid size N, 800
Grid spacing dx 0.3 mm
Time step dt 1012
Recombination coefficient I} 2x10°7
Secondary ionization coefficient ¥ 0.01
Positive ion mobility Iy 2.34 em®2V—1ts!
Negative ion mobility L, 2.7 em?.Vtst
Positive ion diffusion D, 0.05 ecm?.s7!
Negative ion diffusion D, 0.05 cm?.s7*

5.2.2 Simulation Results

This section gives and discusses the breakdown simulation results for both air and flue
conditions. The breakdown characteristics produced by the simulation are shown in
Figure 5.8. The results show a similar behaviour to the experimental data in Figure
4.11; an increasing linear trend with increase in gap size is observed. Furthermore,
the simulations confirm that the breakdown voltages of flue gas are higher than the

breakdown voltages of air in standard conditions.

The simulation shows two breakdown regions as opposed to three regions observed
in the experiment results. These two regions are the breakdown voltages below 30
mm and above 30 mm gap size, these are classified by A and B, region C for gap
sizes greater than 250 mm in the experiment results is not observed in the simula-
tion results. In region A, the flue breakdown voltages are slightly lower than the air
breakdown voltages in both experimental and simulation results. In region B, the
presence of flue gas then enhances the dielectric strength of air and this is again seen
in both experimental and simulation results. The simulation results however do not

show region C, where it was experimentally observed that the flue gas decreases the
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strength of air by as much as 20 %. The inability of the simulation to predict corona

mechanism changes is a limitation of the modelling.
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FIGURE 5.8: Simulation Results: breakdown characteristics of air and
flue under standard conditions.

The simulations proved to be in good correlation with the experimental results but
it could not predict certain characteristics. The good correlation is in regions A and
B, but fails to reproduce region C where it is has been speculated that region C is
caused by a change of breakdown mechanism in air and it results in the breakdown
voltages of air being higher than that of flue. It is then apparent that the simulation
is valid in small gap sizes less than 250 cm, where it was able to give results that are in
correlation with experiment results. Furthermore, since it is thought that the change
of breakdown mechanism in flue may happen at higher gap sizes, the flue simulation
can be trusted for gap sizes of up to 250 mm since it is still in good correlation with flue
experimental results. The observed charge dynamics in the simulation are discussed

next.
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Positive Corona

The simulation shows the growth of space charge in both space and time. The analyses
of the space charge and how it affects the electric field and current is carried out for
the two observed cases; region A where the breakdown strength of air is marginally
higher than of flue and region B where flue exhibits higher breakdown strength.
Region A

Region A represents gap sizes less than 30 mm, and the initial current pulse in air
and in flue is shown in Figure 5.9. The same voltage is applied in both cases so that
the only difference are the gas composition. The initial pulse occurs at 60 ns for both

air and flue, but the magnitudes differ.
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FIGURE 5.9: Current pulse in air (top) and in flue (bottom) for a 1 cm
gap size.
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The current pulse in flue has a higher magnitude than that in air; this is caused by
the ease of electron and space charge generation in flue as is evident in Figure 5.10
showing the charge densities in flue and in air. It can be seen that the avalanche elec-
trons of 10° cm™ in flue generated twice as fast as that in air reaching the streamer
criterion within 250 ns, while the avalanche in air still has roughly 10* cm~3. It can be
further seen that the number density of positive ions is greater than that of negative
ions and electrons in both air and flue conditions, which is due to the low mobility of

positive ions to escape the gap.
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FIGURE 5.10: Space charge in air (top) and in flue (bottom) for a 1
cm gap size.
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The electric field across the gap is shown in Figure 5.11, where the laplacian field is
the electric field due to the applied voltage and the total field is a combination of the
applied voltage and the generated space charge field. In both cases, it can be seen
that the space charge deforms the electric field by increasing it, in turn, this allows
the electron avalanches to self propagate through the air gap. The electric field is
highest closer to the electrode where electrons are attracted. More importantly, the
electric field is seen to have collapsed very close to the electrode, moving the peak a
1 mm distance away from the electrode. This is due to the positive space charge that
caused the first corona pulse; the electric field restores after the pulse and continues

the propagation of the electrons. For the same applied voltage, The electric field

! compared to that in

enhancement is seen to be slightly higher in flue by 80 V.em™
air. This shows that for this gap range, flue supports more ionization and hence why

it breaks down at a lower voltage as seen in Figure 5.8
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FIGURE 5.11: Electric field in air (top) and in flue (bottom) for a 1

cm gap size.
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Cross Over

The 30 mm gap size point was found to have the same breakdown voltages for air
and flue. This point is termed the cross over point in this study and it was of interest
to check the charge dynamics and how they affect the electric field and current in air
and in flue since they have the same observed breakdown voltage. Figure 5.12 shows

the first current pulse in air and in flue for the cross over point.
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FIGURE 5.12: Current pulse in air (top) and in flue (bottom) for a 3
cm gap size (the cross over).

It is evident that at this point, the current magnitude in air has now increased beyond
that in flue. The current pulses still occur around the same time at 180 ns to 190
ns, but the current in air is seen to grow faster after the pulse, while that in flue is

very slow. Furthermore, the current in air is seen to be more electron driven. The
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total current in flue is seen to have a sizable contribution of positive and negative ion
current, which is known to prohibit electron flow and in this case signifies that flue
is now gaining dielectric strength when compared to air. The space charge developed
to form the current pulses at the cross over is shown in 5.13 for both air and flue

conditions.
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FIGURE 5.13: Space charge in air (top) and in flue (bottom) for a 3
cm gap size (the cross over).

The number of avalanche electrons in air is already seen to be almost 10°, which
explains the rapid growth of current in air. The avalanche electrons in flue are still
at 10° at this point. The repeated dips in the electron number density graph is a

representation of the absorption of electrons at the HV electrode and depletion due
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to attachment; and it can be seen that these dips in flue are just a bit deeper than

that in air. The attachment in air happens across the entire gap, while attachment

only occurs within 1.2 cm from the electrode in flue where it is also evident that the

ion number density is pronounced implying high electron absorption activity at this

region. This is consistent with the cross sections; in air, attachment is across a large

range of electron energies, while flue has a small range but many possible attachment

processes. Figure 5.14 shows the electric field profiles for air and flue.
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FIGURE 5.14: Electric field in air (top) and in flue (bottom) for a 3

cm gap size (the cross over).

