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SYNOPSIS

Plasmas having nearly identical electron and heavy species temperatures but
significantly different radiation temperatures are termed as thermal plasmas [1]. Such
plasmas are usually formed in atmospheric pressure gaseous electric discharges and
characterised by their high energy density, high temperature, easier process control
and flexibility in producing chemically inert as well as reactive environment for high
temperature plasma chemistry and plasma processing. Atmospheric pressure arc
plasma devices, subject of this study, belong to this thermal plasma category. The
devices find wide applications in industries like cutting, welding, melting, surface
treatment, waste treatment, gasification, metallurgy, thin film technology, nano-
material synthesis, novel material production, etc. [1-6]. Steep gradients in plasma
quantities, extremely high temperature at the core, high fluid dynamic flow fields,
highly nonlinear variation in plasma properties and mutual interactions among thermal,
chemical, electric, magnetic and fluid dynamic fields are some of the characteristic
features of such systems. The nature of the plasma jet delivered by an arc determines
the process design, the quality of the processing work done and its suitability for a
particular application. Numbers of attempts have been made in the past to study
thermal, electrical and fluid dynamic characteristics of different arc plasma devices.
However, most of the attempts primarily considers argon as plasma gas and operation
at a power level below 20 kW [7-11]. Rarely any studies are made at higher power
levels, where processing of high temperature ceramic oxides are possible. Data on
thermal, electrical and fluid dynamic characteristics of plasma systems other than

Argon are severely limited and serve as the primary driving force for the present study.
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The study primarily focuses on nitrogen arcs together with argon over a range
of power levels and operating parameters. Industrial nitrogen plasma torches have the
advantages of operating with usual tungsten based refractory electrodes and radical
rich non-oxidizing high temperature environment for enhanced plasma chemistry and
efficient processing. Being a molecular gas, Nitrogen naturally offer higher voltage
drop compared to argon for the same electrode configuration and easily associates
higher power.

Major contributions from the study include (a) Design and development of a
segmented electrode plasma torch suitable for operation with nitrogen as well as argon
and capable of operating with electrical power beyond 50 kW. (b) Design and
development of a double calorimetric setup for experimental measurement of
delivered heat flux profiles under different operating conditions. (c) Development of a
CFD model of the developed torch for understanding the physics behind characteristic
features observed. (d) Computation of thermodynamic and transport properties of
nitrogen plasma under thermal equilibrium and non-equilibrium conditions using
Chapman-Enskog Approach. [12,14] (e) CFD simulation of the nitrogen plasma torch
using the computed thermodynamic and transport properties and analysis of the
observed distribution of temperature, velocity, pressure and potential inside the torch
under different operating conditions. (f) Experimental estimation of the heat flux
profile delivered by the torch under different operating conditions using double
calorimetric setup with argon and nitrogen as plasma gas. (g) Experimental
determination of temperature of the emanating plasma jet using emission spectroscopy
technique. (h) Study of the features of instabilities exhibited by the torch under

different operating conditions and working gases.

xiii



While the spectrum of information extracted on thermal, electrical and fluid
dynamic characteristics of nitrogen arc devices may be used for newer applications in
the frontier areas of plasma processing, the same obtained for argon arc devices are
used in the study to enhance credibility of the obtained results through comparison
with existing data and generating data in the extended regime of operation where
availability of data is scarce. The study offers a detail understanding of the nitrogen
plasma devices from both physics point of view as well as technological applications.
The global scenario, major objectives, method of approach, design and development
of the experimental systems and a systematic account of the results obtained from
experimental as well as theoretical studies are presented in the thesis.

