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ABSTRACT

Ice accumulation on insulators of overhead transmission lines and substations has
been recognized as a major problem which may cause insulator flashover and power
outages. This phenomenon starts with corona discharge activity and continues with the
formation of partial arcs which may result in flashover. Due to the complexity of the
process, resulting from surface interaction of discharge with the water film on the ice
surface, is not yet fully understood. As for any other type of discharge, the knowledge of
some parameters such as temperature and concentration of different species is necessary
in order to describe the mechanisms involved. Moreover, to develop mathematical
models for discharge propagation, an estimation of discharge channel conductivity is
necessary. The current flows through this conductive channel and supplies the energy
needed to sustain the ionization activity inside the channel. The conductivity of discharge
channel is directly related to its temperature, which illustrates the need for discharge
temperature measurements. Up to now, for an arc over an ice surface the temperature has
been assumed to have a constant value of 5,000 K, but without any experimental support.
The existence of Local Thermodynamic Equilibrium (LTE) is another important aspect
for proposing theories and models, but this has not yet been verified for flashover on ice-
covered insulators. The verification of LTE condition requires information about
temperature and concentration of different species, electron density and ionization level.

The objective of this research is to augment our knowledge of flashover on ice-
covered insulators by measuring and calculating several important discharge column
parameters. Measurement of rotational and excitation temperatures, and electron density

during arc propagation are the first steps. The effect of discharge current, voltage type
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and polarity on the variation of the mentioned arc parameters should be also studied.
Based on these data, the LTE condition could be examined.

Spectroscopic plasma diagnostic is a non-destructive test method used to achieve
the stated objectives. The emitted light from an arc over an ice surface was transmitted to
a spectrometer. The time-resolved recorded spectra of arc were used to study the nature
and concentration of ionized species. The gas and electron temperatures and electron
densities were also measured using Boltzmann and Stark broadening methods.

Measured rotational temperatures were found to vary from 4,000 K to 6,500 K,
while the current increased from 200 mA to 700 mA during the discharge propagation. It
was observed that under similar experimental conditions, the arc current intensity of DC+
arcs were hotter than that of DC-. Moreover, arc temperatures under AC voltage were
lower than those of DC+, and close to that of DC-. The excitation temperature was
measured at about 9,000 K and does not vary significantly with discharge current. As
current increases, electron densities increased as well. For currents ranging from 200 mA
to 700 mA, electron densities increased from 1 to 2 x10Y cm™. Electron densities
increased up to 2.5x10"7 em™ at the later stages of arc development, when flashover
occurs. Differences between the rotational and excitation temperatures showed that the

arc was not in a state of thermal equilibrium.



RESUME

L’accumulation de glace sur les isolateurs de lignes de transport d’énergie
¢lectrique et de leurs postes est reconnue comme un probléme majeur qui peut causer le
contournement des isolateurs et dans certaines conditions l'interruption de courant. Ce
phénoméne commence par des activités de décharge de couronne, s’ensuit la formation
d'arcs partiels qui peut se développer en arcs de contournement. Di a la complexité de ce
processus, qui résulte de l'interaction des décharges avec le film d'eau formé a la surface
de la glace, le phénoméne de contournement n'est pas encore entiérement compris. Pour
une meilleure connaissance des mécanismes en jeu dans I’arc de contournement et
d’autres types de décharge le précédant, il sera nécessaire de développer certaines
connaissances concernant des parametres comme la température et la concentration
d’autres espéces d’ions. De plus, afin de développer des modéles mathématiques pour la
propagation de décharges, une estimation de la conductivité de canal de décharge est
nécessaire. Le courant circulant dans ce canal conducteur fournit I'énergie nécessaire aux
activités d'ionisation & l’intérieur de ce canal. La conductivité de ce dernier est une
fonction directe de sa température, ce qui illustre le besoin de mesurer la température de
ces décharges. Jusqu'a présent, pour un arc apparaissant le long d’une surface de glace,
on a arbitrairement donné a cette température a une valeur de 5000 K, mais sans preuve
expérimentale. L'existence d'équilibre thermodynamique local (ETL) est un autre aspect
important pour proposer des théories et des modéles, mais ceci n'a pas été vérifi¢ pour
I’arc de contournement sur les isolateurs recouverts de glace. La vérification de condition
d’ETL exige des informations sur la température et la concentration de diverses espéces

ioniques, ainsi que sur la densité d'électron et sur le degré d'ionisation.
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L'objectif principal de cette recherche est d’approfondir nos connaissances du
contournement des isolateurs recouverts de glace en mesurant et en calculant plusieurs
paramétres importants dans le canal de décharge. La mesure des températures
rotationnelles et d'excitation, et de la densité d'électrons pendant la propagation d'arc est
préalablement nécessaire. De plus, l'effet du courant de décharge, du type de tension et de
sa polarité sur la variation des paramétres d'arc ci-haut mentionnés devrait étre étudié. Sur
les bases de ces données, la condition d’ETL pourrait étre examinée.

Le diagnostic spectroscopique de plasma est une méthode de test non destructive
qui a ét¢ utilisée pour atteindre les objectifs mentionnés. La lumiére émise d’un arc sur
une surface de glace a été transmise a un spectrometre. Les spectres obtenus ont été
utilisés pour étudier la nature et la concentration d'espéces d’ions. Les températures du

gaz et des électrons, ainsi que leur densité, ont été également mesurées a I’aide de

méthodes appropriées.

Les températures rotationnelles mesurées se situaient entre 4000 et 6500 K, alors
que l’intensité de courant a augmenté de 200 & 700 mA pendant la propagation des
décharges. Il a été observé que dans les mémes conditions expérimentales, les
températures des arcs en courant continu positif étaient plus élevée que celle des arcs en
courant continu négatif. De plus, les températures d'arc en courant alternatif étaient plus
faible que celles en courant continu positif et prohes de celles en courant continu négatif.
La température d'excitation mesurée se situait a environ 9000 K et ne variait pas
significativement en fonction du courant de décharge. La densité d'électron augmentait
avec I’augmentation du courant. Pour les courants variant de 200 a 700 mA, les densités
d'électron ont augmenté de 142 x10'” em?. Les densités d'électron étaient supérieures a

2.5x10' c¢m™ avant I’apparition de ’arc de contournement. Les différences entre les



températures rotationnelles et d'excitation ont montré que l'arc n’était pas dans un état

d’équilibre thermique.
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CHAPTER 1

INTRODUCTION

1.1 Overview

In cold climate regions, ice accretion on outdoor insulators may cause a drastic
reduction of their electrical insulation strength, sometimes resulting in flashovers and
power outages [1]. Incidents caused by flashover on ice-covered insulators have been
reported by various authors from different countries [2- 4].

The electric field along an insulator is non-uniform. In the high stress areas of the
insulator, partial discharges and arcs can lead to ice shedding. This will cause some part
of the insulator string to become ice free; these ice-free zones are referred to as air gaps.
The formation of a water film on the ice surface is the first step of this process. This film
can be formed by a rise in ambient temperature, sunshine, condensation, the heating
effect of electrical discharge, or leakage current. Because of the high conductivity of the
water film, leakage resistance is decreased and voltage drops are observed across the air
gaps. The high electric field will initiate corona discharges, leading to the development of
local arcs at this area. This will cause an increase in leakage current and consequent ice
melting. If the leakage current continues to increase over a short period, a white arc will

appear, which will accelerate ice melting and cause further increase in leakage current.
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When the length of arc reaches about 60% of inter-electrode distance, the speed of arc
propagation will increase rapidly, leading to flashover of the whole insulator string [2].

Considerable efforts have been made to develop dynamic and static mathematical
models for studying the propagation of the arc over an ice surface [5, 6] and predicting
the critical flashover voltage of ice- or snow-covered insulators.

The formation of a flashover arc on an ice surface is a complex process and is not
fully understood. Many researchers have tried to characterize arcing by determining the
arc constants using a relationship between arc voltage and current. However, very little
has been done in terms of determining arc temperature, which is an important component
of flashover modeling [7].

In order to simulate arc propagation, initial values of different circuit elements in
each stage of propagation are required. In the existing dynamic models, the exact values
of the different variables, such as arc length and temperature, and surface condition, are
required for simulating the arc current. Otherwise, the prediction of arc current during
propagation cannot be carried out [7]. Concerning arc temperature, it has been assumed,
without any experimental support, to have a constant value of 4,550 K during white arc
propagation.

Also, rotational temperature, which is close to gas temperature [8], should be
determined and compared to the electronic temperature in order to verify the existence of
Local Thermodynamic Equilibrium (LTE) [9].

Moreover, no data are available to calculate the electron density of arc on an ice
surface, which is an important parameter for understanding the flashover mechanisms as

well for evaluating the existence of LTE.
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Spectroscopic plasma diagnostic methods provide some important advantages of
interest to researchers for a long time. This technique enables to obtain a large amount of
information about plasma without disturbing it. In addition, it is applicable to transient as
well as to stationary states [10, 11].

Luminous emissions from arcs and plasmas often have complex spectral
structures. Line spectra, particularly if time-resolved, can yield much information not
only on the nature and concentration of ionized species, but also on the gas and electron
temperatures, and electron density [12]. The spectroscopic investigation of discharge can
also provide insights on the physics of ice surface discharge.

The main purpose of this project is to carry out a spectroscopic analysis of arcs
formed on the surface of ice to determine their rotational and excitation temperatures, and
also their electron densities. The results will be used to verify the existence of LTE in the

discharge channel.

1.2 Research objectives

The main objective of this thesis is the spectroscopic investigation of arcs formed
over an ice surface. This comprises the two following stages: identifying the different
lines in the arc spectra, and calculating arc temperatures and electron densities.

The specific objectives are:

e Identifying the lines and bands specific to various atoms and molecules
Detailed analyses of the spectra allow identifying different atomic lines and

molecular bands from background gases, as well as excited species from polluted ice.
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® Developing a method for the measurement of gas and excitation
temperatures of arcs formed over an ice surface
Optical emission spectroscopy is an applicable method for the measurement of

excitation and rotational temperatures of this type of discharge.

® Developing a method for electron density measurement of arcs formed over
an ice surface

Some spectral lines are broadened under the effect of the electric field resulting

from the concentration of free-electrons. The Stark broadening method can be used to

obtain the electron density of the arc channel.

® Investigating the variation of gas and excitation temperatures, and electron
densities of arcs over an ice surface at different current levels during arc
propagation
Time-resolved spectra will be recorded and analyzed to obtain the gas and
excitation temperatures, and electron densities. When combined with synchronized
electrical measurements these data should yield the overall variation of the measured

quantities with the discharge current during arc propagation.

e Examining the existence of LTE in the discharge channel
Based on the results of the temperature and electron density measurements of

different species, the existence of thermodynamic equilibrium will be examined.
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1.3 Statement of originality and contribution to
knowledge

To the best of our knowledge no experimental work has ever been performed to
obtain the temperatures and electron densities of arcs formed over an ice surface.This
investigation is the first using a spectrometer to record the light emitted from discharge
activities over an ice surface. Moreover, employing a CCD (gateable charge-coupled
device) detector head on the output of the spectrometer and synchronizing the spectra
with electrical measurements (current and voltage) yielded the time-resolved spectra
during arc propagation from the initial stage to flashover.

Besides the originality of the methodology, this work is the first research which
determined the gas and excitation temperatures, as well as the electron densities of
discharges over ice based on an experimental method. It is also a pioneering work for the
examination of the thermodynamic state of this type of discharge. Based on the new
findings, this fundamental work will provide valuable information for the improvement

of dynamic models of arc propagation.

1.4 Methodology

The spectroscopic method was chosen to achieve the afore-mentioned objectives.
Light emitted from the arc is brought to the spectrometer by means of a 10-meter fiber-
optic cable. Because of the practical problems associated with capturing the light emitted
by the arc, a simplified test setup was chosen. First, an ice bulk was formed in a Plexiglas

mould by freezing several distilled water layers in a cold chamber to achieve a flat
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surface. This procedure yields a polycrystalline ice structure with semi-transparent
appearance. The final layer was formed using salty water, the salt content being adjusted
to reach a specified level of conductivity. Then, a 6 mm air gap was made at one end of
the setup. The overall dimensions of the mould were 100 cm x 15 ¢cm X 5 cm.

Voltage and current measurements were also performed and synchronized with
recorded spectra through a data acquisition system (DAQ). The following analyses were

carried out on the experimental results:

1.4.1 Rotational temperature measurements

Rotational temperatures were measured using OH (A-X) emission bands. The
variation of rotational temperatures, which is similar to that of gas temperatures with
discharge current, was studied. In addition, the N,™ 1% negative system was also used to

measure the rotational temperatures of AC and DC applied voltages.

1.4.2 Excitation temperature measurements

Excitation temperatures of the arc column were determined using copper and
oxygen lines and employing the method of relative line intensities. Deviations from LTE

were taken care of using the Burton and Blade correction factor.
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1.4.3 Electron density measurements

Electron densities were estimated by analyzing the Balmer line H, profile,
broadened by the Stark effect.

The above analyses were also carried out by studying the effects of voltage

polarity.

1.5 Structure of the thesis

This thesis is structured as follows:

Chapter 1 presents general information about problematic, objectives, originality
and general methodology.

Chapter 2 is dedicated to the review of literature.