The effects of the growth of the space charge in air is seen to increase the electric

field more than that of the avalanches in flue. As expected, the field magnitude in

air is higher due to the observed rapid avalanche growth. While the field in flue is
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much lower due to the low electron density near the electrode. It can be further seen
that the collapse of the field near the electrode is not apparent in both air and flue

conditions at the cross over gap size.

Region B

Region B is defined as gap sizes from 40 mm to 300 mm. No corona pulse could be
observed in both air and flue simulations for this region. This is because the simulation
time step has been increased to fast track the simulation to breakdown since more
run time was needed to breakdown the bigger gap sizes under a time step that allows
corona pulse observation. Therefore the breakdown characteristics are shown for this
region instead of the corona characteristics. This tradeoff between simulation run time
and time step resolution is an inherent limitation of iterative gas discharge modelling.
The breakdown current, space charge and electric field characteristics for a gap size
of 200 mm in region B are shown in Figures 5.15 and 5.16 for an applied DC voltage
of 136 kV. Only air results are shown to illustrate the overall breakdown profile, the
flue results were observed to be similar. During breakdown, it can be seen that the

current increases to tens of milli-amps which signifies a short circuit in the gap.
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FIGURE 5.15: Current profile during breakdown of a 200 mm gap in
air
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The space charge distribution and the corresponding electric field during the break-

down are showed in Figure 5.16.
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FIGURE 5.16: Space charge (top) and electric field (bottom) profile
during breakdown of a 20 ¢cm gap in air

Firstly, the total electron density is seen to be about 10® to 10! in the gap size range
0 cm to 4 cm. Where it can be said that the avalanche head is at 4 cm where most of
the ionization occurs and is seen by the peak of the space charge curve. The positive
and negative ions are seen to be the same for the enteir gap length and they are still
higher than electrons. The effects of this avalanche and space charge distribution is
clearly seen on the electric field curve. The space charge does not affect the electric

field (the laplacian) before 2 c¢m, after this length, the electric field collapses to 0 and
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begins rising close to 4 cm, where it reaches a peak value at 4 cm before falling to the
laplacian field again. This electric field profile confirms the discussion of how space
charge deforms electric field. Where in this case the total electric field falls to zero
since the avalanche and space charge are at the their maximum during breakdown.
Furthermore, it can be seen that the space charge and avalanche electrons are present
from the electrode to 8 cm into the gap, which was sufficient to allow a bridge of the

20 cm gap for breakdown to occur.

This chapter presented the gas discharge model used to simulate a gas breakdown
event. The model treats gas particles as fluid and propagates the particles through
a gap by simultaneously solving drift-diffusion equations under the influence of an
electric field. The model simulation proved the results observed in the physical ex-
periments by exhibiting the same trends and fairly replicating the actual data. Fur-
thermore, the charge dynamics obtained from the simulation showed how the gas
electrons and ions interact to explain the observed voltage breakdown characteristics.
The next chapter concludes the research by outlining the main findings and giving

recommendations for possible future work.



7

Chapter 6

Conclusion and Recommendations

6.1 Conclusions

This dissertation has presented the work carried out to determine the effects of en-
gine flue gas on the dielectric strength of air gaps. The problem addressed by the
study arises from the situation wherein diesel locomotives travel under electric rail-
way lines in South Africa. The research was executed through a scaled down model
of the problem for laboratory air breakdown experiments and computer simulations
under normal air conditions and in flue polluted air conditions. The experimental
procedure was in accordance with the IEC standards and the simulations were based
on modelling gas discharge through fluid dynamics techniques. The following are the

important findings of the research.

6.1.1 DC and Impulse Experiments

e The DC breakdown voltages of flue were measured to be higher than that of air
in the gap range 30 mm to 250 mm. It was found that outside this range, the

flue breakdown voltages were less than that of air.

e The maximum recorded increase in breakdown voltage was 26 % occuring at 50
mm in the petrol flue tests, while the maximum decrease was measured to be

21 % and 36 % for petrol and diesel flue respectively at 300 mm . The observed
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decrease is similiar to results reported in literature, where the reported decrease

was 20 % for AC tests in petrol and diesel flue.

e The observed breakdown results in both air and flue suggest that in a real world
scenario, under the worst case of the air gap being at 110 mm, the supply voltage
of 3 kV DC would not be enough to breakdown the gap. A voltage of 70 kV to
80 kV DC would be needed to breakdown this gap in both air and flue.

e The measured pre-breakdown corona activity in flue was observed to have in-
creased in the tested gap range. It was postulated that flue enhanced the corona
stabilization effect due to the increased humidity of the flue gas, which increased
the rate of electron attachment and hence decreasing the effective Towndsend

ionization coefficient of flue gas.

e The corona stabilization was then measured, and it was found to have a steady
increase in flue while in air it had a higher rate of increase. Which lead to the
case were the breakdown voltages measured in air after 250 mm being greater

than that of flue.

e It is thought that the steady growth of the corona stabilization in flue shifts the
point at which flue breakdown voltages are greater than that of air again to a

range outside the tested range

e The impulse tests carried out confirmed that the corona stabilization effect was
affected by the space charge, in which flue affected it by increasing the attach-
ment of electrons. The overall decrease in the mean weighted percentage increase
of the breakdown voltages from air to flue conditions was 10 % in DC tests and

only 6 % in impulse tests.

6.1.2 Simulations

e The simulation showed a good correlation with the experimental results. It

showed that indeed flue enhances the breakdown strength of air for gaps greater
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than 30 mm. It also showed that flue compromises the dielectric of air for gaps

lower than 30 mm.

e The simulation was limited in the modelling, where the effects of corona stabi-
lization had not been included. This resulted in the simulation failing to predict
the observed results for gaps greater than 250 mm where flue compromises the

strength of air.

e Results of corona observation from simulations revealed that the space charge
deformed the electric field and played a major role on when the breakdown will

occur.

e The avalanche head could be observed through the simulations and it was found
that prior breakdown, the density of positive and negative ions was almost
the same as that of electrons. Where else they would be greater than that of

electrons if no breakdown was to occur.