With a brief introduction, chapter-1 presents the importance, relevance,
objective, scope and current status of the problem considered. Different types of
plasma devices, their classifications, underlying principles and important application
areas are briefly outlined. Various advantages as well as disadvantages of arc plasma
devices in comparison to its competing technologies are presented. Plasma being a
current carrying fluid, complexity in behaviour arising out of interaction among
thermal, fluid dynamic and electromagnetic field components are also discussed.
Necessity of computational fluid dynamic (CFD) simulation for better understanding
of such systems and important aspects of experimental studies and associated
complexities are outlined. Existing lacunas in understanding, unexplained facts and
important but unexplored areas that served as the major driving force behind the
research carried out are highlighted. In summary, the chapter sets the background and

the motivation for the work presented in the subsequent chapters.
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Chapter-2 presents different experimental setups used in this study. The
components primarily include a DC plasma torch, an IGBT based power supply, water
cooling and water supply system, temperature monitoring system, torch positioning
system, concentric double calorimeter, spectrograph with optical fibre, oscilloscope,
voltage divider circuit and a computer for data acquisition and control. Description of
important features like working principle, experimental procedure, advantages and
limitations of the used devices are provided in brief. The segmented electrode plasma
torch served as the key device for plasma generation and the double calorimeter
played the lead role in the measurement of the plasma heat flux profiles. Special
attentions are paid to these two devices which are designed and developed in-house.
The spectrograph in association with the computer recorded the spectral data for
emission spectroscopic measurement of plasma temperature. The voltage divider
circuit together with a multichannel oscilloscope recorded the inherent instability
behaviour of the plasma under various operating conditions. This chapter may be
considered as a complete reference for all the equipments used in different
experiments in this study.

Chapter-3 describes the double calorimetric technique used in determination of
heat flux profiles transmitted by a plasma jet under different operating conditions.
Axial evolutions of radial heat flux profiles in atmospheric pressure DC non-
transferred Argon and Nitrogen plasma jet are determined using the double
calorimetric technique. Results are presented for power levels suitable for processing
of high temperature ceramic oxides, where the heat flux data reported in literature is
rare. Variations of the profile widths and the profile maxima are presented as a

function of axial distance as well as power. Relatively uniform profile width over
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prolonged axial distance for Nitrogen plasma compared to Argon is an important
observation which has the potential to offer much longer dwell time of the injected
particles inside the plasma, avoiding the problem of un-melts, especially for ceramics.
A comparative study of the heat flux profiles for Argon and Nitrogen plasma is
presented. Obtained results are compared with the data reported in literature.

Chapter-4 outlines the details of the optical emission spectroscopic technique
used in determination of plasma temperature following Atomic Boltzmann plot
method and presents the obtained results. Variation of plasma temperature over a
range of axial distances, gas flow rates and power levels are studied for both argon
and nitrogen. Typically the axial plasma temperature profile is found to peak near the
nozzle exit and decrease as one goes downstream. However, under certain operating
conditions a dip in the temperature in the immediate vicinity of the nozzle exit is
confirmed. Such dips are usually observed at higher currents where a sharp expansion
of the jet is associated immediately after the nozzle exit. Appropriate discussions are
provided to explain all the observed facts.

Chapter-5 presents the features of the inherent instabilities observed under
different operating conditions in nitrogen and argon plasma torches. The physical and
operational state of an arc plasma system is best described in terms of its static and the
dynamic characteristics. The static characteristics normally indicate the steady state
behaviour whereas the dynamic characteristics describe the evolution of the system
behaviour with time. A systematic study of the observed instabilities arising out of
interactions among the electromagnetic, fluid dynamic and the thermal fields leading
to apparent erratic fluctuation of the plasma quantities inside the arc plasma devices is

presented in this chapter. Such instabilities profoundly affect the system performance
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and process quality in most of the plasma processing applications. The challenge in
development of the next generation high performance arc plasma devices rests on
understanding the origin of such instabilities, predicting the regime of stable/unstable
operation and determining the control parameters for the excitation or elimination of
these instabilities. The chapter summarizes the relevant features observed
experimentally in nitrogen and argon plasma systems under different operating
regimes with the help of standard non-linear dynamic tools like time series, phase
space dynamics and frequency spectra.