Chapter 3 introduces the experimental equipment and the methodology.

Chapter 4 presents the experimental results.

Chapter 5 discusses in detail the experimental results presented in Chapter 4.

Finally, Chapter 6 concludes this work and provides recommendations for future

studies.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A large number of experimental investigations and theoretical studies on the
subject of ice accretion on outdoor insulators have been carried out in several laboratories
[13-17]. A good survey of the related literature is found in [18]. Spectroscopic plasma
diagnostic methods have been used to obtain information such as temperatures of
different species, electron densities, and to examine the local thermodynamic equilibrium
of plasma [11, 19 and 20].

The first part of this chapter reviews spectroscopic plasma diagnostic techniques.
Spectroscopic temperature measurement techniques are reviewed in the second part,
including rotational and excitation temperature measurements. The next section describes
the application of spectroscopic methods to measure electron densities in plasma. Studies
of temperature and electron density measurements in lightning and other types of electric
discharges are also reviewed. In addition, the conditions and established criteria used to

verify the existence of local thermodynamic equilibrium are described.
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2.2 Plasma

Plasma is often referred to as the fourth state of matter. As temperature increases,
molecules become more energetic and transform in the following sequence: solid, liquid,
gas and plasma. In the latter stages, molecules in the gas dissociate to form a gas of atoms
and then a gas of free-moving charged particles, electrons and positive ions. This state is
called the plasma state [21]. It is characterized by a mixture of electrons, ions, and neutral
particles moving in random directions.

Normal state gases are electrical insulators. This is because they contain no free
charged particles, only neutral molecules. If electric field of sufficient intensities is
applied, they become conductive and the complex phenomena which then occur are
called gas discharges.

For the various types of ionized gases, the quantities a=n/ (n+n,) and degree of
ionization should be characterized. n, is the number of neutral molecules and » is the
number of electrons. This value varies in practice between very low values of the order
of 10"% to 1. We can classify ionized gases into two groups:

Weakly ionized gases, a<10™

Strongly ionized gases «>10"

When the degree of ionization is equal to unity, the density of neutral molecules is
zero; the gas is then said to be completely ionized, or to constitute plasma. [22]

Plasma is electrically conductive due to the presence of free charge, and its
electrical conductivities are larger than those of such metals as gold and copper. Plasma
can occur naturally or be manmade. Plasma rarely occurs naturally, some phenomena

such as solar corona, solar wind and lightning can however create plasma.
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Because plasmas can occur over a wide range of pressures, it is customary to
classify them in terms of electron densities. Most plasmas of practical significance have
electron temperatures of 1 eV to 20 eV with densities in the range of 10® to 10'® cm™,

Plasma is a region not influenced by its boundaries. As in any gas, the
temperature is defined by the average kinetic energy of the particle, molecule, atom,
neutral or charge. Thus, plasma will typically exhibit multiple temperatures unless
sufficient collisions occur between particles to equilibrate. However, because the mass of
an electron is much less than the mass of a heavy particle, many collisions are required
for this to occur.[21]

Electrical discharge is one of the most common ways to create and maintain
plasma. The energy from the electric field is accumulated between collisions by the
electron, which subsequently transfers a portion of this energy to the heavy neutral

particle, through collision. Even with a high collision frequency, the electron temperature

and heavy particle temperature will generally be different.

2.3 Spectroscopic plasma diagnostics

Spectroscopic plasma diagnostics offers some important advantages that have
long attracted researchers. It yields large amounts of simultaneous information about the
plasma (concentration of various species of particles, temperatures) without disturbing it.
In addition, spectroscopic plasma diagnostics can be applied to both transient and
stationary states. [10].

Luminous emissions from arcs and plasmas often have complex spectral

structures. Line spectra, particularly if time-resolved, can yield much information not
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only on the nature and concentration of the species present in the discharge medium, but
also on the gas and electron temperatures and electron densities. [12].

Non-thermal plasmas are characterized by a non-equilibrium distribution of
energy between different species. The various temperatures describe distinct aspects of
the physical state of the system:

Electron temperature is the temperature that describes, through Maxwell's Law,
the kinetic energy distribution of the free electrons.

Gas temperature describes in a similar way the kinetic energy distribution of the
gas atoms.

Excitation temperature is the temperature that describes, through Boltzmann's
Law, the relative population distribution of atoms or molecules over their energy levels.
We distinguish between electronic excitation temperature, vibrational temperature, and
rotational temperature.

lonization temperature is related to the ionization equilibrium described by the

Saha-Eggert equation [23].

2.3.1 Mechanism of emission and absorption of spectra

Table 2.1 classifies the various types of spectra observed in plasma according to
the particles which emit them and the degree of freedom they set into action. The atoms
and ions emit a spectrum of lines from infrared to the far ultraviolet, resulting from
electron excitation. At the time of electronic transition, the energy of an atom varies

according to the following equation:
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Eu—-Ee=hv=% @2.1)

Where 4 is Planck's constant and the emitted radiation of frequency v is

characteristic of the emitting atom for which we know the energy levels E, (Figure 2.1).

Table 2.1. Spectra observed in plasma [10]

Particles Degree of freedom Type of spectrum Spectral region

Atom or Ion Electronic excitation Line U.V.-visible-L.R.
Tonization Continuum U.V.-visible-L.R.
Translation Line profiles

Electrons Recombination Continuum U.V.-visible
Free-free transitions Continuum LR.

Molecules Rotation Line Far infrared
Vibration-rotation Band LR.
Electronic excitation Band systems U.V.-visible-L.R.

The electron changing the orbit remains bound to the atom; this is called the
“bound-bound” transition. The recombination of the electron and the ion corresponds to a
“free-bound” transition, which gives a continuous spectrum observed in the visible and

the ultraviolet.
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Figure 2.1. Excitation levels of an atom or an ion [10]

We may also consider “free-free” transitions of free-ion electron systems for
which the electrons are free before and after (Figure 2.1). Such transitions give a
continuous spectrum observed in the infrared and which occurs during electron-atoms
collision as well.

The diatomic molecules emit much more complex spectra. The energy diagram
for CN (Figure 2.2) shows that electronic excitation occurs at energies greater than 1 eV
only, whereas vibration excitation occurs at energies of some tenths of an electron volt,
and rotational excitation at much lower energies still. In the far infrared, a line spectrum
due to pure rotation is observed, this corresponds with transition in which only the
rotational energy of the molecule changes.

In the near infrared the spectrum consists of vibration-rotation bands. With a

high-resolution spectrometer, such vibration bands may be resolved into lines of rotation,
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the intensities of which are related to their rotational temperatures. Finally, in the visible

and ultraviolet bands, we obtain systems of electronic excitation bands [10].
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Figure 2.2. Energy curves for a diatomic molecule (CN) and schematic spectrum of the

violet and red systems [10].

2.3.2 Different types of emission spectra

2.3.2.1 Line spectra

In optically thin plasma, the emission coefficient corresponding to a line
frequency emitted by an atom, which undergoes a transition from a higher-level u to a

lower level /, is given by:

g, =—A N (2.2)
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N, is expressed as a function of density N of neutral atoms. The observed line is

not infinitely narrow but always has a certain width Av;¢, can be related to the spectral

emission coefficient £(v') by [10]:

g, = j e(v)dv' (2.3)

2.3.2.2 Continuum spectra

In general, continuous plasma emissions are due to the superimposition of several
continued spectra caused by different mechanisms:

a) Free-free radiation

This corresponds to the emission of a photon when an electron subjected to the
electric field of an ion or an atom passes through a free state to another free state of lower
kinetic energy.

b) Radiation due to recombination (free bound radiation)

This results from the capture of a free electron by an ion; the inverse phenomenon
is photo ionization.

c) Continuum due to negative ions

This is emitted, as in the case of recombination, during the attachment of a free
electron to an atom or molecule.

d) Pseudo-continuum of lines

This is due to the overlapping of neighboring lines broadened through Stark

effect.
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2.3.2.3 Line profiles

The lines emitted by atoms or ions are not infinitely narrow, but always show a
certain profile which depends upon the environment in which the emitter is placed; in
plasma, the natural broadening being always very small is negligible compared to other

types of broadening: statistical Doppler effect, collisional effect, and pressure effect.

2.3.2.4 Band spectra

When the temperature of plasma does not exceed 15,000 K, its spectrum can
include molecular bands, the examination of which may yield the temperatures of

rotation, vibration or electronic excitation of molecules [10].

2.4 Spectroscopic temperature measurement techniques

Temperature is considered one of the most important parameters for plasma state
characterization. Accurate temperature measurements lead to better understanding of the
plasma processes, i.e. vaporization, dissociation, excitation and ionization [24]. In the
literature dealing with plasma gas, temperature measurements are usually made using
emission spectroscopy of excited plasma gas species [25]. Besides the qualitative
determination of chemical composition of plasma from emission and absorption line
identification, the measurement of electron and ion, or atom temperatures is the oldest
application of spectroscopic methods to plasma and gaseous electrical discharge physics

[26].
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Non-thermal plasmas are characterized by a non-equilibrium distribution of
energy between different species. Hence, the various temperatures each describe a
distinct aspect of the physical state of the system [27]: the electron temperature (T) is
determined by the kinetic energy of the electrons, the rotational temperature (Tyy) is
relevant to all processes in which molecules, radicals, and their dissociation products are
involved, and the excitation temperature (Tex) describes the population of the various

energy levels [28].

2.4.1 Rotational temperature measurement

Molecular spectra can successfully give information in the temperature range of
2,000-8,000 K, where atomic spectra are not strong enough to ensure good sensitivity
[29].

It can be assumed that the rotational temperature is close to the gas temperature,
because rotational relaxation is fast at atmospheric pressure [8]; but the often-used
assumption that Trowmtionas and Tyibrationar are approximately equal to the electron
temperature is not always valid in non-equilibrium plasmas [12].

The OH (A®£-X?II) transition is one of the most intense systems emitted by low-
temperature air plasmas containing even a small amount (~1 %) of Hy or H,O. The
rotational temperature can be derived by fitting the entire band, or more simply from the
relative intensities of two groups of rotational lines corresponding to the R and P
branches of the OH (A-X) (0, 0) vibrational band. These branches present distinct peaks
at about 307 nm and 309 nm, respectively [8]. This technique provides a sensitive

thermometer, because the relative intensity of the two peaks varies rapidly with the
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rotational temperature. Another advantage of the technique is that it does not require
absolute or relative intensity calibration because the response of usual detection systems
is nearly constant over the small spectral range of interest [8].

Generally the value of the rotational temperature of the OH radicals is close to the
gas temperature. The OH band diagnostic applies to a wide temperature range and even
to non-equilibrium plasmas [30].

Bands of NO, OH, and O, dominate the spectrum at temperatures below
~5,000K. The second positive system of N, (C-B), the first negative system of N,” (B—
X), and atomic lines of O and N appear at higher temperatures [8].

For low-temperature plasmas in humid air, the emission spectrum of the OH (A-
X) transition around 300 nm provides a convenient way to measure the rotational
temperature. At higher temperatures, or in the presence of an electric field, the OH
transition is overlapped by strong emissions from N, (C-B) (second positive system). In
this case, the rotational temperature can be measured from N, (C-B) rotational lines [8].

The rotational lines of the N," first negative system (B*L*-X’:"), particularly
those of the (0-0) band, have often been used to determine rotational and vibrational
temperatures in plasma [31, 32].

The group of rotational lines of the N, first negative system in the region of 380
nm to 392 nm is well isolated from lines of other transitions. Their lines are sensitive
function of rotational temperature, but they appear at higher temperatures [8].

The intensity 7, of a spectral line corresponds to a transition between two levels

(n—m), derived from [33]:

nm _ En
[nm - Z(T) exp( kT) (24)
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Where k is the Boltzmann constant, K, is a constant for a given transition
(n—m), Z (T), the partition function of the particle, and £, the energy of the state ».

When 1, is known for a given temperature Trer (Lum ror 1S used as reference), one

can read [33]:
Z(T E(T,-T
= Lo 2dy) )exp(———"( &l )) (2.5)
“ Z(T) T, T

In their work, Dieke and Crosswhite [34] provided the wavelengths of the
different branches, the energy of the upper level of each transition, and the normalized
intensity Inm-rer Of each line of the rotational band OH (A-X) for a reference temperature
of Trer=3000K. The term Z (3000)/Z (T) is the same for all rotational lines issued to the
upper vibrational level n. From that viewpoint, this term is normalized to one in the
evaluation of Equation (2.5) [35]. SPECAIR software [36] can be used to calculate the
theoretical spectra of each rotational temperature, considering the slit function of the

spectroscopic system.

2.4.2 Excitation temperature measurement

The spectral lines are due to the quantization of energy levels in atoms, ions,
molecules or particles, resulting from transitions from one energy level to another,
accompanied by the release or absorption of photons. Rest wavelengths of the lines can
be accurately derived from quantum mechanical calculations or laboratory measurements.
From the intensities of lines of the same atom, ion or molecule, and detailed calculations
of the transition probabilities, it is possible to determine the density and temperature of

the region in which it arises [37].
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In many cases, it is necessary to distinguish between kinetic temperatures of
electrons, ions, and atoms, say, Te, T, and T,. These temperatures may differ from each
other even if the individual velocity distributions are close to Maxwellians, because
electron-electron energy transfer rates are much larger than electron-ion collision rates, as
are ion-ion rates [37].