6.2 Recommendations for future work
The following are the recommendations for future work.

e The flue temperatures in the experiments was less than 100 °C. As such, for
practical considerations in locomotives, it is recommended that the laboratory
experiments are performed with temperatures around 200 °C' to match real life

scenarios.

e [t is recommended that more research is carried out to study the observed phe-
nomena of cross overs. The initial direction of research may be to investigate
the differences between the nature of DC and impulse voltages and attempt to
attribute the effects of space charge to the phenomena of crossover and stabi-

lization.
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e [t is also recommended that the effects of the observed corona stabilization effect

be included in the simulation model for an improved simulation output.

e Overall, the simulation run time needs to be greatly reduced to allow faster
results output during research, the efficiency of the software implementation

needs to be looked into.
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Abstract: This paper presents the DC and impulse voltage breakdown characteristics of
small gaps in engine flue gas. Railway electrical clearances in South Africa are designed
based on IEC 60913:2013 which does not take into account the unknown effects of engine
exhaust flue pollution on electrical air breakdown. High voltage DC and impulse breakdown
experiments were carried out for a rod-plane gap under normal air and petrol engine flue
polluted conditions. The tested gap range is 10 mm to 300 mm. Gas discharge simulations
implemented in MATLAB™ are used to evaluate the test results. The simulations run a fluid
transport model solving simultaneous drift-diffusion equations affected by Townsend’s
ionization coefficients and transport parameters for air and for flue. The experimental
results showed that the presence of engine exhaust flue marginally increased the dielectric
strength of air in both DC and impulse tests. It was observed that for gap sizes less than
250 mm, the breakdown voltages in flue increased by a maximum of 26%. Beyond
250 mm, the flue gas compromised the breakdown strength of air by as much as 21% in
DC. The enhancement of the dielectric strength is attributed to the flue increased humidity
and observed corona stabilization. In the impulse tests and simulations, no decrease was
observed after 250 mm; this is attributed to the absence of corona stabilization in impulse

tests and simulations.
1 INTRODUCTION

The South African railway system has both electric
and diesel powered locomotives to meet demand in
the growing economy. The diesel locomotives are
mainly used for moving mass goods and
passengers to locations that have no electric railway
systems infrastructure. Consequently, diesel
locomotives often have to also travel under
electrified railway systems. The railway catenary
systems (RCS) are designed based on the IEC
60913:2013 [1] standard that does not take into
account cases where diesel locomotives travel
under the RCS. The locomotive exhaust outlets are
on top of the locomotive releasing engine flue gas
directly to the high voltage RCS. This becomes a
problem since the design of the railway clearances
may not have included flue pollution, which from a
high voltage perspective may compromise the
integrity of the air dielectric strength and equipment
[2]. The air clearances defined as the gap between
the top of a locomotive and the high voltage supply
lines [3] are usually set to meet the minimum
international standards to reduce costs. The
presence of engine flue in the air clearances
therefore may lead to catastrophic accidents
resulting from high voltage air breakdown, causing
damage to equipment and injuring passengers. The
omission of engine flue gas from the IEC standard
is presumably because the case of diesel
locomotive travelling under electric RCS is unique
to South Africa. As such, there is a need to generate
knowledge to address the possible issues from this
situation. This study conducts laboratory air
breakdown experiments using a rod-plane and
sphere-sphere electrode configurations for normal

air conditions and for flue polluted air conditions.
Computer simulations are then used to evaluate the
test results.

2 THE BACKGROUND

In the literature the only study that attempted to
address the effects of engine flue pollution on
breakdown voltage levels of air was conducted in
1985 by Lamberth and Nguyen [4]. They observed
that the introduction of diesel and gasoline engine
flue gases in a rod-plane gap geometry at a
standard temperature of 20 °C reduced the AC
breakdown voltages of air by 20% for gaps greater
than 250 mm. The decrease was observed with
engine flue as opposed to other tested pollution
factors such as wheat flour, water droplets and salt
fog. The results may suggest that the chemical
composition of engine flue is the major contributor
to the breakdown of air. This section explores
further literature on how the presence of flue may
affect the processes involved in gas discharge.

2.1 Engine Flue Gases

The by-products of an ideal and typical diesel
combustion process are presented in Table 1 [5],
where they are given as a range with variations
depending on the quality, size and loading of the
engine. It can be seen that compared to air, in flue
there are less concentrations of oxygen and
nitrogen to accommodate increases in water vapour
and carbon dioxide. In the experiments and
simulations, the worst case is considered. Among
these gas components in flue, there are additional
pollutants from the non-ideal processes in the



Table 1: Comparison of engine exhaust flue gas

composition to air gas composition

Gas | Ideal Flue | Typical Flue Ideal Air
Volumetric % | Volumetric % | Volumetric %
CO>2 2-12 12 X
H>0 2-12 11 X
02 3-17 9 22
N> 59 - 92 67 78

combustion. These are hydrocarbons (HC), nitrous
oxides (NOx), carbon monoxide (CO) and
particulate matter (PM1o, PM>s). The combined
volumetric concentration of the compounds is less
than 0.1% [5]. Jasskelainen [6] argues that these
pollutants can be ignored due their small
concentrations. In this study, the pollutants
considered are those in Table 1.