Chapter-6 provides the details of the computational procedures used in finding
the thermodynamic and transport properties of the nitrogen plasma, for incorporating
them in the CFD simulation. The thermodynamic and transport properties of the
plasma are indispensable prerequisite for any investigation in plasma chemistry and
plasma processing. For CFD simulation in a reactive environment like plasma with
mutually interacting electric and magnetic field incorporated with varying degree of
temperature, pressure, species, convective and diffusive fluxes, the thermodynamic
and transport properties of the plasma need to be computed and updated at every grid
point in every iteration as the simulation continues. In the computation, the plasma is
assumed to be composed of seven species, namely, N», N, N, N*, N, N™™" and
electron. Variation of species densities, mass densities, specific heat, enthalpy,
viscosity, thermal conductivity, collision frequency and electrical conductivity as a
function of temperature, pressure and different degree of temperature non-equilibrium
are computed following the first order perturbation theory of Chapman and Enskog. In
the computation, the electron temperature ranges from 300 K to 45,000 K, the ratio of

electron temperature (Te) to the heavy particle temperature (Th) ranges from 1 to 30
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and the pressure ranges from 0.1 to 7 atmospheres. Obtained results at atmospheric
pressure under thermodynamic equilibrium (Te = Th) are compared with available
data in literature and an excellent agreement is observed.

Chapter-7 describes the CFD modelling of a segmented electrode DC plasma
torch having seven segments, operating with nitrogen as the plasma gas in the current
range of 150A to 800A. Under two-temperature consideration, the system is described
by usual Navier-Stokes equations with source terms appropriately modified by
electrically conducting nature of the plasma and the associated electromagnetic body
forces. The energy equation is split into two parts: one for electrons and the other for
the rest of the particles in the system. A finite volume code in combination with a
two-temperature property routine (described in chapter-3) solves the region inside the
torch with appropriate boundary conditions. A SIMPLE like algorithm solves the
associated Navier-Stokes equations in association with the property routine.
Governing equations, boundary conditions and the methodology used in the modelling
are presented in this chapter. Distribution of temperature, velocity, enthalpy, pressure,
potential and current density as obtained from the study under thermal equilibrium and
non-equilibrium conditions are discussed and compared with the experimental results.

Chapter-8 summarizes the important conclusions and the scope for future

works.
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Chapter 1

Introduction

1.1 Definition and Types of Plasma

The term ‘plasma’ was first applied by Langmuir in 1928 to ionized gas in
electric discharge. It is the fourth state of matter composed of charge (electrons, ions
and radicals) and neutral particles. Almost 99% of all the matter existing in the
universe is found to be in this state and it is produced by ionizing gases to a certain
degree of ionization. Because of the presence of charged particles it possesses
electrical conductivity like that of metals. In our day to day life we come across
different naturally occurring as well as manmade plasma. Ionosphere, solar corona,
aurora borealis are examples of naturally occurring plasma where as among laboratory
plasma, flames, glow discharge, fluorescent plasma, high pressure arcs, RF discharges
and MHD generators are common. Basically, plasma is characterized by its electron
number density (n.) and electron temperature (T.). Depending on these two

parameters, naturally occurring and laboratory plasma are classified as given in fig

1.1.
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Fig. 1.1 Classification of plasma depending on electron number density and
electron temperature



Plasma produced in laboratory is again classified as thermal plasma and non-
thermal plasma depending on their state of thermal equilibrium. In plasma physics, the
state of thermal equilibrium is defined in terms of the electron temperature (T.) and
heavy particle (atoms, ions and molecules etc) temperature (T,) which is related to the
kinetic energy of the electrons and heavy particles respectively. In case of thermal
plasma the electron temperature (T.) is equal to the heavy particle temperature (T})
and in case of non-thermal plasma the electron temperature (T.) differs from the heavy
particle temperature (T,). Plasma generated at lower gas pressure such as RF plasma,
glow discharge etc. are non-thermal plasma where as the plasma generated at
atmospheric or near atmospheric pressure such as MHD generator, dc plasma,
inductively coupled plasma etc. are known as thermal plasma. Hence thermal plasma
are characterized by high electron number density and high gas temperature where as
non-thermal plasma are characterized by low electron density and low gas
temperature.