Most of the spectroscopic temperature measurements primarily yield T,. They are
based on:

e Relative line intensities either of the same atom or ion of neighbouring

ionization stages or of successive isoelectronic ions;
e Relative continuum intensities, on ratios of line and continuum intensities;
e Relative and absolute intensities from optically thick plasmas;

e Time histories of emission from transient plasmas [37].
Several techniques are based on this concept. In the Boltzmann method [38], the
absolute intensity of a spectral line involved in the transition from an upper level g to a
lower level p is:

d , g,
Ly == Apn—-exp(=2, /KT Jhv,, (2.6)

Where d is the depth of emission source, 4, is the transition probability of g to p,
n is the population of the i excited state, g, s the known statistical weight or degeneracy
of the excited state, Z is the partition function, ¢, is the excitation energy, k£ is the
Boltzmann constant, T is the absolute temperature, / is the Planck constant, and vy, is the
frequency of the spectral line emitted in the transition from ¢ to p. Taking the logarithm

of both sides of this rearranged equation, we have:
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If we plot the left hand side of this equation versus the excitation energy (g,), a

linear relationship with a slope of (-1/KT) is obtained, often referred to as the Boltzmann
plot [37].

In the modified Boltzmann method [37], the temperature can be derived from the

e, 1
slope of the plot between log(——%-) and &,.
g‘l qp

Another variation of the Boltzmann method uses the intensity ratio of two lines
[37]. If the lines are labelled a, b, respectively, and subscripts p and q are omitted for the

sake of convenience, we obtain:

! (gd), v
a a Ya _ _ 8
_Ib —————(gA)b ——Vb exp[—(e,—¢€, )/ kT ] (2.8)

Rearranging this equation, we obtain:

7o 50400V, -V,) 2.9)
log((g4), /(g4),)—log(4,/4,) ~log(l,/1,)

. V is the excitation potential (eV)

. A is the (relative) transmission probability

. g is the statistical weight

. 4 is the wavelength

. 1 is the (relative) intensity

The subscripts a, b refer to the lines a and b, respectively.
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In this method, both lines should belong to the spectrum emitted by the neutral
atom or the ion of an element. Furthermore, the difference between the excitation
potentials 7, and V}, should be sufficiently large.

The measurement of arc properties by atomic emission spectroscopy relies on the
existence of a local thermodynamic equilibrium (LTE). Another method that may be used
down to ambient temperatures is laser-scattering temperature measurement, essentially
independent of LTE [39].

Another variation of the Boltzmann method considers two different spectral lines,
the absolute temperature being determined from the relative intensities of these two lines

with known relative transition probability, as follows [37]:

7= L ZE)k (2.10)
ipreay
L, 8 fuh,
. E,, is the excitation potential of the m' level (eV)
. k is the Boltzmann constant
. Iy is the intensity of transition from level m to level p
. g, is the statistical weight of the p” level
. [ s the absorption oscillator strength for a particular transition
. 4 is the wavelength (nm)

The criteria for selecting lines in the emission spectrum can be determined by

performing an error analysis on (2.10):

AT in[(1+ AR/ R)/(1+ AF / F)] @2.11)
T (E,-E)/ AT -n|(+AR/R)/(1+ AF / F)| '

. 1/R is the intensity ratio L, /1y,

. 1/F the ratio of oscillator f,./f,
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The range of error can thus be minimized by choosing a large F,—E,. It could be
also minimized by choosing strong lines of approximately equal intensity [37].

When the local thermodynamic equilibrium deviates, the non-equilibrium
parameter b (defined as the ratio of the actual to calculated LTE level populations) may
be used [40]. Using this method proposed by Burton and Blades [40], the actual
populations can be calculated, allowing theoretical Boltzmann plots to be constructed.

Hence, the intensity of a spectral line resulting from transition from level m to n is:

J= __1___ he & crlrllomni e—(Em/kT) (212)
4z A, z,. (1)

Where A4,,, is the transition probability, 4., is the wavelength between the upper
level m and lower level n, g, is the statistical weight, and E,, is the energy of the upper
level; #; is the total number density of chemical species I, zju(Tex) 1s the internal partition

function calculated at temperature 7,,., and 5"  is a non-equilibrium parameter that can

atom

be evaluated for the considered atom as [40]:

pr 14555 x10°E_(E, - E, )**
atom n T0A107

(2.13)

where E_ is the ionization energy (eV) and », is the electron density expressed in

cm .

2.5 Spectroscopic density measurement techniques

Depending on various plasma conditions, such as size, composition, densities and
temperatures, electron densities can be measured using a number of techniques.

Langmuir probes provided the first means to infer local values of electron density, mostly
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at relatively low densities. Thomas scattering of laser light has become a method of
choice for localized electron density measurements over a range of about 10'! to 10*
cm™ [26].

The purely spectroscopic density determinations are based on the interpretation of
measurement of at least one of the following quantities: spectral line widths or profiles,
absolute continuum intensities, absolute line intensities, or relative line intensities. In
general, this interpretation depends on some knowledge of the temperature. Generally, an
iterative procedure also using the methods of temperature determination is called for. In
practice, this iterative method is replaced by comparing measured and synthetic spectra,
the latter being calculated for sets of assumed plasma conditions until a satisfactory fit is
obtained [26].

Densities from spectral line widths and profiles

Under favorable circumstances the widths, shifts and profiles of suitable spectral
lines are very insensitive to both electron and ion temperatures [26].

One of the common electron density measurement methods consists in making
use of the Stark effect. This effect involves the interaction between radiating atoms or
ions and electrons or ions [12], and therefore depends on charged particle densities. In
fact, the effect depends primarily on the densities of charged particles and is only a weak
function of temperature [41]. Stark widths and profiles of many spectral lines are found
in Griem [42].

The most important experimental considerations for choosing spectral lines for
plasma density measurements are their strengths and separation from neighboring lines;

and also the wavelength range, i.e., the relative ease of obtaining sufficient resolution and
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signal. On the theoretical side, it is important that broadening mechanisms other than the
Stark effect are ruled out, or at least accounted for. Doppler broadening can be calculated
if the atom or ion kinetic temperatures are known. Instrumental broadening should be
measured separately. Both effects are best accounted for by including them in any
simulated spectra. If this is not possible, they should be allowed for in error estimates
[26].

The principal advantages of using synthetic spectra for comparisons with
measured data before inferring electron densities are the possibility of fitting entire
profiles, rather than only comparing measured and calculated line widths, and the ease of
accounting for variations of plasma conditions along the line of sight [26]. It is preferable
to use optically thin lines with high intensities that are highly sensitive to Stark effects. A
good example in this category is the Hg line of hydrogen. At temperatures near 1 eV, can
be applied to electron densities from 10" to 10'7 cm™. At 10 eV, only densities above
10" cm™ can be determined reliably due to grater Doppler broadening. Above
N, = 10" em™, it is preferable to use the less sensitive Hy line, because the Hg line
becomes too broad for a clean separation from the underlying continuum and from the H,
line [26].

Since the Stark profiles are only weak functions of temperature, measured values
can be used to determine electron densities in situations where the temperature is only
approximately known, or even when the existence of a unique temperature is
questionable e.g. when LTE is not achieved [43].

The Lorentzian function is used to describe Stark broadening and is expressed as

follows:
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) _l y/2
S(A”%’y)_ﬂ{(y/z)’+(/1—/10)2} (2.14)

. S (A, Ay, 7) is the light intensity

. Ao 1s the central wavelength of the line

. y 1s the scale parameter which specifies the FWHM (Full Width at Half
Maximum).

Electron densities can be obtained directly from the profile widths [26] or by
fitting the data to theoretical line profiles [44]. Because of theoretical developments, the
half-width measurement of Stark-broadened lines now ranks as one of the most accurate
and convenient methods for determining electron densities [45]. In principle, one must
match the measured line profiles and the calculated Stark profiles properly within a range
of electron densities. The correct density corresponds to the best-fit Stark profile [46].
However, a more reliable and still simple method is the standard procedure for deriving
electron densities from measured line widths [46, 47].

In laboratory-created plasma, the Balmer-o (H,) line of hydrogen, due to
transitions between principal quantum number n=3 and 2 levels, often is a prominent line
[48]. The line shape strongly depends on the density of charged particles surrounding the
emitter. Due to the decomposition of water vapor during discharge activities on the ice
surface, hydrogen is present in the arc column, and the Hy line of the Balmer series is
considerably Stark-broadened so that electron density may be determined by comparing

the measured profiles with theoretical profiles [26].
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2.6 Arc discharge temperature and electron density
measurement

There are a lot of different methods for studying electrical discharge phenomena.
They can be divided into two main categories: optical and electrical measurements. In
this study only the “Spectroscopic analysis” method is described.

The pioneering works of Uman [19] and Orville [11] are good references for
measuring the temperatures and electron densities of lightning using the spectroscopic
method. Uman and Orville [19] measured the electron (ion) densities in three different
lightning strokes by observing the Stark-broadening of the H, lines in lightning spectra.
They concluded that the electron density in the stroke when the maximum integrated
intensity from H, was being recorded was between 1x10'7 and 5x10'7 cm™. Orville [11]
employed the ratio of intensities of emission lines to calculate the temperature of a ~10 m
section of return-stroke channel. The peak temperatures were in the 28,000-31,000 K
range. He used the Stark-broadened half-width of the H, line and calculated an electron
density in the order of 8x10'7 cm™ in the first 5 usec, decreasing to 1-1.5x10" cm™ at
25 ps. They also performed the same study on long air gaps [49], [54].

Les Renardieres Group [50], [51] applied spectroscopic analysis to obtain time-
resolved information on the physical process occurring at different stages of breakdown
of long gaps using two spectrometers and a streak camera. They observed the different
spectral distributions between leader coronas and leader channel phenomena. The leader
coronas were predominantly in the ultraviolet region, about 300 nm, while the leader

channel was in the red, between 500 nm and 700 nm [50].
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They observed different lines of neutral and ionized nitrogen and oxygen and also
the atomic hydrogen lines H, and Hg in their recorded spectra of leader channels [52].
They derived gas and electron temperatures and ionization degrees in the leader channels
and compared their results with Orville [49] and Vassy [53]. Figure 2.3 shows their

results [52].
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Figure 2.3. Gas and electron temperature and ionization degree in the leader channel,
comparison of Les Renardié¢res Group [52] results with Orville [49] and Vassy [53]

Uman et al. [54] investigated a four-meter spark in air, using streak photography
and spectroscopy. They observed that primary radiating species in the leader is singly
ionized nitrogen (N 1) and estimated the leader temperature to be in the order of
20,000K.

Staack et al. [55] experimented with DC glow discharges in atmospheric pressure
helium, argon, hydrogen, nitrogen and air. They measured the rotational temperatures
using the Avib +2 transitions of the N, 2™ positive system for the various discharge gases

relative to discharge current. The gas temperatures for a 3.5 mA normal glow discharge

44



were around 420 K , 680 K, 750 K, 890 K and 1,320 K in helium, argon, hydrogen,
nitrogen and air, respectively. They also used atomic transitions to determine the
electronic excitation temperatures for different upper-state energies on Boltzmann plots
which indicated a non-thermal discharge [56].

Shinobu et al. [57] preformed a spectroscopic study of 150 W plasma in water.
The Balmer atomic hydrogen lines (H, and Hg), OH (A-X) (0, 0) band at 309 nm, O (777
nm) and O (845 nm) were detected as strong emissions. In addition to Hy, peaks of O I
and O II were also detected as weak emissions. The Na line (589 nm) also appeared as an
impurity in the spectra. They measured electron temperatures from the ratio of the
emission intensities of H, and Hp and rotational temperatures of OH radicals was
obtained from OH A%X-XI1 (0, 0) band emissions [57].

Nieto-Salazar et al. [58] carried out spectroscopic studies of positive streamers in
water. The light emitted by streamers showed the UV OH band, atomic lines of OI, H,
and a strong continuum from 350 nm to 500 nm. Rotational temperatures were calculated
from OH bands to be in the range of 3,000 K to 4,000 K, and the electron densities were
measured from Stark broadenings of H, and OI (777nm) to be in the order of 10'7 cm™.

Gas temperatures, electron densities and electron temperatures of excited plasma
were measured by optical emission spectroscopy by Xi-Ming Zhu et al. [59]. The gas
temperatures were obtained from the rotational temperatures of the hydroxyl molecule (A
2%+, v = 0) and the electron densities were measured by the Stark broadening of the

hydrogen Balmer P line. The electron temperatures were estimated based on the

measured excitation temperatures of Argon 4p and 5p levels [59].
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2.7 Thermodynamic study of plasma

The condition of the arc plasma can be regarded as a state of thermal equilibrium
when all definitions of temperature give the same numerical values. In non-equilibrium
sources, different definitions will, in general, lead to different values of the parameter.

The various temperatures each describe a distinct aspect of the physical state of
the system [27]:

Electron temperatures, which are determined by the kinetic energy of the
electrons; gas temperatures, which are defined by the kinetic energy of the neutral atoms;
excitation temperatures, which describe the population of the various energy levels; and

ionization temperatures, which govern the ionization equilibrium.