2.2 Effects of Atmospheric Conditions

Atmospheric air pressure is a function of altitude.
Pressure in turn affects the voltage breakdown of an
air gap [7, 8]. In the present work, the locomotive’s
exhaust flue is directed to the open atmosphere and
therefore it is assumed that this has very little effect
on the pressure in the electrode gap. Allen et al

[9, 10] performed tests to determine the effect of
elevated temperatures on breakdown of non-
uniform fields. The results show that the breakdown
voltage of a rod-plane air gap exponentially
decreases with increased temperature. From their
test results, it is found that temperature decreases
the breakdown voltage more in larger gaps (200
mm) than in smaller gaps (100 mm) [9]. This result
agrees with other researchers in the literature that
investigated the effect of temperature on the
dielectric strength of air. Aleksandrov et al [12] used
a 1.5D simulation to show the effects of temperature
and density on properties of a long positive streamer
in air.  The simulation results showed that
temperature had a relatively bigger effect than air
density. It is therefore expected that the increased
temperature of the exhaust flue degrades the
dielectric strength of the air. The effect of water
particles on streamer breakdown processes can be
explained in terms of charge dynamics in the
streamer channel. It is understood that the loss of
electrons in the channel in air is dominated by the
three-body attachment process given in equation 1.

e+ 02+ M—>0,+M (N
Where M = Oz indry airand M = O2 & H20 in humid

air. The loss of electrons through the dissociative
recombination with simple molecular ions (0%,

N,*) is given by equation 2 [13]:

e+ABT - A+B )

Aleksandrov et al [12, 13] used simulations to
conclude that an increase in humidity leads to an
increase in the breakdown voltage of air. This result
is in agreement with experiments performed by
Lambeth and Nguyen’s [4]. The presence of both
humidity and temperature variables in the present
study may imply that the major contributor will have
prominent effects since these quantities have
opposing effects on the dielectric strength of air.
With regard to particulates, tests conducted by Loft
et al in [14] on 0.2 mm to 0.63 mm diameter
particles, along with tests conducted by Naidoo [15]
and Lambeth [4] on large particles showed a small
decrease in the breakdown voltage of polluted air.
In the context of the present study, it is therefore
assumed that the particulates have minimal effects
due to their smaller sizes (um) and concentrations
that are less than 0.1%.

2.3 Gas Discharge and lonization

The fundamental processes in gas discharge is the
ionization phenomena that occur throughout the gas
discharge duration. The ionization process is
affected by all the environmental conditions
discussed above and the gas system’s dynamic
characteristics such as reaction types during
collisions. The overall effects can be approximated
by Townsend’'s and Transport coefficients
describing a particular gaseous system. Using
Table 1 and gas collisional cross sections published
in the LXcat database [16, 17] the Townsend
coefficients for air and flue shown in Figure 1 were
calculated using the Bolsig+ algorithm described by
Hagelaar and Pitchford [18]. It can be seen that the
reduced (normalised to unit volume) effective
Townsend coefficient (defined as (a — n)/N) for
engine flue gas composition is less than that of air
composition. Where N is the density of neutral
particles given in m~3. The reduced electric field
(defined as E/N) is used to interpret the results
independent of the neutral particle density.
Where 1 Td = 10721 V.m?. Figure 1 implies that
under standard environmental conditions
(temperature and pressure), the ionization process
in flue will be slower and hence more voltage may
be required to breakdown the gas. These
coefficients are used later in the simulation section
of this paper.
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Figure 1: A comparison of Townsend’s coefficients
for air and engine exhaust flue gas compositions.



3 PHYSICAL EXPERIMENTAL TESTS
3.1 Setup and Procedure

The physical experimental tests were conducted at
the Wits High Voltage Laboratory in Johannesburg
South Africa which is located at an altitude of about
1740 meters above sea level. The experiment setup
is shown in Figure 2, which is used to conduct DC
and impulse breakdown in air and flue pollution.

Top open
Rod-Plane brick
Y chamber
pc/ 7+ Voltage
Impulse \—/ divider Flue inlet

Voltage

HFCT divider

Data Logger

Figure 2. Experimental setup: Testing DC and
impulse breakdown of engine flue and air.

The DC source is a 250 kV rated 3 stage Cockroft-
Walton DC generator. For the case of impulse tests,
the DC source is replace by a 1 MV Marx impulse
voltage generator. The setup consists of a top open
brick chamber to simulate a case in which a
locomotive travels in a tunnel and the flue cannot
easily escape. The flue source is a gasoline electric
engine and the data acquisition is accomplished
through a high frequency current transformer
(HFCT) that connects to a PicoLog1012 data logger
with a 1% accuracy. The applied voltage and
leakage current are continuously measured using
the data logger. A rod-plane gap geometry is used
for testing since it approximates the practical
situation of interest and also represents the worst
case scenario. A sphere-sphere gap geometry is
used for calibrating the test setup since it has been
extensively studied in the literature and its
breakdown voltages can be easily read off from
tables. The rod has a flat bottom of 15 mm in
diameter with edge radius of 1 mm, emulating a
RCS feed cable of 16 mm, while the ground plane
is 3 m by 3 m. The spheres are chosen to be 100
mm in diameter. The tests are conducted according
to the IEC 60060-1:2011 standard [19] and the
tested gap size range is 10 mm to 300 mm in
increments of 10 mm with 10 breakdowns per gap
size. The average chamber environmental
conditions for air and flue are given in Table 2.

Table 2: Average chamber conditions

Parameter Air Flue
Temperature [°C] 23.4 48
Pressure [mBar] 832.8 833.5
Relative Humidity [%] 36.8 65

3.2 Test Results and Discussion

The calibration test results are shown in Figure 3,
where it can be seen that the measured sphere-
sphere breakdown voltages match published data.
Since these results were corrected for
environmental conditions, it implies that the
measured conditions were accurate and that the
validity of the experiments can be verified.
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Figure 3. Sphere-Sphere average DC breakdown
calibration results compared to published data in
Kuffel [2].

The rod-plane breakdown results for the tested gap
size range of 10 mm to 300 mm are shown in
Figure 4 along with corona inception
measurements. A maximum standard deviation of
the data was computed to be 9 kV at 300 mm in air.
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Figure 4: Corrected average DC breakdown and
inception voltage curves for the rod-plane tests in
air and flue.

The trend is as expected, where voltage increases
with gap size. However it can be seen that the
breakdown voltages for flue are higher than that of
air in the gap range from 30 mm to 250 mm. Beyond
this range, the flue decreased the dielectric strength
of air. The highest increase is seen to be at 50 mm
where breakdown voltage of flue is 26% higher than
of air. After 250 mm the breakdown voltages in air
become higher than that of flue by up to 21%.
Although these results are for DC, Lambeth [4]
obtained the same trend but for AC.