This study is concerned with DC arc plasma devices and plasma produced in
atmospheric pressure i.e. thermal plasma. However in arc plasma systems, in some
location such as the vicinity of the anode, the electron temperature may differ from
heavy particle temperature leading to thermal non-equilibrium. Variation of the
electron temperature (T.) and heavy particle temperature (Ty) with pressure in arc
plasma devices is shown in figure 1.2.

Thermal plasma devices are again classified into AC plasma devices and DC
plasma devices according to the type of electric field applied to produce the plasma.
Depending upon the mode of energy coupling the AC arc plasma devices are again

divided into two groups: one utilizes electrodes which operate with AC electric



current oscillating at a frequency of 50 Hz and the gas is heated by ohmic heating and
the other one is electrodeless RF inductively coupled plasma devices, where the
electrical energy is transferred to the gas by electromagnetic induction as well as
through Ohmic heating of the arc formed by the eddy current generated in the plasma.

DC plasma devices include the DC plasma generators or gas heaters.
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Fig.1.2 Variation of electron and heavy particle temperature in arc plasma
devices

According to the mode of operation they are again classified transferred arc
plasma devices and non-transferred arc plasma devices. In transferred arc plasma
devices, the arc is established between the cathode and the job which acts as the
anode. However, in non-transferred arc plasma torches, the arc is established between
the cathode and a nozzle which behaves as the anode. The classification of the plasma

devices working at atmospheric pressure is shown in figure 1.3.
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Fig.1.3 Classification of arc plasma devices

Figure 1.4 shows the DC plasma torch operating in transferred and non-

transferred arc mode respectively.

Transferred arc Non-transferred arc

Cathode

Anode
(+)
Fig.1.4 Transferred and non-transferred arc mode of operation for DC
This study is concerned with non-transferred arc segmented DC plasma
torches. There is a wide range of DC plasma torches which are used in different types
of processing works and they differ from each other according to the range of applied
electrical power. A wide range of DC plasma torches used for different applications

and their voltage and current range within which they are operated is shown in figure

L.5.
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Fig.1.5 Application areas of DC plasma torches

1.2 DC Plasma Devices

DC plasma torch is a simple device to produce high temperature, high energy
density and high enthalpy plasma jet. As shown in figure 1.6, the simplest DC plasma
torch contains two electrodes: one is cathode and the other is anode. As the name
indicates, the cathode is connected to the negative terminal and the anode is connected
to the positive terminal of DC power supply respectively. An arc is established
between the cathode and anode which heats up the gas passing through the gap
between them by Ohmic heating and generates the high temperature plasma jet
emanating from the nozzle exit. The initial breakdown of the gas between the
electrodes is achieved by spark (known as the pilot arc) generated between the two
electrodes using a high frequency electric field between them or by a momentary short

circuit of the two electrodes. The arc thus formed is known as the pilot arc.
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Fig. 1.6 Design and working of simplest DC plasma torch

The initial ionization develops an electrically conducting medium between the
electrodes and the charge particles are driven by the potential difference applied
between them. The power of the plasma torch can be increased by increasing the
voltage drop across the electrodes. This is achieved by increasing the distance
between the cathode and anode which needs adding anode like segments between
them. A large variety of DC plasma torches operating at different level of electrical
power with transferred arc and non-transferred arc mode is available [1]. Table 1.1

presents the power level of plasma torch used for various application.

Table 1.1 Power range of plasma torch used for various applications.