2.7.1 Thermal equilibrium in the arc

For gases to be in complete thermal equilibrium, the various gas components, i.e.
neutral particles, charge carries, and photons, must be in equilibrium mutually and with
respect to the surroundings. Complete thermal equilibrium (C.T.E) prevails in an
enclosure whose walls and interior have a uniform temperature with respect to radiation
and internal energy.

A gaseous system in C.T.E is characterized by the following conditions:

1. The velocity distributions of all kinds of free particles (molecules, atoms,
ions and electrons) at all energy levels satisfy Maxwell’s law.
2. For each separate kind of particle the relative population of energy levels

conforms to Boltzmann’s distribution law.
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3. lonization of atoms, molecules and particles is described with Saha’s
equation.

4. Radiation density is consistent with Plank’s Law [16].

2.7.1.1 Maxwell’s Law

In thermal equilibrium conditions, the speeds of particles are distributed

according to the Maxwell’s function.

—-mv2

m 312, S5¢1 2
f(v)dv—(z—ﬂﬁ) (e Yanvidy (2.15)

Where v is the frequency of the photon emitted in the transition, 7' is temperature,

and f(v)is the fraction with speeds between (v,v + dv) [60].

2.7.1.2 Plank’s Law

The black body is an ideal body of uniform temperature T (K) that perfectly
absorbs all incidental radiation, and emits isotropically unpolarized thermal radiation
according to Planck’s Law. It is customary to indicate with B, (T):

In wavelength units, the emission is:

2nC? 1
B,(I)=—5

ek _1

ergcem™s'em™'s (2.16)

Where B,(T) is the specific intensity energy per unit area per unit time per unit

bandwidth, 4 is Plank’s constant, 4 =6.57 x107% erg.s'l , k is Boltzmann’s constant, A

is wavelength, and T is temperature in Kelvin.
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Figure 2.4. Plank’s distribution [61]

Equilibrium between light quanta and material particles in an arc column is not
expected to be reached owing to the absence of walls with the same temperature as the
arc gas, and hence the radiation density is not expected in general to satisfy Planck's Law.
But with increasing concentrations of emitting and absorbing particles the intensity in the
center of the spectral line asymptotically approaches the intensity of blackbody radiation
at the same temperature and wavelength. Under such conditions, the radiation density
distribution may thus be assumed, to a good approximation, to be consistent with the
upper limit of Planck's Law [61]. Furthermore, the energy loss from the arc by radiation
amounts to only a few percent of the total energy supply. For this reason a state of partial

thermal equilibrium can exist [27].
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2.7.1.3 Saha’s equation
The basic concept of thermal ionization introduced by Saha is the application of
the mass action law to ionization equilibria. For each component (labeled i) of a
composite gas we can consider on equilibrium of the form:

neutral atom <> ion + electron

L n.n,

The equilibrium constant K, =——
=

a

can be calculated as a function of

temperature. The resulting equation XK, =S, (T) is known as Saha’s relationship, where
n, and n, are the densities and concentrations of the ions and neutral atoms of the

component labeled j, and », is the electron density.
The dependence of the ionization constant S, on temperature is expressed by

Saha’s equation:

n.n, 3227,
Ml 5 = CRT) 22 (e, IKT) 2.17)

H 3
My h a

Where m is the electronic mass, &, the Boltzmann constant, 4, the Plank constant,
Z, the partition function, and &, the ionization energy. The factor 2 that immediately

precedes the ratio of partition function is the statistical weight of a free electron [27].

2.7.1.4 Boltzmann’s Law

If a gaseous body in an enclosure is in thermal equilibrium with the walls, the
population of energy levels for each separate kind of particle follows as Boltzmann

distribution, namely:
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Where 7, is the density or concentration of particles in the excited state g, #, is
the density of ground state atoms, g, and g, are the statistical weights of the
corresponding levels, ¢ is the excitation energy of the state g, k is the Boltzmann

constant, and T, the absolute temperature.

The statistical weight of a particular state is the probability of populating a state
under identical conditions. Under those conditions we have “detailed balancing”, i.e. in
equilibrium the total number of particles leaving a certain quantum state per second
equals the number arriving in that state per second, and the number leaving by a

particular path equals the number arriving by the reverse path [27].

2.7.1.5 Partition function
To drive the equation we write, instead of Boltzmann’s equation:
nyimin,.n, =g, g exp(—& /kT): g, exp(e, /kT):...g, exp(~¢,/kT)  (2.19)

Where the energy of levels 1, 2... j is taken from ground level zero. Now, since:

3

= f

n, =n (2.20)

m
m=0

We have:
n g, exp(—¢,/ kT)

q
J

> g, exp(-¢, / KT)
0

2.21)
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J
If we put Z = Z g, exp(—¢,, / kT), which is called the partition function (or the
0

sum over states) of the particular atom, the summation will include all possible energy

levels of the relevant particle [27].

The importance of the partition function Z is that in Maxwell-Boltzmann and

classical statistics, all the thermodynamic properties of a system can be expressed in

terms of Z and its partial derivatives [62].

To distinguish the quantities n and Z of neutral atoms and singly charged ions, the

g of ions is distinguished from that of atoms. Accordingly, for atoms we write:

(16].

n, =n, -ii exp(—¢, / KT) 2.22)

a

A similar equation holds for ions. The practical form of expression is:

My = 1y L1075 (2.23)

Where V, is the excitation potential expressed in electron volts.

The above equation is often conveniently employed in its logarithmic form, as in

logn, =logn, +logg, —5—(;19% —-logZ, (2.24)

2.8 Thermodynamic equilibrium

When an arbitrary system is isolated and left alone, its properties will in general

change with time. If initially there are temperature differences between parts of the
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system, after a sufficiently long time the temperature even out at all points, and then the
system is in thermal equilibrium.

[f there are variations in pressure or elastic stresses within the system, parts of the
system may move, or expand, or contact. Eventually this motions, expansions, or
contractions will cease, and then the system is in what is called mechanical equilibrium.

Finally, suppose the system contains substances that can react chemically. After a
sufficiently long time has elapsed, all possible chemical reactions will have taken place,
and the system is then said to be in chemical equilibrium.

A system, which is in thermal, mechanical, and chemical equilibrium, is said to be

in thermodynamic equilibrium [62].

2.8.1 Thermodynamic properties

2.8.1.1 Mass density

Considering a gas at thermodynamic equilibrium consisting of different species i,

with mass m; and density V,, the mass density will be [60]:

p=Y N.m, (2.25)

2.8.1.2 Enthalpy

In thermodynamics and molecular chemistry, the enthalpy, or heat content,

(denoted as H or AH) is a quotient, or description, of the thermodynamic potential of a
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system, which can be used to calculate the useful work obtainable from a closed
thermodynamic system under constant pressure. By definition:
H=U+pV (2.26)

Where U is the internal energy, p is the pressure and V is the volume [63].

2.8.1.3 Heat Capacity at constant pressure

The variation of enthalpy with temperature at constant pressure is also an

extensive property called Heat Capacity at constant pressure and denoted by C, [63]:

oH
C,= (Efjp (2.27)

2.8.2 Composition and thermodynamic properties of two-
temperature plasma

Up to now it has been assumed that ions, neutral particles, and electrons have
Maxwellian distributions, and that collisions between these particles are numerous
enough to allow equalization of energies between the heavy and light particles. Such a
hypothesis leads to a unique temperature (defined as the mean kinetic energy) for both
heavy and light particles.

However, if the pressure is lowered or the electric field increased (for example
near the electrodes of arcs in atmospheric pressure) and where there are large gradients
(near cold walls or when a cold gas is injected into the plasma), equilibrium will no

longer exist. When the energy gained by the electrons between two collisions is no longer
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negligible compared with the thermal energy kT, the electron temperature T, differs

from that of the heavy species Ty, [64].

2.8.3 Local Thermodynamic Equilibrium

When a gas is in thermodynamic equilibrium, it is possible to calculate the
particle densities of all the species in terms of the thermodynamic state of the gas.

Partially ionized gases are rarely in complete thermodynamic equilibrium, but
they may frequently be in a state of approximate Local Thermodynamic Equilibrium, or
LTE. A gas is said to be in LTE when the matter particles are in equilibrium with each
other, but when the photons are not in equilibrium with the matter. In most situations, a
partially ionized gas is transparent in many frequency intervals, and some radiation
therefore escapes from the gas, thus violating a condition necessary for complete
thermodynamic equilibrium. For the matter to be in LTE, the collisional rates that
populate and depopulate the various energy levels of the matter must exceed the
corresponding radiative rates. For a gas in LTE, the Boltzmann and Saha relations can be
used even though complete thermodynamic equilibrium does not prevail.

For collision-dominated gases the Boltzmann and Saha relations are often
applicable even when other kinds of departures from complete thermo-dynamic
equilibrium occur.

It is often possible for the electrons to have a temperature T, that differs from the
heavy particle temperature Tp: Both types of particles may still have Maxwellian velocity
distributions, but at different temperatures. When it is primarily collisions with electrons

which produce the transitions that determine the population of some energy level or the
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degree of ionization, the "temperature" that appears in the corresponding Boltzmann or
Saha relation should be interpreted as the electron temperature [65].

Plasma will be termed as strongly ionized when its ionization degree is so high
that the collisions of electrons with ions become as essential as those with neutral
molecules. When strongly ionized, plasma often exhibits a thermodynamic equilibrium of
an ionization degree corresponding to the electron temperature.

Since the behavior of equilibrium plasma is related to its temperature, knowing
the temperature is important to understand the process involving such plasma, those in
spark discharges [66].

The ionization process in strongly ionized plasma differs much from that in
weakly ionized plasma, where molecules are ionized by electrons that have acquired their
energy directly from the electric field. On the contrary, the field effect in the strongly
ionized plasma seems to be smeared out: the field supplies its energy to the electron gas
as a whole. Electrons become thermalized by collisions with one another, eventually
acquiring a Maxwellian distribution. The gas is ionized by electrons, which have gained
sufficient energy through the energy exchange with other particles rather than from the
field.

It is important to understand why weakly ionized plasma is in a state of non-
equilibrium, while strongly ionized plasma is generally in a state of equilibrium and
easier to sustain. Weakly ionized plasma sustained by an electric field is in non-
equilibrium in two respects. First, there is a considerable difference between the electrical
temperature and the gas temperature (meaning by temperature the measure of mean

electron energy, which is not entirely accepted). Second, the ionization degree of such
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plasma is much lower than in the thermodynamic equilibrium corresponding to the actual
temperature (mean energy) of electrons. [66]

The electron temperature must be high, about 1 eV = 11,600 K, otherwise the
number of energetic electrons would be too small to ionize the atoms, that is, the
conditions needed for producing plasma would not be met. A high electron temperature is
achievable via increasing the electric field strength. The electric temperature in strongly
ionized plasma is approximately the same as in weakly ionized plasma, 10,000 K,
because the atoms still need to be ionized. But, owning to the high ionization degree, high
conductivity and great energy release, the latter turn out to be sufficient to heat the gas up

to the electron temperature [66].

2.8.3.1 Ciriteria for Local Thermodynamic Equilibrium

In optically thin plasma the processes leading to radiation are those resulting from
spontaneous emissions and radiative recombinations. Griem deduced a very simple
criterion of LTE: for a given unit of time, the number of transitions due to electronic
collisions between the first excited state and the fundamental level is ten times greater
than the number of transitions due to spontaneous emissions [10].

LTE will be realized if the electron density N, is higher than the critical density
N, determined by the relation:

N, =9x10'"(E, - E))’T, cm” (2.28)

E, -E; is the difference in energy between the first exited level and the

fundamental level, expressed in electron volts.
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Drawin suggested a more precise criterion where the greatest difference of energy
between two consecutive levels is obtained for two levels, p and ¢, unlike the

fundamental and the first excitation level.

N =65x10°22(E —E y'T"%,(y,,)  om® (2.29)

q
Where (E,—E,) is in eV and T, in K. (£,~E,) is the maximum energy difference
between two consecutive p and q levels; g, ,gq are the statistical weights of the levels p

and q; #,(x,,) is a numerical factor, j=1 for neutral atoms and j=2 for the ions [10]:

Xpy =(E,—E)/KT, (2.30)

2.8.3.2 Partial Local Thermodynamic Equilibrium

For hydrogen and a large number of elements, impact cross-sections decrease and
transition probabilities increase as the fundamental level is approached. Consequently, if
the electron density decreases, radiative de-excitations, which cause further depopulation
of the excitation states and over-population of the fundamental (Figure 2.5), can no
longer be neglected for levels i below a certain limit level 4 (E;<Ey). The relations of LTE
are still valid for levels j situated above the level 4 (E>Ep), beginning from where the
number of transitions through spontaneous emissions is small compared to the number of

transitions through impacts. The plasma can be said to be in “partial LTE” [10].
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Figure 2.5. Scheme of levels [10]

Because the collision frequency is pressure dependent, high pressure will increase
this frequency and the electrons’ mean free pass between collisions will decrease. The
temperature difference between electrons and heavy neutral particles is proportional to
the square of the ratio of the energy an electron receives. The temperature difference
between electrons and heavy neutral particles is proportional to the square of the ratio of
the energy an electron receives from the electric field (E) to the pressure (P). Only in the

case of small values of E/P do the temperatures of electrons and heavy particles approach
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each other. This is a basic requirement for Local Thermodynamic Equilibrium (LTE) in
the plasma [21]. In optically thin plasma, the processes leading to radiation are those
resulting from spontaneous emissions and radiative recombination [10]. For LTE plasma
the expression for line emissions is a function of electron number density and kinetic
electron temperature [67].