The invariance of corona inception voltages with
gap sizes is explained by the fact that corona
inception occurs within a critical region (0z) near the
HV electrode. As such, once a critical applied field
that results in equation 3 being met, inception
occurs. In this study, it was observed that for
reduced electric fields less than 200 Td, the
ionization in flue and air are the same as seen in
Figure 1 above. It therefore means that the corona
inception occurs at this field and the applied
voltages in every gap meet this field criteria at 30 kV
in the 10 mm critical region, resulting in inception
being independent of any gap sizes greater than 10
mm.

expl [27 (@ — 1)dz] > Neyir 3)

Figure 5 shows the observed corona pulses at a
smaller gap and a bigger gap size in flue and air. It
was observed that in flue, corona pulsation was
apparent while it was not so in air. The phenomenon
implies that the corona activity in flue had more
effects of collapsing the applied electric field which
resulted in more voltage needed to breakdown the
gap. This type of breakdown is termed corona
stabilized breakdown [20] and it was found that the
enhancement of corona stabilization phenomena in
flue is due to the increased humidity in flue which
resulted in the electron attachment reaction in
equation 1 being dominant in the ionization. This
leads to a positive ion space charge forming around
the HV electrode which causes the electric field to
collapse. It is postulated that after 250 mm, the
breakdown mechanism changes and leads to flue
compromising the dielectric strength of air. The
changes in the breakdown voltages at 250 mm
could also be attributed to the differences in the
effect of temperature on breakdown mechanisms as
the gap size increases [9].
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Figure 5: Comparison of pre-breakdown leakage
current (represented as voltage output of the HFCT)
showing discharge activity in air and flue at 4 cm
and at 23 cm.

To confirm the effects of space charge on corona
stabilization, impulse tests were conducted since
there is limited space charge in impulse voltages

due to the short statistical and formation time
allowed by the impulse waveform. Figure 6 shows
the 1.2/50 us standard impulse test results, where
the flue still had marginally higher breakdown
voltages. The maximum standard deviation of the
data was 1.38 kV. It was calculated that the
differences between the flue and air breakdown
voltages in impulse were less by 8% when
compared to the DC difference. The concept of the
influence of space charge on stabilized breakdown
and that flue primarily affects the space charge is
further substantiated by these results.
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Figure 6: Experimental 1.2/50us impulse U50
breakdown characteristics for flue and air

4 SIMULATIONS

The simulations are used to validate the DC
experimental results by running a discharge model
in MATLAB™_ The simulation is ran under standard
environmental conditions for both air and flue
gaseous systems. An advantage of the simulation
model is its ability to accept the gas composition of
the two gas conditions as inputs to compare them
and also contrast the theoretical results with the
experiment results discussed above.

4.1 The gas discharge model

The gas discharge is modelled as a fluid of charged
particles under the influence of an electric field. This
fluid dynamic model is known as the flux corrected
transport (FCT) algorithm by Boris and Book [21],
which was then proposed by Morrow [22] to be used
in numerically describing the flow of charged gas
particles in air. Morrow and Lowke [23] used the
model to successfully describe streamer
development and propagation in standard air
conditions. Swanson [24] also used the same model
to study the effect of singlet oxygen on corona. In a
similar manner, it is used in the present work to
study the effects of the engine exhaust gas with
composition as given in Table 1.

41.1  The flux Corrected Transport Algorithm

The flux corrected transport algorithm is a method
of solving continuity equations for gas species and
correct for errors introduced by out of bounds cases.
Figure 7 shows the algorithm. Where a seed plasma



of electrons is given, then based on the applied
voltage, a Laplacian electric field is computed. . The
oissonian electric field is due to the charge
distribution in the gap.

Poissonian
Electric Field

Seed .| Applied o Laplacian |
Plasma "] Voltage " Electric Field

Time

External Drift- o Townsend &
Current + Diffusion |« :JJnlDul Transport
Model ! Coefficients

Figure 7: Flux Corrected Algorithm flow chart [24]

Simultaneous drift-diffusion equations then accept
Townsend and transport data to propagate the
charges through the gap. Then lastly, the developed
current due to flow of charge is used to calculate the
voltage drop in the system where this model runs in
time iterations. The electron density Ne is monitored
and breakdown occurs when Ne reaches 108, being
the streamer breakdown criterion. The model
component of the algorithm is briefly described
below.

4.1.2 Dirift-Diffusion Model

The movements of the electrons and ions in the gap
space “z” are accomplished by a set of drift-diffusion
equations that treat these species as fluid.
Equations 4, 5 and 6 give the drift-diffusion
equations for electrons, positive and negative ions

[21, 22, 23, 24].
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Where:

x = Electrons e, negative ions n & positive ions p

Nx = Number density for electrons and ions [cm™
vx = Electron and ion velocities [cm.s™}]

a, n = lonization and attachment coefficients cm ]
S = Photoionization term [cm 3.5}
B = Recombination coefficient [cm®.s™}]
Dy = Diffusion coefficient [cm?.s™}]

’

4.2 Simulation Results

The breakdown voltage characteristics produced by
the simulation are shown in Figure 8. The simulation
give trends generally similar to those obtained
through physical experiments which verifies that the
main contributors in flue are the chemical
composition used to compute the Townsend and
transport parameters. It can been seen that the
simulation fails to predict the change of breakdown
mechanism at 250 mm seen in the experiments as
this change has not been built in the model. This is
an area of possible further development for the
model where temperature effects and corona
stabilization mechanisms could be incorporated in
the model.
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Figure 8: Simulation results: Breakdown
characteristics of air and flue under standard
conditions.

5 CONCLUSION

The DC and impulse voltage breakdown
characteristics of small air gaps in engine exhaust
flue have been presented. The aim was to find out
the effects of engine flue gas on the breakdown
strength of air gaps in the context of the effect of
locomotive engine flue on overhead high voltage
railway catenary system. Gas discharge
experiments and simulations have shown that flue
enhances the dielectric strength of air in the gap
size range of 30 mm to 250 mm. Beyond 250 mm
however, the presence of flue in the gap
compromises the dielectric strength of the air gap.
The enhancement is attributed to increased corona
stabilization that in turn is affected by the increased
humidity of the flue gas. The simulation model
reproduced the general trend of the experimental
data but could be refined by incorporating the
corona stabilization and temperature effects.
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Abstract: The effects of engine flue gas pollution on the dielectric strength of air gaps in railway
electrical clearances were investigated. In South Africa, diesel locomotives sometimes have to use
electrified railway lines. There exists very little knowledge on the effects of a diesel locomotive’s
flue gas in railway high voltage systems. As such, this research aims to find the effects if any, of
engine flue gas on the dielectric strength of air gaps. In order to reliably investigate the present
question, the research method included a combination of rod-plane and sphere-sphere gas discharge
gap configurations to draw conclusions on findings. Initial experiments have revealed that for a gap
size less than 25 cm, the introduction of flue gas enhanced the dielectric strength of air, the increase
in breakdown voltage is as much as 19%. For gap sizes greater than 25 cm, the flue gas decreased the
dielectric strength of air whereby the maximum recorded decrease of the breakdown voltage is 30%
from that of air. It is speculated that the enhancement of the dielectric strength is due to the increased
humidity through corona stabilization. For gaps greater than 25 cm the corona stabilisation phenomena
cease to be influencial and hence the degradation of the air dielectric strength. The study intends to
contribute to the improvement of current pollution and clearance standards for locomotives in South
Africa.

Key words: Corona stabilization, Engine flue gas, HV Breakdown, Humidity, Railway Electrical

clearances
1. INTRODUCTION

Since the inception of railway systems in South Africa,
British standards have always been used for guidance
on technical requirements such as determination of
electrical clearances; the air gap between the locomotive
electric supply lines and the ground and the top of a
locomotive [1]. As the economy grows, there is increased
reliance on locomotives to transport mass goods and
passengers. There are many regions in the country where
there are unelectrified railway systems and this entails
the use of diesel powered locomotives. Consequently
the South African railway systems are operated with a
fleet comprising of both electrical and diesel powered
locomotives. Diesel locomotives often have to use the
electrified railway lines. This poses a problem as the
exhaust on top of the locomotives release flue gas directly
onto the electrical railway catenary system (RCS). From a
high voltage perspective, pollution of the air and of high
voltage equipment may greatly compromise the integrity
of the dielectric strength of the air and equipment [2]. In
the case of a RCS this affects the air gap that would have
been set to meet minimum international standards and
this may lead to catastrophic accidents causing damage
to equipment and injurying passengers. This becomes
a major problem more so when the locomotives pass
under a bridge or a tunnel because the clearances under
these structures are already set at their minimum mostly
due to costs [3]. The flue gases cannot easily escape a
tunnel which might have major unknown electrical safety
implications.

The current standard used to design an electric RCS in
South Africa is IEC 60913:2013 [4]. This standard
unfortunately does not cater for diesel flue gas pollution
of electric railway systems. The omission is presumably
because the case of diesel locomotives travelling under
electrified railway lines is unique to South Africa and
this poses a unique problem as there is no knowledge
of how the flue gases interact with electric systems.
Additionally, it would be imperitive to see how they can
cause danger to people and equipment. It is therefore
important to understand how engine flue gases affect the
dielectric strength of air in order to generate knowledge for
mitigating this problem. The study is carried out through
laboratory high voltage breakdown experiments using
rod-plane and sphere-sphere electrode configurations for
normal air conditions and flue polluted air conditions.

2. THE BACKGROUND

There exists limited literature directly addressing the
effects of engine flue pollution on breakdown voltage
levels of air or any equipment. An experimental study
conducted in 1985 by Lambeth and Nguyen [3] showed
that the introduction of diesel and gasoline flue gases in
a rod-plane gap greater than 25 cm resulted in a 20 %
reduction in the AC breakdown voltage of such a gap.
This decrease was only observed with diesel flue gas as
compared to other pollution experiments which included
water droplets, wheat flour and salt fog pollution. These
results may suggest that the chemical compositions of
the flue gases are the major contributors to these results
since this is the only difference between these pollution



types. All the experiments were conducted under the same
standard pressure and temperature. The following sections
explore relevant literature to relate how the presence of
engine flue gas might affect the processes involved in gas
discharge phenomena.

2.1 Diesel Flue Gases

A major by-product of the engine combustion process is
heat and in an ideal process, the other byproducts are
vapour, carbon dioxide and nitrogen, which according to
Majewski [9], the volumetric concentrations are usually
in the ranges stipulated in Table 1.

Table 1: Ideal diesel flue gas composition in a diesel
engine exhaust

Gas Molecule | Volumentric % Range
CO, 2-12
H,0 2-12
) 3-17
%) 59-92

Among these gases, the combustion process further results
in pollutants that come from various non-ideal processes
in the combustion. The pollutants are hydrocarbons
(HC), carbon monoxide (CO), nitrous oxides (NO,) and
particulate matter (PMjo,PM,s for particulate diameters
of 10 and 25 microns respectively). The combined
volumetric concentration has been experimentally found to
be approximately 0.1 % [9]. Due to the small amounts
of these pollutants, Jasskelainen [10] claims that they
can be ignored and the diesel exhaust gas properties may
be approximated to that of air. It is stated that this
method brings errors and requires results to be corrected
for the increased vapour, carbon dioxide and decreased
oxygen. As such these pollution byproducts can be viewed
important for this study’s accuracy of findings.

2.2 Effects Of Atmospheric Conditions

Atmospheric air pressure is normally a function of altitude.
Pressure in turn affects the voltage breakdown of an air
gap [12] - [18]. In the case of this study, the locomotive’s
exhaust flue is directed to the open atmosphere and thus it
is assumed that this has very little effect on the pressure in
the electrode gap.

Allen et al [19,20] performed tests to determine the effect
of elevated temperatures on breakdown of non-uniform
fields. The results show that the breakdown voltage of a
rod-plane air gap exponentially decrease with increased
temperature. From their test results, it is found that
temperature decreases the breakdown voltage more in
larger gaps (20 cm) than in small gaps (10 cm) [19]. This
result agrees with other publications that investigated the
effect of temperature on the dielectric strength of air [23].
Aleksandrov et al [22] used a 1.5D simulation to show the
effects of temperature and density on properties of a long

positive streamer in air. The calculated results show that
temperature has a pronounced effect than air density. It
is therefore expected that the increased temperature of the
exhaust flue degrades the dielectric strength of the air.