In atmospheric pressure plasmas, the rotational temperature is close to the gas
temperature owing to fast collisional relaxation. The rotational temperature (Tyo) is
relevant to all processes in which molecules, radicals, and their dissociation products are
involved, and the excitation temperature (Tex) describes the population of the various
energies.

As mentioned earlier Griem deduced a very simple criterion of LTE, expressing
for unit time the number of transitions due to electronic collisions between the first
excited state and the fundamental level as ten times larger than the number of transitions
due to spontaneous emission [10].

Another criterion to verify the existence of LTE is given by Mcwhirter [45]:
* 12701/2 3
N, 21.6x10°1," x(p,q) cem’ (2.31)
Where T, is the electron temperature in K and y( p,q) is the excitation potential
of level p from level g ineV.

The expressions found by Wilson and Griem are in good agreement. They differ
only in the constants [45]:

Griem 9.2x10"!

Wilson 1.3x10"

Mecwhirter 1.6x10'2
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2.9 Conclusion

To the best of our knowledge no research has been conducted on the measurement
of temperature and electron density of an arc formed over an ice surface. However, for
other types of discharges, i.e. lightening, these parameters have already been measured.

The review of literature showed that spectroscopy is suitable to measure the
properties of electric discharges propagating over an ice surface. Emission spectroscopy
is a non-destructive measurement which has been used in different applications.

Rotational temperature, which is close to the gas temperature, can be measured
using an appropriate molecular band, i.e. OH (A-X) (0, 0) transition band. The excitation
temperature measurement method is generally based on the ratio of line intensities of
different spectral lines. However, for non-LTE conditions a correction factor should also
be considered. Electron density can be measured from the broadening of a suitable
spectral line due to the Stark effect. Established empirical criteria can also be used to
examine the existence of local thermodynamic equilibrium from electron temperature and

density measurements.
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CHAPTER 3

METHODOLOGY AND EXPERIMENTAL
PROCEDURE

3.1 Introduction

In this chapter, the method used for measuring the temperature of arc and electron
density will be described along with the experimental procedures. This chapter is divided
into two sections. In the first part, the experimental equipment and facilities are
introduced. In the second part, the experimental procedure and the method used to

analyze the results are explained.

3.2 Equipment and facilities

In order to simulate flashover on an ice surface, different experimental systems
should be prepared and synchronized. Besides the spectroscopic equipment, high-voltage
source, voltage and current measuring instruments, and the data acquisition system

(DAQ), the ice-making procedure requires special equipment.
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3.2.1 High-voltage system

Considering the estimated voltage needed for these particular experiments, a
120kV (maximum), 240 kVA, 60 Hz single-phase test transformer with a 5% short-
circuit impedance was used. The output voltage could be adjusted from 0 kV to 120 kV
through a regulator, consisting of an SCR control-type feedback thyristor with a dynamic
voltage drop of the source below 5% when the load current is 0.5 A. Voltage is increased
either manually or automatically at a fairly constant rate of about 3.9 kV/s. Since high-
voltage experiments on ice-covered insulators are carried out in an enclosed area, and the
transformer is kept outside that area, the security system for this type of experiment is of
vital importance. Two circuit-breakers and an accurate relay which interrupts the voltage
instantaneously on demand are a part of this security system. The system may be adjusted
to cut off the voltage and de-energize automatically when personnel enters any of the test
areas. A high-voltage SF6 bushing conducts the applied voltage through the walls of the
cold-climate room.

When needed, DC voltage is supplied using the above transformer connected to a
rectifier module, comprising a half-wave rectifier and a smoothing capacitor (15.2 uF).
Positive and negative DC voltages are obtained by inverting the diode direction in the
rectifier. Using the automatic control, DC voltage increases at a constant rate of about

5.5kV/s.
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3.2.2 Climate room

The climate room is equipped with an HV SF6 composite busing and a water
droplet generator. The temperature can reach as low as -30 °C = 0.2.

This climate room is a thermally insulated and measures 6 m (W)x 6 m (L) x 4 m

(H).

3.2.3 Spectroscopic system

The spectroscopic analyses were performed using a TRIAX 320 (Jobin Yvon Co.)
spectrometer (scanning range from 0 nm to 1,500 nm, dispersion of 2.64 nm/mm and
spectral resolution of 0.06 nm.). These specifications are given for a 1,200 grooves/mm
grating which should be multiplied by the appropriate scale factor for other groove
densities. The spectrometer is equipped with two different gratings: 300 and 1,200

grooves/mm. Top view of the Triax 320 is shown in Figure 3.1.

64



BASE EXTENDS BEYORD BOX
OUTSHE DIMENSTION 1/15" AL ARIUND

19285
12,280
4
14.808

18468
13382

12500
$2,280

Figure 3.1.  Triax 320 top view [68]

The light emitted from the arc is coupled to the entrance slit of the spectrometer
by means of a 10 m bundle fiber optic. An optical apparatus 220F is attached to the
entrance slit of spectrometer as an adaptor.

The light detector attached to the output of the spectrometer is a gateable charge-
coupled device (CCD) camera. The exposure time of the CCD could be set as low as 1ms
to a maximum of 49.71 days. Once the CCD has been mounted at the spectrometer
output, it should be focused and aligned. The entire operation of the CCD is controlled
through a controller (Symphony) and image processing software (SynerJY).

The entire spectroscopic arrangement, including the CCD detector, is placed in a
Faraday cage to protect it from electromagnetic interference. The PC is placed in a

separate Faraday cage.
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3.2.4 Data acquisition system

The synchronization between the electrical and spectroscopic measurements is
established using a data acquisition (DAQ) system. It monitors the current and CCD
shutter signals during the experiments. The test signals were connected to a measuring set
through a conditioning box providing protection and insulation. A National Instruments
DAQ card (PCI-6035E, 200 kS/s, 16-Bit, 16-Analog-Input Multifunction DAQ) and
LabVIEW graphical software was used to acquire high-quality data. The AC voltage
signal was attenuated by using a resistive voltage divider. Current measurements were
carried out using a current transformer (Pearson™ current monitor: Model 110) with a
sensitivity of 0.1 V/A and usable rise time of 20 ns.

In DC experiments, voltage measurements were performed using a resistive
voltage divider. The leakage current was measured using a 10-ohm shunt resistance
located in series between the ground electrode of the test setup and ground terminal of the

HYV system.

3.3 Experimental procedure

3.3.1 Setup

Because of the time-consuming ice accumulation process of in the climate room
with nozzles, random distribution of discharge paths along ice-covered insulators, and

practical problem associated with capturing the light of arc, a simple physical model was
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chosen for the experiments. It consists of a Plexiglas mould, 140 cm (L)* 15 cm (W) * §
cm (D), filled with de-ionized water at several freezing stages to obtain the flattest
possible surface. The last layer was poured in three steps with freezing water with
predetermined conductivity by adding pure NaCl to de-ionized water. After each step, the
model was returned to the cold chamber to let the layer freeze. Finally, an air gap of
about 6 cm was made at one end by cutting and removing the ice while the other end was
grounded. The HV electrode is a copper hemisphere 2 cm in diameter. Figure 3.2 shows a

schematic diagram of the physical setup.

Ground electrode

Conductive ice

Air gap

HV electrode

[

Non-conductive ice

Figure 3.2. Ice geometry

Optical emission spectroscopy (OES) was used to reach the mentioned objectives.
A monochromator was set to receive light from a region of discharge below the air gap.
Time-resolved spectra were recorded by adjusting the exposure time of a Charged
Coupled Device (CCD) detector connected to the output slit of a spectrograph set to 8 ms.
The time interval between two consecutive acquisitions was 27 ms. The signal from the

shutter of the CCD detector, leakage current and applied voltage were recorded
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simultaneously through a data acquisition system. This provided the time relation
between the spectroscopic and electrical measurements.
Figure 3.3 shows a schematic of the experimental setup for optical emission

spectroscopy (OES) measurements.
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Figure 3.3. Schematic diagram of the experimental setup

3.3.2 Calibration

Spectroscopic temperature measurements require the knowledge of either the
relative or absolute intensity of spectral features. The measured emission spectra must be

corrected for the spectral response of the detection system, which includes lenses,
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mirrors, monochromator, optical fiber and CCD. The detector system had to be calibrated
in the spectral range of interest. Calibrations of spectral intensities were made using a
tungsten lamp.

A mercury lamp was used as a source for CCD wavelength and monocramotor
calibrations.

Light from a tungsten filament lamp emitted onto a Teflon surface was used as the
intensity calibration source. The spectral lines from the discharge were corrected

according to the known spectrum of this tungsten lamp.

3.3.3 Current and voltage measurements

As a general rule, the flashover process on ice-covered insulators includes the
following stages: first, several violet arcs appear across the air gaps (or ice-free zones);
second, one of the arcs propagates along the ice surface forming a white arc; and finally,
when the white arc reaches a certain length, a flashover arc occurs eventually leading to a
short-circuit [1].

Recording the current, CCD shutter signal and time-resolved spectra
simultaneously through a data acquisition system enabled us to analyze different stages
such as the white arc and flashover arc over the ice surface. As mentioned,
synchronization between electrical (current and voltage) and spectroscopic system was
achieved through the DAQ system.

Figure 3.4 and Figure 3.5 show the voltage and current measurement devices
with AC and DC applied voltage. A resistive voltage divider was used to measure the

voltage for both applied voltages. In AC (see Figure 3.4), current measurements were
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carried out using a current transformer (Pearson™ current monitor: Model 110) with a
sensitivity of 0.1 V/A and usable rise time of 20 ns.

In DC (see Figure 3.5), leakage current was measured using a 10-ohm shunt
resistance between the ground electrode of the test setup and ground terminal of the HV

system.

lce Surface HV electrode

Ground electrode

Air gap

y " Resistive
AAAAAAAAAAA voltage divider

HV Transformer

Pearson

Figure 3.4. Setup arrangement to measure AC voltage and current
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Figure 3.5.  Setup arrangement to measure DC voltage and current
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3.3.4 Rotational temperature measurements

In this work, rotational temperature, which is equal to the gas temperature in
atmospheric pressure, is measured using OH (A-X) emission bands. The rotational
temperature can be obtained by fitting the entire band, or more simply from the relative
intensities of two distinct peaks of OH bands at about 307 nm and 309 nm.

With the fitting method, synthetic spectra were produced using simulated OH (A-
X) (0-0) emissions, normalized to P-branch peak, relative to the rotational temperature.
With the experimental spectra normalized to P-branch, the rotational temperature can be
derived by finding the best fit that has the same P/R branch intensity ratio, and also
coincides along the whole band system.

To obtain the variation of rotational temperatures, with discharge current, relative
intensities of the two peaks of OH (A-X) can be used. As mentioned in Chapter 2,
relative intensity of these two peaks varies rapidly with the rotational temperatures. The
relationship between the ratios of intensities of these two peaks with rotational
temperatures can be simulated with SPECAIR software. Using this relationship and
employing an interpolation of data, the rotational temperatures of the experimental
spectra for different current levels can be derived.

In addition, the N, 1% negative system can also be used to measure the rotational
temperature. As the N," 1¥ negative system could not be observed at low current levels,
this method could not be used over the entire current range. Because this system appears
at higher excitation levels, a spectrum from an instant when the discharge has a high
current value can be selected for analysis. This experimental spectrum can be compared

with the numerical spectra of the N,* 1% negative system (B,X"-X,Z") for a range of 380
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nm to 392 nm, relative to rotational temperatures. Rotational temperatures can be derived
by finding the best fit of whole region of synthetic and experimentally obtained spectra.
The rotational temperatures of positive and negative DC arcs, and AC arcs were

measured and compared during arc propagation.

3.3.5 Excitation temperature measurements

The excitation temperature of the arc column was determined using the ratio of
intensities of the spectral lines and the Boltzmann method.

Three copper lines of 510 nm, 515 nm and 521 nm, and singly ionized oxygen
lines of 777 nm, 844 nm and 926 nm were used for excitation temperature measurements.

Excitation temperature was obtained by applying the Boltzmann method for the
following two line intensity ratios: Cul 510 nm /Cu I 515 nm, Cul 510 nm/ Cul521 nm,
OI 777 nm/OI 926 nm, OI 844 nm/OI 926 nm. It is well known that the spectral lines
selected for the construction of a Boltzmann plot should satisfy certain requirements [27].
They should be strong lines having approximately equal intensities. The most important
of these requirement is that the difference in excitation energy should be large enough (1-
2 eV) to ensure accurate temperature measurements. This requirement is well satisfied for

the selected line pairs as seen in Table 3.1.