The effect of water particles on streamer breakdown can
be explained in terms of charge dynamics in the streamer
channel. It is believed that the loss of electrons in the
channel in air is dominated by the three-body attachment
process given in equation 1 [24]:

e+0,+M— 0, +M (1)

Where M = O, in dry air and M = O, & H>0 in
humid air. The loss of electrons through the dissociative
recombination with simple molecular ions (02r ,NZJr ) is
given by equation 2:

e+ABT - A+B ()

Aleksandrov et al [8,22] used simulations to conclude
that an increase in humidity leads to an increase in the
breakdown voltage of air. This result is in agreement with
experiments performed by Lambeth and Nguyen’s [3].
The presence of humidity and temperature in this study
implies that the major contributor will have prominent
effects since these quantities have opposing effects on the
dielectric strength of air.

Tests conducted by Loft ef al in [25] on 0.2 mm to
0.63 mm diameter particles, along with tests conducted by
Naidoo [26] and Lambeth [3] on large particles showed
a small decrease in the breakdown voltage of polluted air.
Since the changes were very small, in the context of this
study, it is expected that the particulates have minimal
effects due to their smaller sizes (microns) and volumetric
concentrations being less than 0.1%.

2.3 Gas Discharge Fundamentals

The process of electrical breakdown involves a number
of important stages that have been covered in literature.
Additionally, ongoing research looks to come with new
theories of the possible processes and conditions involved
in air breakdowns [5,6]. The most established and
long used theories for electrical breakdown in gases
is “Townsend’s Discharge Mechanism” [2] stating
that in order to establish a continous discharge in an
electronegative gas, free electrons must be accelerated by
an electric field and as they ionize other molecules they
create an avalanche of free electrons and thus forming a
conducting plasma in the air gap [7]. The “Streamer
Breakdown Criterion” [2] then maintains that for electrical
breakdown to occur, the space charge must be suffiecient
to influence the local electric field and thus ionization.
These avalanche electrons due to ionization can influence
the local fields when they reach a value of 10% such
that streamers become self propagating and bridge the air
gap, forming an arc between electrodes. The number of
avalanche electrons in a gap is given by equation 3.
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Figure 1: A comparison of Townsend’s coefficients for air and
engine exhaust flue gas compositions.

N = /(@) (3)

Where:

N = Number of avalanche electrons in gap d
o = Townsend’s first ionization coefficient
M = Townsend’s attachment coefficient

It is crucial to understand gas discharge collisional
dynamics in order to combine the atmospheric effects
described above into a single meaningful result. Transport
and townsend coefficients representing a particular
gaseous system can give an approximate prediction of
this result. The coefficients depend on the many types
of collisional reactions that could occur in the gaseous
system. Where the reactions are based on a probabilistic
phenomena related to the energy of an electron and the
collisional cross sections of a type of reaction that may
occur depending on the molecule the electron collides with
[27]. The coefficients will be different for distinct gaseous
systems. Using Table 1 and the known air oxygen and
nitrogen concentrations for air, cross sections for these
gaseous systems were obtained from the data published in
the LXcat database [28,30]. The cross sections have been
used in calculating the net Townsend coeffients shown
in Figure 1 for air and engine flue using Bolsig+, an
algorimthm developed by Hagelaar [29]. It is evident that
the reduced Townsend coefficient (c—1) /N for diesel flue
gas composition is less than that of normal air composed
of 78% nitrogen and 22% oxygen. The difference is
not significant but implies the possibility that at standard
temperature and pressure, more voltage might be needed to
breakdown a gap in flue gases than in air. These Townsend
parameters are used together with transport coeffiecients
in a fluid gas discharge model for computer simulations,
which are not within the scope of this paper.

3. EXPERIMENTAL SETUP AND PROCEDURE

Experiments are conducted in a laboratory setup in which
the main purpose is to evaluate whether the presence of
engine flue gas in air affects the breakdown strength of the
air. A preliminary investigation is conducted with a petrol
engine instead of diesel to provide a scalable methodology
since it has been difficult to aquire a diesel engine. The
parameters of interest to be monitored are the temperature
and humidity of the flue. It is important to note that these
parameters along with gas composition and particulate
matter are all simultaneously present. Therefore this
poses a problem to running a controlled experiment since
the parameters cannot be seperated, which contributes to
the uniqueness of this study. The experimental setup
is shown in Figure 2 in which there is a high voltage
source (250 kV DC rated Cockroft-Walton generator in
this study), a breathing gas chamber made of bricks which
represents a case where a locomotive travels under a tunnel
and exhaust flue cannot easily escape, an engine flue
source (a petrol generator is used) and a data acquisition
system. The data acquisition system is composed of a
high frequency current transformer (CT) and a data logger
that connects to the HV source and CT through potential
dividers. Two electrode setups are tested, a sphere-sphere
and a rod-plane configuration; the sphere-sphere is used
to calibrate the tests because it provides a uniform electric
field. Additionally it is known that for uniform fields, 1 cm
is likely to breakdown at 25-30 kV at standard conditions
[2]. The vertical rod-plane has been considered the worst
case scenario in literature and most geometries in practical
applications approximate to it [3].

Potential Dividers HV
I‘l\ electrode

h
/ \ Chamber

Current

HVDC
Source

Data Logger

Ground
Plane

Figure 2: Experimental setup: testing breakdown of engine flue
inside a brick chamber.

The diameters of the spheres are 10 cm, chosen such that
their curvature is large enough and does not represent a
point-to-point gap. The rod diameter is 1.5 cm to attempt
to emulate the railway feed cable of 1.6 cm diameter and
the ground plane is 3m by 3m.