Table 3.1. Table Spectroscopic parameters of copper spectral lines

Wavelength | E upper state (eV) | E lower state (eV)
Cu 510.554 3.817 1.389
Cu 515.324 6.191 3.786
Cu 521.820 6.192 3.817
0 777.34 10.74 1.389
0 844.65 10.988 3.786
0 926.66 12.0786 3.817
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Temperature measurements were made by evaluating the following two-line
intensity ratios: Cul 510 nm/Cu 1515 nm, Cul 510 nm/Cu 1521 nm, OI 777 nm/OI 926
nm, OI 844 nm/OI 926 nm, and by using the measured ratio in conjunction with the
expression [27]:

—5040(E, - E,)

T,. = 3.1)
log(Al/ gA), —log(Al/gA),

where 7, is the excitation temperature (K), £ is the upper level excitation energy
(eV), 4 the (relative) transition probability (S'l), g, the statistical weight, A, the
wavelength (nm), and /, the (relative) intensity; the subscripts a and b refer to the lines a
and b respectively.

Plotting log(Al/gA4) versus excitation energy (F) should yield a straight line
(Boltzmann plot) with slope m, from which the excitation temperature can be calculated
as:

T, =-5040/m (3.2)

The Boltzmann plot applying for two selected lines pairs of copper yield two
straight lines. The excitation temperature is calculated from the mean value of two line
slopes. Using this method, the excitation temperature can be calculated for different
current values. The same method can be applied to the selected oxygen line pairs.

When the local thermodynamic equilibrium deviates, the non-equilibrium
parameter b (defined as the ratio of the actual to calculated LTE level populations) may
be used [40]. Using the method proposed by Burton and Blades [40], the actual
populations can be calculated, allowing theoretical Boltzmann plots to be constructed.

Hence, the intensity of a spectral line resulting from transition from level m to » is:
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where A4,,, is the transition probability, 4., is the wavelength between the upper
level m and lower level n , g, is the statistical weight and E,, is the energy of upper level;

n; is the total number density of the chemical species i and z;(7ex) is the internal
partition function calculated at the temperature T,y., b}, is a non-equilibrium parameter
that can be evaluated for the considered atom as [40]:

13 _ 2.607
gy B55x10°E (B, ~E,) 3.4)

atom 0.107
n,T

where E_ is the ionization energy(eV) and n. is the electron density expressed in
cm™.
Considering a given electron density and employing the ionization potential £,

for copper (7.7264 V) and for oxygen (13.6181 eV), the non-equilibrium parameter 5,

is calculated using Equation (3.4) at each calculated excitation temperature.

This non-equilibrium parameter may be incorporated into a Boltzmann plot

aslog(Al/ gdb} ), to reconstruct Boltzmann plots.

atom

3.3.6 Electron density measurements

Electron density is estimated from an analysis of the Balmer line H, profile,
broadened by the Stark effect. As mentioned in Chapter 2, Stark profiles of H, lines for
different electron densities at specific T, have been provided by Griem.

To compare experimental spectra with Griem’s Stark profiles of H, lines, one
should consider instrumentation broadening. Measured instrumentation functions should

74



also be convolved with Griem’s data. If a recorded H, line is placed on a background
continuum, in order to use the profile for Stark-effect analysis, this background
continuum should be subtracted from the original profile.

Another simple and still precise variation of this method is the application of Full-
Width at Half-Maximum (FWHM) of profiles. The FWHM of Griem’s profiles for
different electron densities and considering instrumentation broadening can be measured.
Fitting the simulation results using a function could yield a relationship between the
FWHM and electron density of H, line. Thus, for each experimental spectrum the
FWHM of H, line could be calculated by subtracting the background level of the adjacent
continuum from the profile. Electron density can be calculated using evaluated relations

from measured FWHM.

3.3.7 Local Thermodynamic Equilibrium

To verify the existence of LTE, the criteria stated by equation (2.31) could be
used. When electron temperature and density are known, this expression can be assessed.
It should be noted that this inequality is a necessary, but not sufficient condition for
plasma to be in LTE. Another important requirement can be examined from the
comparison of different temperatures, i.e. excitation and rotational temperatures. A
considerable difference in the values of these temperatures could be an indication of non-

LTE condition.
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3.4 Conclusion

Optical emission spectroscopy is selected as a methodology to achieve the
mentioned objectives.

A simplified physical model is used for the experiments because of the time-
consuming ice accumulation process and practical problems associated with capturing the
light of arc. Discharge current and shutter signal data are transmitted to a data acquisition
system. This provides a relation between the electrical and spectroscopic measurements.

Rotational temperature measurement method consists of measuring the ratio of
peak intensities of the OH (0, 0) R and P branches and comparing them with computer-
simulated spectra.

Excitation temperatures are calculated using the intensity ratios of different
copper and oxygen lines.

Wherever inequality between excitation and rotational temperatures exists,
deviation from LTE has occurred. In such cases, the Burton and Blade correction factor
can be used to reconstruct the Boltzmann plots.

To calculate the electron density in the discharge column, a method based on

broadening of the H, line considering instrumentation broadening is employed.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Introduction

Using the facilities and methodology described in Chapter 3, several experiments
were performed. These experiments were oriented to achieve the stated objectives. This
chapter explains the results of the tests performed. Firstly, the spectra taken from an arc
over an ice surface will be described and analyzed. Next, the results of rotational and
excitation temperature measurements, as well as those of electron density, will be

explained.

4.2 Identified spectral lines and bands

Typical emission spectra of DC discharge are shown in Figure 4.1, Figure 4.2 and
Figure 4.3.

In the UV-VIS emission spectrum (Figure 4.1), strong emissions from OH (A-X)
vibrational bands were detected with distinct peaks of about 306 nm and 309 nm. OH
radicals were formed from water vapour in ambient air. In our case, in which one end of

discharge is placed over an ice surface, water also evaporated into the discharge column.

78



As usual with atmospheric air discharges, N, molecular band spectra are
detectable. Emissions from the N* 1% negative system (B,Z*- X,Z") for (0-0) and (2-1)
bands were observed at 391.1 nm and 356.1 nm, respectively (Figure 4.1). The presence
of N," indicates that the plasma has high electron temperature and a significant level of

non-equilibrium [69]. An NH (A-X) molecular band is also visible at 336 nm.

OH(A-X) (0-0)

\
10000 J P branch
R
8000 | branch
5
i:: 6000 -
= NH (A-X) N," (B-X) (0,0)
§ 336 nm 391.1 nm
E  4000- l N, (B-X) (2,1)
356.1 nm
OH(A-X)
2000 - l
0 I M 1 ? 1
300 325 350 375 400

Wavelength(nm)

Figure 4.1. Identified bands from a typical spectrum of light emitted from DC discharge

for the region between 280 nm and 420 nm

Figure 4.2 shows several lines from copper in Cul (510.5 nm), Cul (515.3 nm)
and Cul (521.8 nm) and also H, (656.3 nm) from hydrogen Balmer series.
During the observation of time-resolved spectra of the white arc, a high intensity

line at about 590 nm was present (Figure 4.2). This line actually consists of two
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neighbour lines of sodium, often called Sodium-D, at 590 nm and 590.6 nm, respectively.
Because of the low excitation energy of the Sodium-D lines, which is about 2.1 eV [70],
these lines could be ionized easily in the vicinity of arc contact with the ice surface.

Due to the presence of oxygen in ambient air, three singly ionized oxygen Ol

(777.3 nm), OI (844.6 nm) and OI (926.6 nm) lines appeared, as shown in the Figure 4.3.

5000 - Cul 510.5 nm

4000 4
S
g 3000 Na-D
5 590 and 590.6 nm
7]
c
£ 2000 -
= Cul 515.3 nm

Cul 521.8 nm

H_656.3nm

1000 l /

I N i ! | N | ! |
500 550 600 650 700
Wavelength (nm)

Figure 4.2.  Identified lines from a typical spectrum of light emitted from DC discharge

for the region between 500 nm and 700 nm
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Figure 4.3.  Identified lines from a typical spectrum of light emitted from DC discharge

for the region between 750 nm and 1000 nm

4.3 Gas temperature measurements

4.3.1 AC applied voltage

Figure 4.4 shows a spectrum captured during white arc propagation using AC
applied voltage. Figure 4.4 shows a spectrum taken from final jump (flashover arc). From
the comparison of Figure 4.4 and Figure 4.5 the following conclusion could be made:
During discharge development, due to the presence of water molecules, OH(A-X)
transition is dominant Figure 4.4). This dominant band is replaced by the spectral bands
of the first negative system (FNS) of N," and a strong emission of the atomic line of

hydrogen (Hg) in the flashover spectrum (Figure 4.5).
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Figure 4.4. Spectrum of a discharge during its development over the ice surface
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Figure 4.5. Spectrum of an arc during the final jump (which leads to flashover)
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The variations of the peak intensities of different molecular emission bands and
hydrogen atomic lines are shown in Figure 4.6. The last points highlighted with filled
shapes correspond to the intensity of bands and line emissions in the last captured
spectrum, which to the flashover instant. It can be seen that increasing the discharge
current results in an increase of the intensity of molecular emission bands. In the
flashover instant, the intensity of the OH emission band remains constant, while the
intensity of NH (A-X) and FNS of N, increases to a high value. Another interesting
aspect is the hydrogen atomic line (Hp) at the instant of flashover, which appears only in

the last spectrum.

%« Current .
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Figure 4.6. Emission intensity variation of peak intensities of OH (A-X) at 309 nm, NH
(A-X) at 336 nm, N," (B-X) at 391.1 nm, and H; at 486 nm. Measurement points at the end
emphasized with filled shapes correspond to the flashover instant. The variation of the
RMS value of AC current has also been depicted.
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For the discharge current shown in Figure 4.7, the spectroscopic emission method
was used to measure rotational temperatures from the ratio of the P and R branches of the
OH (A-X) band. Figure 4.8 shows the ratios of R/P branch peaks during arc propagation.
For each spectrum, the RMS current during the opening of the CCD shutter was
calculated.

Relative intensities of the two peaks of OH (A-X) vary rapidly with rotational
temperatures, and this method could be used as a sensitive thermometer [8]. Figure 4.9
shows the simulation results performed with SPECAIR software [36], which yields the
relationship between the ratios of intensities of these two peaks with rotational
temperatures. Using the results of Figure 4.8 and employing an interpolation of data in
Figure 4.9 , rotational temperatures were calculated for different currents. The results are
shown in Figure 4.10.
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Figure 4.7. Current waveform profile used for rotational temperature computation.
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Figure 4.10. Evolution of gas temperatures during the AC discharge obtained from the
rotational temperatures of OH emission bands calculated by ratio of peak intensities of the

OH (0, 0) R and P branches.

4.3.2 DC applied voltage

4.3.2.1 DC-

Figure 4.11 shows the profile of recorded spectra during discharge development.
The spectra were recorded with an exposure time of 8 ms, and the time interval between
two consecutive acquisitions was 27 ms. This figure shows clearly that the intensity of
OH bands increases during arc propagation, while the intensity of the N," 1% negative
system at 391.1 nm increases suddenly at the later stages of arc development, when the
current is higher. The discharge current variation for the same experiment is also depicted

in Figure 4.12.
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Synthetic spectra were produced using simulated OH (A-X) (0-0) emissions,
normalized to P-branch peak, relative to the rotational temperature. The dashed lines in
Figure 4.13 are the theoretical spectra calculated with rotational temperatures of 4,000 K,
4,500 K, 5,000 K, and 5,500 K. In the same figure, the experimental spectra for two
different current intensities are depicted with solid lines. As illustrated, rotational
temperatures can be derived by finding the best fit that has the same P/R branch intensity
ratio, and also coincide along the whole band system. For current values of 228 mA and
765 mA, the simulated spectra for 4,000 K and 5,500 K, respectively, could be
considered as the best fit.

Figure 4.14 shows that measured temperatures using OH transition versus
discharge current for a DC- discharge. The values shown are the rotational temperatures,
which are approximately equal to the neutral gas temperatures, obtained from the best fit
with the experimental spectra.

Because of the appearance of the N, 1% negative system at higher excitation
levels, a spectrum from an instant when the discharge has a high current value was

selected for analysis.

87



10000

5000

Intensity (a. u.)

~NO

300 350 400 450 500
Wavelength (nm)

Figure 4.11. The profile of recorded spectra during discharge development.
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Figure 4.12. Current variation during discharge development leading to flashover.
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Figure 4.13. Experimental spectra recorded for 228 mA and 765 mA discharges, and

synthetic spectra of OH A-X (0,0) emissions simulated for different rotational

temperatures.
1200 T ds000
[iye pu—
rotational o i
10004  ~m—Current
| - 5000 g
. 800- - Pr ] g
z — ] 2
£ : o~ ©
Z 600 O\o/ / ~4000 &
fad -
g / " :
3 1 a
400 . / {3000 &
- /. “3
200 —" “ 2
/ < 2000
l/.
0

o -
i
[$)]
»

Time (s)
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Figure 4.15 shows the measured spectrum for a discharge current of 1,000 mA
and the numerical spectra of the N, 1% negative system (B,Z"-X,") for the region of
380 nm to 392 nm, versus rotational temperatures. The dashed lines are the theoretical
spectra calculated with rotational temperatures of 5,000 K, 6,500 K and 8,000 K.
Rotational temperatures can be derived by finding the best fit of whole region, which

results in 6,500 K. This value is in good agreement with the results obtained by fitting the

OH band from which it was calculated to be about 6200 K.
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Figure 4.15. Experimental spectrum recorded for 1,000 mA discharge and synthetic

spectra of the N," 1st negative system simulated for different rotational temperatures.
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43.2.2 DC+

Using the same method (Relative intensities of the two peaks of OH), the
rotational temperatures of DC+ arc over the ice surface was found, as shown in Figure

4.16. These results were obtained from several experiments.
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Figure 4.16. Evolution of gas temperatures during DC+ discharge obtained from the
rotational temperatures of OH emission bands calculated by ratio of peak intensities of the

OH (0, 0) R and P branches.