The breakdown tests are performed in accordance with the
SANS 60060-1:2011 testing techniques. Gap sizes from
10 mm to 300 mm are tested in 10 mm increments for



breakdown in both normal air conditions and in engine flue
gas conditions. For each electrode setup, a gap size of 10
mm is fixed, then the high voltage is increased at a rate of
1 kV/sec until the gap breaks down as detected through the
data acquisition system. The input source voltage and the
leakage current are measured and logged by a data logger
throughout this process. The air gap is given 5 minutes
to de-energise and displace the formed space charge then
the process is repeated 10 times before the gap size is
increased by 10 mm. This process is repeated until a gap
size of 300 mm is reached. Table 2 gives the average
recorded environmental conditions during the tests.

Table 2: Chamber air conditions for the two test

conditions
Parameter Sphere Rod-Plane | Rod-Plane
Sphere Air Flue
Temperature 21 23.4 48
[°C]
Pressure 833.7 832.8 833.5
[mBar]
Relative Hu- | 35.2 36.8 65
midity [%]

4. RESULTS AND DISCUSSION

It can be seen in Figure 3 that the use of a sphere-sphere
gap in air to calibrate the setup proved to be in good
correlation with the published data in Kuffel [2] which
validates the setup. The SANS60060-1:2011 standard is
used to correct the data, and the fact that the corrected
test data replicates published data shows that the recorded
environmental conditions are valid.
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Figure 3: Breakdown characteristic for sphere-sphere electrode
setup in air.

The corrected breakdown and corona inception voltages
for both air and engine flue conditions are shown in Figure
4 and as expected the breakdown voltages are lower than
that of the sphere-sphere configuration. The breakdown
results show that the introduction of engine flue gases in
the air enhances the breakdown strength of air for gap
sizes in the range of 3 cm to 25 cm. The maximum

enhancement observed in this range is a 30% increase in
the breakdown voltage of air when there’s flue gases. The
introduction of the engine flue gas for gap sizes outside this
range resulted in a compromise of the dielectric strength
of air, in which for the small gaps tested the decrease is
not detrimental. For the gap sizes higher than 26 cm, a
maximum decrease of 19% in the breakdown voltage of the
air was recorded. The results agree with the 20% decrease
reported by Lambeth [3].
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Figure 4: Breakdown and corona inception voltage comparison
for air and flue.

In order to find the cause of these observations, corona
needed to be investigated since it preceeds arc formation in
a gap breakdown. The pre-breakdown corona mechanisms
involved determine the breakdown voltages and behaviour
[2,33]. Three corona parameters are investigated as per the
norm in the field of corona studies; these are the corona
inception voltage, the shape and frequency of the corona
pulses if present, and lastly the magnitude of these pulses.
It can be seen from Figure 4 that the corona inception
voltage averaging at 30 kV does not change with gap size
for both normal air and flue polluted conditions. This is
consistent with the results reported by Hassan in [33] who
experimentally studied corona inception and breakdown in
small gaps within 5 mm with a needle-plane setup. The
invariance of the corona inception voltage is an interesting
phenomenon that warrants further investigations. It can be
further seen that the corona inception voltage for the gaps
less than 5 cm is very close to the breakdown voltage of
these gaps. It is important to note that corona inception
could not be detected at 1 to 2 cm in both air and flue
conditions, this is thought to be due to the fact that
the diameter (1.5 cm) of the high voltage electrode was
bigger than the gap spacing and so created a quasi-parallel
plate gap configuration. The breakdown mechanism in
uniform feilds is essentially Townsend type and therefore
no precursed by corona activity.

Corona pulses were recorded and as expected, their
magnitude increased with increasing gap spacing. The
pulsations of the corona at lower gap sizes and higher gap
sizes are shown in Figure 5. It is remarkable to note that
in flue gas, the corona pulsations are sginificantly higher
than in air. The maximum recorded differences in the pulse



magnitudes for flue are 95% at 4 cm and 94% at 23 cm
higher than the pulsations in air respectively.
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Figure 5: Comparison of corona pulsation and magnitude from
small gap spacing to large gap spacing for flue and air.

It is known that in positive corona, pulsation is due to
the collapse of the electric field as the electrons near
the high voltage electrode get absorbed into the electrode
and the positive space charge shields the electrode by
forming a space charge cloud. Consiquently, the space
charge modified resultant electric field strength decreases
resulting in the ceasation of electron avalanches. The
positive ion cloud then drifts away and the process
repeats [2, 33]. This phenomenon is what is refered
to as corona stabilization, it results in more voltage
needed to initiate leader breakdown [34]. Although the
concept of stabilization is not fully understood, research
has established that corona stabilization decreases with
increasing gap spacing in air. This is consistent with the
results found in this study, the corona pulses dimished
as the gap spacing was increased to 25 cm. It can
therefore be concluded that below 25 cm, the presence
of flue gases enhanced corona stabilization which in turn
caused the breakdown voltage to be higher than that of
air. However beyond 25 cm, the processes change and the
reasons for this are still being explored. It is speculated
that the reason flue gas can enhance corona stabilization
is because of the increased humidity. Both the humidity
and temperature double in flue compared to air as shown
in Table 2. In small gaps it has been found that the electron
recombination process given by equation 1 dominates.
The effect of 48°C is relatively insignificant compared to
the effect of the 65% relative humidity. In this case it is
thought that this process enhances the corona stabilization
by removing electrons from the channel near the HV
electrode.

Future experiments with impulse voltages will be
conducted to evaluate how the lack of space charge build
up will affect these observations. Furthermore, computer

simulations will be used to analyse the extent of the
recombination processes.

5. CONCLUSION

This paper has presented an experimental investigation of
how engine exhaust flue gases affect the dielectric strength
of air. The experiments are conducted with a high voltage
DC Cockcroft-Walton generator on a rod-plane gap for
normal air and flue gas pollution conditions. Investigating
the pre-breakdown corona gave more insights into the
breakdown mechanism in flue gas. The results showed that
the presence of flue gas pollution increased the breakdown
voltage of air by up to 30% for gap spacings less than 25
cm. However beyond 25 cm, the breakdown voltage in flue
gas became lower than that in air by 19%. The increase
of breakdown voltage for gap spacings less than 25 cm
is attributed to the observed enhanced corona stabilization
due to the higher relative humidity of flue gas.
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