4.4 Excitation temperature

Figure 4.17 (a) shows 3D time-resolved spectra of the arc in the infrared region.
Due to the presence of oxygen in ambient air, three singly ionized oxygen OI (777.3 nm),
OI (844.6 nm) and OI (926.66 nm) lines are present. Figure 4.17 (b) shows the 3D time-

resolved spectra of the copper lines at 510 nm, 515 nm and 521 nm.

91



The above three copper lines have already been used for excitation temperature
measurements [71, 72 and 73]. Temperatures could also be measured from the singly

ionized oxygen lines at 777 nm, 844 nm and 926 nm [24, 72 and 49].
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Figure 4.17. Time resolved spectra of the arc over an ice surface a) between 775 nm and
1,000 nm b) between 505 nm and 525 nm
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Temperatures are determined by measuring the following two line intensity ratios:

926 nm.

Cul 510 nm/Cul 515 nm, Cul 510 nm/Cul 521 nm, OI 777 nm/OI 926 nm, OI 844 nm/OI

It is well known that the spectral lines selected for the construction of a

selected line pairs, as show in Table 4.1 and Table 4.2.

Boltzmann plot should satisfy certain requirements [27]. The most important of these
requirement is that the difference in excitation energies should be large enough (1-2 eV)

to ensure accurate temperature measurements. This requirement is well satisfied for the

The wavelengths (1), statistical weights (g) of the upper levels and transition

Table 4.1. Spectroscopic parameters of copper spectral lines [74]

Table 4.1 for copper lines and Table 4.2 for oxygen lines [74].

Wavelength(nm) | E Upper state(eV) | E Lower state(eV) A(10°s™)
Cu 510.554 3.817 1.389 0.02
Cu 515.324 6.191 3.786 0.6
Cu 521.820 6.192 3.817 0.75

Table 4.2. Spectroscopic parameters of oxygen spectral lines [74]

probabilities (4), and the energies of the upper levels (F;) of line transitions are listed in

Wavelength(nm) E Upper state(eV) E Lower state(eV) 9 A (10" s™)
0777.34 10.74 1.389 5 3.69
O 844.65 10.988 3.786 5 3.22
0 926.66 12.0786 3.817 9 4.45
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Plotting log(A//gA) versus excitation energy () should yield a straight line

(Boltzmann plot) with slope m, from which the excitation temperature can be calculated
as:

T, =-5040/m (4.1)

Figure 4.18 shows the Boltzmann plot applying this method to two selected line
pairs of copper for a 485 mA discharge current. The excitation temperature was
calculated to be 5,188 K from the mean value of two line slopes. Using this method,
excitation temperatures were calculated for different current values, as shown in Figure
4.19. The spectra for current values below 200 mA were not used, as low-intensity lines
could not be distinguished from the background noise. The current increased to about
600mA, suddenly leading to flashover, which corresponds to a jump in current. Due to
the interval between two acquisitions (27 ms), which are larger than the final jump of arc,
no spectra were recorded during this period.

Figure 4.19 shows that during arc propagation, the excitation temperature is
approximately 5,000+ 500 K and does not vary significantly.

The same method was applied to the selected oxygen line pairs. The results are

shown in Figure 4.20 and Figure 4.21. In Figure 4.21, the excitation temperature

calculated from oxygen lines is about 9,000 K.
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Figure 4.18. A typical Boltzmann plot using the copper line parameters found in Table
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Figure 4.19. Excitation temperature using copper lines versus discharge current.
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Figure 4.20. A typical Boltzmann plot using the parameters found in Table 4.2 for singly

ionized oxygen lines, for a 449 mA discharge current
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Figure 4.21. Oxygen excitation temperature variations relative to discharge current.
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The large difference between the excitation temperatures calculated from these
two elements signifies a state of non-thermal equilibrium of this kind of discharge.

As mentioned above, when the local thermodynamic equilibrium deviates, the
non-equilibrium parameter b may be used [40]. Using the method proposed by Burton

and Blades [40], the actual populations can be calculated, allowing theoretical Boltzmann

m
atom

plots to be constructed. &, for the considered atom could be evaluated as:

6.55x 10V E_(E, - E,)**

neT0.107

bpom =1+ 4.2)

where E_ is the ionization energy(eV) and n is the electron density expressed in

cm”.

3 [75], and employing the

Considering an electron density of 2 x10' cm
ionization potentials E, for copper (7.7264 e¢V) and oxygen (13.6181 eV), the non-

m
atom

equilibrium parameter 5 can be calculated from Equation (4.2) at each calculated

excitation temperature.
This non-equilibrium parameter may be incorporated into a Boltzmann plot

as log(Al/ gdb,,,,) , to reconstruct Boltzmann plots. Figure 4.22 shows the reconstructed

atom

Boltzmann plot using the Burton and Blades correction parameter for copper lines, for a

485 mA discharge current.
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Figure 4.22. Reconstructed Boltzmann plot using the Burton and Blades correction

parameter for copper lines, for a 485 mA discharge current.

Figure 4.23 shows the excitation temperatures calculated from copper lines using
the Burton and Blades correction factor. It shows values of about 9500 K. Applying this

method to oxygen lines does not change the previously calculated temperature of 8981K

for a similar 449mA discharge current.
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Figure 4.23. Excitation temperatures of copper using the Burton and Blades correction

parameter at different discharge currents.

4.5 Electron density measurement

An example of time-resolved emission spectra taken during DC+ arc propagation
leading to flashover is shown in Figure 4.24. The values of discharge current for the last
two spectra are also indicated in the figure. It can be seen that the line intensities and
continuum levels increase suddenly in the last spectrum, which is associated with
flashover.

Figure 4.25 shows the arc current profile simultaneously with the CCD shutter

signal. It indicates the interval in which the spectra in Figure 4.26 are acquired. These
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time-resolved spectra show the H, line intensity variations. It can be seen that the
intensity of this line corresponds to the arc current increase.

In Figure 4.27 the dashed lines are adopted from the data provided by Griem [42].
They show normalized Stark profiles of H, lines for different electron densities at T, =
10,000 K. In order to use data for each spectroscopic system, one should also consider
instrumentation broadening. In Figure 4.27 solid lines represent the results of convolution

of Griem data with measured instrumentation function.
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Figure 4.24. Time-resolved spectra during discharge development.
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Figure 4.26. H, line profiles relative to time.
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Figure 4.27. Dotted lines: Normalized Stark profiles of H, lines for different electron
densities at T, =10,000 K, from the data provided by Griem [42]. Solid lines: Results of

convolution of Griem data with measured instrumentation function.

In Figure 4.28 the solid line belongs to a recorded spectrum of a 615 mA
discharge current. In this part of the spectrum, the Hy line is placed on the background
continuum. In order to use the profile for Stark-effect analysis, this background
continuum should be subtracted from the original profile. This continuum level and the
subtracted profile are also depicted in Figure 4.28.

The experimental points shown in Figure 4.29 were determined after subtraction
of continuum and intensity normalization. The measured H, line profile is in good

agreement with the theoretical profile for an electron density of 1.64x10'7 cm™.
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Another simple and still precise variation of this method is the application of Full-

Width at Half-Maximum (FWHM) of profiles.

The FWHM of profiles for different electron densities and considering

instrumentation broadening were measured from Figure 4.27. Figure 4.30 shows the

simulation results for the dependence of FWHM on electron density. Fitting the

simulation results using an exponential function, an equation giving the electron density

as a function of FWHM of H,, lines can be derived:

n, =6.48x10"7 "M %57 _ 6 81x10" (4.3)
1E18 - -
P ) //////
v 1//
€ 1E17- o .
e 3 n
z ] / e _
‘D ] / —— Exponential fit
= ] /
o) / .
° / Equation: y = A1*exp(x/t) + y0
o 1 /
o f RA2 = 0.99999
< 1E16 4 ?
@ ] 0 -6.8142E17
L ] A 6.478E17
j / t 56.57319
1E154 O
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Figure 4.30. FWHM of profiles for different electron densities, considering the measured

instrumentation broadening
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Figure 4.31 shows the variation of FWHM with arc current. The data were
collected from several experiments performed under the same conditions. Each spectrum
the FWHM of H, line was calculated by subtracting the background level of the adjacent
continuum from the profile. The current is the mean value of the arc current measured for
each 8 ms exposure time. The last point represents the FWHM from the spectrum taken at
the instant of flashover. It turns out that during the first part of propagation time, the H,
profiles have low FWHM, whereas in the last , corresponding to flashover, the FWHM is
increased.

Using equation (4.3), electron density can be calculated from FWHM. Figure 4.32
shows the results of applying this equation to the measured data from Figure 4.31.

This figure shows that the average electron density increases during propagation,
reaching a very high value at flashover. Increasing electron densities correspond to

increases in the degree of ionization.
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Figure 4.31. Variation of FWHM of H, line with arc current
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Figure 4.32. Variation of electron density with arc current during propagation
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To put these results into context, Orville [11] found values in the order of 28,000
K t031,000 K for peak temperatures in the lightning return stroke, and an electron density
of 8x10'7 em™. For a 5 m gap under lightning voltage, the measured values for
temperature and electron density were 34,000 K and 11x 10" and almost the same values
for a 2.5 m gap [49]. Comtois et al. [76] found that electron densities between 102 cm™

and 10" ¢cm™ from UV laser pulses was sufficient to guide the development of discharge

in a 2.8 m gap using switching surges but not sufficient to reduce the flashover strength.
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CHAPTER 5

DISCUSSIONS ON RESULTS

5.1 Introduction

Experiments were performed to achieve the objectives of this research, using the
methodology described in Chapter 3. In Chapter 4, the experimental results and analyses
for of different temperature measurements and electron densities were described. This
chapter presents discussions on the experimental results and measurements.

The possible chemical reactions responsible for emitting observed lines and bands
are discussed. The effect of voltage type and polarity on arc temperature are studied. The
possible sources of error in the measurement results are examined. Finally, based on the
results of this research work, the existence of LTE in an arc formed over an ice surface is

evaluated.

5.2 Excitation reactions

5.2.1 N, first negative system

Two possible reactions are the most likely for the excitation of the upper state of

this system (B22u+) [20]:
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1) Direct ionization and excitation by electron collisions in nitrogen molecules in
the ground state.

2) A two stage reaction with the intermediate formation of N," ions in the ground
state:

N, (X'Z) +e — Ny© (XPZ0) + 2¢

N (X2 +e —» Not (BE, ) +e

5.2.2 Ol lines

This radiation is produced mainly by two excitation reactions [20]:
1) Direct dissociative excitation of oxygen molecules by electron collisions.
2) A two-stage process which starts with dissociation of the oxygen, which can
occur through a number of processes:
OxX°Z)+e—  0xA’L,)+e—20CP)+e
0,(B*zy) +e — OCP) + O('D) + ¢
0, (*I1,) — OCP) + O°'(*PY
This is followed by direct excitation of the associated products.
Radiation of excited oxygen atoms could be a result of the direct impact of
electrons with water molecules:
e+H,0 — O@p’p)+Hy+e
e+H,0 - O@p°p)+H,+e
The first equation produces excited oxygen atoms with transition emissions of
844 nm (O 3p 3p-3S *S%), while the latter produces oxygen atoms with emissions of 777
nm (O 3p *p-3S °S% [78].
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5.2.3 Na -D lines

The dissociation of NaCl does give rise to the emission of all Na lines:

NaCl — Na' + CI

Na'+e— Na

Another possible reaction which results in the emission of only Na-D lines
(contrary to the above reactions which emits all Na lines) could be:

Na® (*p) — Na(*s) +hv

This wavelength corresponds to transition in atomic sodium in which the valence-
electron transition from 2p to 2s electronic state takes place [79].

While the dissociation of NaCl could also give rise to Na-D lines, the formation
of Na'; these have such a short life that the intensity of these fundamental lines (D-lines)

is extraordinarily high relative to the other Na lines.

5.2.4 NH band

The NH free radical is an important intermediate reaction in some flames, rocket-
engine plasmas, electric discharges, and astronomical emission sources. [80]. The
predominant emission spectrum arises from NH(A’IT - X’%") by electron collisions at
electron energies up to 25 eV in the region between 300 nm to 600 nm.

In the case of an arc propagating over an ice surface, the sharp (0,0) band at

336nm from NH(A3H - X°Y) transition is predominant.
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5.2.5 OH band

The chemical reactions associated with high-temperature dissociation of water
vapor are shown below:

H,0 - H; +% 0,

H, — 2H

0, — 20

O+H— OH

Multiple uses of electrons is made possible by the high rate of negative ion
collapses due to electron collisions [81]:

e+ H,O —H + OH

H+e—H+2e

The leading mechanism of OH production in humid air discharges is the
dissociation of water caused by electron collisions:

e+ Hb O - OH+H

5.3 Overall spectral variation of arc

Detailed analyses of the white arc and flashover arc spectra were performed.
Figure 5.1 shows the results of one of these analyses. Figure 5.1 (a) is concerned with a
white arc over the ice surface showing the spectra between 250 nm and 500 nm, while
Figure 5.1 (b) shows the spectra between 500 nm and 725 nm.

Figure 5.1 (c) and Figure 5.1 (d) are the spectra of flashover arcs over the ice

surface. Comparison of the overall spectral variation of light from white and flashover
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arcs, leads to the conclusion that the white arcs emit light mainly in the ultraviolet region
between 300 nm and 310 nm, while flashover arcs emit mostly in the visible region. UV
emissions are due to OH band emissions, while the visible emissions originate from the
N," 1*" negative system, which appears at higher excitation levels. This observation is in
good agreement with results obtained by Les Renardiéres [52] and Laux [8].

Figure 5.2 shows the time-resolved spectra of the Na lines. The intensity of these
two lines increases constantly during arc development, which is also associated with an
increase in current level.

It is also interesting to point out that the intensities of some lines, such as copper,
increases constantly between the white arc and flashover occurrence, as shown in Figure
5.3. However, the intensity of some lines, such as Hy and Hg and N, first negative,

increases suddenly during flashover.
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Figure 5.3. Time-resolved spectra of arc at different stages.
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5.4 Voltage polarity effect

Figure 5.4 shows the effect of voltage type on arc temperatures, with the current
variations. It can be seen that, in the shown current range, arc temperatures increase from
about 3,500 K to 4,500 K for DC-, and 3,700 K to 5,700 K for DC+ applied voltages. In
both cases there is a tendency towards saturation temperatures in higher currents. These
results agree with those of Ishii and Ohashi [82]. They performed interferometric
investigations on positive and negative arcs propagating over contaminated surfaces.
From the differences in the airflow around the partial arc of each polarity, they noticed
differences in arc temperatures, i.e. the positive arc is hotter than the negative arc. Arc

temperatures under AC voltage is lower than that of DC+ and is close to that of DC-.
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Figure 5.4. Rotational temperatures versus current for different applied voltage types.
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A discharge is normally modeled as an arc in series with a residual resistance
consisting of an ice layer that is not bridged by the arc.

V=AxI"" +IR,(x)+V, .1)

Where V is the applied voltage (V), A and n are the arc constants, x is the local
arc length (cm), and I is the leakage current (A). Ry(x) is the residual resistance (€2) of
non-bridged ice layer from the arc root at x to the ground electrode. V. is the electrode
voltage drop [18].

V-I characteristic of arc is usually expressed using voltage gradients of arc per
unit length (V/cm):

E=A4I"" (5.2)

Arc constants (A, n) have already been measured using different voltage types
[18]. These constants are summarized in Table 5.1.

Figure 5.5 shows the voltage gradient along arc columns for DC+ and DC-
applied voltages. Multiplying these voltage gradients by arc current yields the dissipated
energy in the arc column. This energy, which is consumed in the ionization activities and
compensation for heat losses from outside boundaries of arc column, is an indication of

arc column temperature. The dissipated energy in the arc channel is shown in Figure 5.6.

Table 5.1. Typical values™ of A and n in relation E=AI™ for arcs over an ice

surface [83, 84]

A n
DC+ 208.9 0.449
DC- 84.6 0.772
AC 204.7 0.5607

®E in peak V/cm and I in peak amperes
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Comparing Figure 5.4 with Figure 5.6 shows that the measured arc temperatures

correspond with the dissipated energy in the arc channel. The dissipated energy is greater

in DC+ than in DC-. The dissipated energy in the case of AC falls between DC+ and DC-

and is closer to DC-. This fact can also be observed when comparing their temperatures.

Figure 5.5.
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The voltage gradient along arc column versus current for different applied
voltage types (adapted from data of [83,84]).
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3.5 Error analysis

When the discharge current varies from 200 mA to 1200mA, the electron
temperature T, increases from 7,500 K to 11,500 K [85]. As the Stark effect depends
primarily on charge number densities and is only a weak function of temperature [41], the
databases [42] usually only consider the following temperatures: T, = 5,000 K, 10,000 K
and 20,000 K. Considering a constant electron temperature of 10,000 K will result in
negligible error in electron density calculations.

Natural broadening arises from the uncertainty in energy of the states involved in
the transition. This source of broadening is rarely significant in atomic spectroscopy in

atmospheric applications [86]. A typical lifetime for an atomic energy state is about 10
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seconds, corresponding to a natural line width of about 6.6 x 10" eV, which is negligible

in our case [87]. FWHM due to Doppler effect could be calculated from [26]:

—_—
_ igln2xT 8In2 kT
N i T (53)

Where k is the Boltzmann constant, 7" and M are radiators’ kinetic temperature
and mass, Ao is the central wavelength, and c is the light speed. Considering temperatures
between 7,500 K and 11,500 K [85], Doppler effects will lead to an FWHM of 0.27 A to
0.33 A. This will result in a maximum error of less than 4 % in evaluating electron
densities using the Stark effect and neglecting the Doppler effect. Broadening resulting
from resonance; Van der Waals and Zeeman effects are also negligible in this type of

discharge.

5.6 Verifying thermal equilibrium

In optically thin plasma, the processes leading to radiation are those due to
spontaneous emission and radiative recombination. Griem deduced a very simple
criterion of LTE, expressing that for a given time unit the number of transitions due to
electronic collisions between the first excited state and the fundamental level as being ten
times greater than the number of transitions due to spontaneous emission [10].

Another criterion to verify the existence of LTE given by McWhirter is [45]:

N, 21.6x10”T? y(p,q)* cm’ (5.4)

Where T, is electron temperature in K and y(p,q) is the excitation potential of

level p from level g in eV.
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The expressions of Wilson and Griem are in good agreement. They only differ in
the constants [45]:

Griem 9.2x10"

Wilson 1.3x10"

Mcwhirter 1.6x10'?

For the current range of 200 mA to 700 mA, electron density increases from 1 x
10" em™ to 2 x 10" cm™. Considering the excitation temperature to be about 9,000 K

and the following is obtained using Mcwhirter criterion:
1.6x10%T)? ¥(p,q)’ =1.2x10' <1-2x10" (5.5)

The derived criterion value is close to the calculated electron density.

This inequality is a necessary, but not a sufficient condition for plasma to be in
LTE.

In atmospheric pressure plasmas, rotational temperatures are close to gas
temperature owing to fast collisional relaxation. Rotational temperatures (Tyy) are
relevant to all processes in which molecules, radicals, and their dissociation products are
involved, and excitation temperatures (Tcx) describe the populations of the various
energies.

Figure 5.7 shows gas temperatures T, measured at the centerline of the discharge
column, found to vary between 4,000 K and 6,500 K, depending on current. The
measured Ty was higher (around 9,000 K) and therefore suggests that the arc is in a state

of thermal non-equilibrium.
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Figure 5.7. Comparison of excitation and rotational temperatures

5.7 Conclusion

The chemical reactions which could be responsible for emitting the observed lines
and bands in arc spectra were discussed. Arc temperatures were found to be higher in
DC+ than DC- applied voltages. Arc temperatures were found to be lower in AC than in
DC+, and close to DC-. The situation is related to the difference in the dissipated energy
per unit length of arc column under different voltage types. Possible sources of
uncertainty in the measurements have been discussed. From the analysis of the results,

this kind of discharge was found to be in the state of thermal non-equilibrium.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

This chapter presents concluding remarks as well as recommendations intended to

guide further research.

6.1 Conclusions

1) An original spectroscopic test setup was developed. The spectra of emitted light
from arcs formed over an ice surface were recorded using a triggered
spectrometer. The optical measurement was synchronized with the electrical
parameters, voltage and current. This was achieved using a gateable charge-
coupled device (CCD) camera fed with the output of the spectrometer

synchronized with electrical measurements through a data acquisition system.
2) Based on the obtained results, the spectroscopic method seems to be appropriate

for the study of arc characteristics on an ice surface. Moreover, results showed

that this method is repeatable and reproducible.
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3) Detailed analysis of the spectra allowed identifying different atomic lines and

molecular bands from the background gases, as well as excited species from

polluted ice.

a)

b)

d)

Using the plasma diagnostic method, several lines from ionized O, Na and
Cu were observed.

Moreover, emission features of Hydrogen Balmer series H, and Hp were
observed and found to be distinctly different from those of singly ionized
species.

Strong diatomic molecular bands of OH, N," 1* negative system and NH
were observed from the captured spectra.

High-intensity sodium-D lines were observed during the early stages of
arc development. From dissolution of NaCl in water, sodium ions appear
in the water film that forms over ice surface. Since sodium has low
ionization energy and can be ionized easily, high intensity sodium lines
were emitted.

Chemical reactions which are responsible for emitting these lines and

bands were discussed.

4) Time-resolved spectra were recorded at different stages of arc propagation over

an ice surface to gather data on the occurring ionization processes. From

comparisons of overall spectra from the white and flashover arcs, it was

concluded that a white arc emits light mostly in the ultraviolet region, whereas

a flashover arc emits light mostly in the visible region.
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5) To determine rotational temperatures, which are similar to gas temperatures, an

optical emission spectroscopy (OES) analysis was carried out using the OH (A-

X) (0, 0) transition band.

a)

b)

d)

An OH (A-X) transition around 308 nm appeared suitable for rotational
temperature measurements due to the strong emissions of this band and its
high sensitivity to rotational temperature variations.

Rotational temperatures were determined by measuring the ratio of peak
intensities of the OH (0, 0) R to the P branches and comparing them to
those of computer-simulated synthetic spectra.

Variation of rotational temperatures, which are similar to gas
temperatures, with discharge current were studied. Measured rotational
temperatures were found to vary from 4,000 K to 6,500 K, while the
current increased from 200 mA to 700 mA.

Rotational temperatures were also evaluated using the N," 1 negative
system. The rotational temperatures measured using this system were in
good agreement with those obtained using OH bands.

Rotational temperatures were calculated versus current variation during
discharge propagation over an ice surface using DC-, DC+ and AC applied
voltages. It was observed that for different values of arc current, DC- arcs
were hotter than DC-. Moreover, arc temperatures under AC voltage is

lower than that of DC+ and close to that of DC-. Comparing these results
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with the dissipated energy for each type of arc showed that arc

temperatures correspond to the dissipated energy per arc unit length.

6) Excitation temperatures were calculated using the ratio of line intensities of
different copper and oxygen lines. Inequality between the excitation
temperatures of the copper and oxygen indicates deviation from LTE in this
kind of discharge. The Burton and Blade correction factor was used to
reconstruct the Boltzmann plots. The results revealed that the excitation occurs

at about 9,000 K and does not vary significantly with discharge current.

7) Electron densities were calculated based on measuring the broadening of the
hydrogen line H, due to the Stark effect. Based on Griem’s theoretical data and
taking into account the instrumentation function of the spectroscopic system, an
empirical relationship between the FWHM and electron densities was
established. Time-resolved spectra were processed to calculate the FWHM of
each spectrum after subtraction of the background continuum and intensity

normalization.

8) The results showed that as current increases, electron density increases as well.
For currents ranging from 200 mA to 700 mA, electron densities increased from
1 to 2 x10' em™. Electron densities increase up to 2.5x10"7 cm™ at the later

stage of arc when flashover occurs.
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9) Differences between the rotational and excitation temperatures showed that the

arc is in a state of thermal non-equilibrium.

6.2 Recommendations for future work

1.

The chemical composition of pollution varies by location. The insoluble
compounds, SiO,, Al,Os3, Fe;Os, are the most common. Highly soluble salts
causing elevated conductivity and greater risk of flashover include: NaCl,
NaNOj;, MgSO,, etc. [69]. It is possible to obtain the rotational temperature of
OH, in fact the gas temperature, using different salts as the pollution layer.
Therefore, it would be helpful to determine the influence of different
contamination layers on the gas temperatures of arcs on an ice surface.

In this study, the light was captured from the entire arc column. However, it is
suggested to perform spatially resolved spectroscopy with a configuration
using a multi-channel detector which captures the arc light from different
positions along the channel.

It is also proposed to use a multi-channel CCD camera and multi-branched
fiber-optic cable to bring the light from several arc positions to the
spectrometer. It would help to measure gas temperatures at different positions
of arc simultaneously, as well as the temperatures of the arc root and column.
According to the dynamic model developed previously [7], knowing the exact
values of different variables, such as arc length and temperature, and surface
conductivity, is necessary for arc current simulation, otherwise this cannot be

carried out at this stage. Thus, it is suggested to incorporate the results of
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spectroscopic temperature measurements with the dynamic model of arc
propagation over an ice surface to improve it.

. Measuring arc temperatures under lightning and switching impulse voltages
using the method developed in this thesis is recommended.

. Measuring electric fields via the Stark effect for hydrogen and also highly
excited atoms is possible over a wide range of field strengths [15]. Applying
this method to measure electric field intensities will not disturb it, unlike some
probe measurements that may change the original field pattern. As this is a
nondestructive method, using to measure the electrical field intensity along an
arc column over an ice surface is recommended.

. There have been several recent standards and regulations related to the
fundamental dangers of arc flash energy: IEEE Standard 1584-2002 [88]
NFPA 70E [89] and OSHA Standard 29-CFR, part 1910 [90]. Computer codes
(such as ArcPro and PTW) have also been developed to calculate arc
temperature. The developed methodology in this research is a practical way to

verify and extend the modeling of arc hazards.
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