Sr. | Power Range Purpose of Use
No. (kW)
1 0.1-1 Welding of foils.
2 1-10 Cutting, welding thin plates.
3 10 - 100 Plasma cutting, welding, melting, spraying, machining and

material processing.

4 100 - 1000 Under water cutting, plasma spraying and plasma metallurgy.

S >1000 High enthalpy sources, wind tunnels and plasma heaters.




There is a wide range of gases used for plasma generation and the choice of plasma
generating gas depends on the purpose of application. For example, for generating a
chemically inert environment, inert gases like argon, helium are used, whereas for
plasma assisted chemical processes, gases like oxygen, nitrogen are used. A list of the

commonly used gases and their properties is given in Table 1.2.

Table 1.2 Properties of plasma forming gases

Gas Dissociation | First Ionization Second Third
energy (eV) energy (eV) ionization ionization
energy (eV) energy (eV)
Argon | @ - 15.7596112 27.62967 40.735
Helium |  -—--- 24.587387936 54.41776311 | -
Neon | = -—--- 21.564540 40.96296 63.4233
Hydrogen 4.52 13.598434005136 |  -—-—-- | -
Oxygen 5.15 13.618054 35.12111 54.93554
Nitrogen 9.79 14.53413 29.60125 47.4453

The choice of electrode material plays the most important role in making a
plasma torch for various applications. Material used for making the cathode includes
the refractory materials such as tungsten, copper, hafnium, zirconium etc. Tungsten
electrodes works well with non-oxydizing gases but to produce oxydizing plasma,
tungsten cathode cannot be used as it is immediately oxydized. To work with oxygen
or oxydizing gases (such as air) we need hafnium, zirconium or copper. Hatnium also
gets oxidized but there is a major difference when compared with tungsten. Tungsten

oxide has melting point nearly 2000K lower than that of tungsten metal. On the other



hand, hafnium oxide has melting point nearly 500K higher than pure hatnium. Due to

lower melting point, oxidized tungsten cathode gets completely eroded away in less

than a minute at the arc initiates.

Anode material is usually made up of copper

because of its good thermal and electrical conductivity. A list of the material used for

making the electrodes with their useful properties is given in Table 1.3.

This study deals with a segmented DC non-transferred arc plasma torch with a

tungsten rod type cathode which can run with argon as well as with nitrogen as plasma

forming gas.

Table 1.3 Properties of elements used in plasma torch components

SI. | Element | Thermal Electrical Thermal Melting point
No. conductivity | conductivity expansion
coefficient
1 Copper 400 16.78 16.5 1084 (Cu)
(Cu)
1235 (Cu,0 Red)
1201 (CuO, Black)
2 | Zirconium 22.6 421.0 5.7 1855 (Zr)
(Zr)
2715 (ZrO,, White)
3 | Hafnium 23.0 331.0 5.9 2230 (Hf)
(Hf)
2758 (HfO,, off
white)
4 | Tungsten 173.0 52.8 4.5 3422 (W)
(W)
1473 (WOs,
Yellow-Bright
green)




1.3 Definition of the Problem

Thermal plasma jets are unique for a number of industrial processes because of
its ability to produce high enthalpy, high temperature chemically inert as well as
active environment with easier process control. Argon and nitrogen are among the
most commonly used plasma generating gases having wide spectrum of applications
like cutting, welding, melting, spraying, chemical synthesis, nano-structure
production, waste treatment, gasification, densification, metallurgical applications etc.
[2]. Mostly Argon is used for producing chemically inert environment whereas
nitrogen is used for a number of plasma assisted chemical processes like preparation
of syngas [3], plasma nitriding [4,5,6] and nanostructure generation [7] etc. Use of
nitrogen as plasma forming gas has the additional benefits that it can operate with
usual tungsten based refractory electrode plasma torches. Being molecular gas, it can
provide higher voltage drop with the same electrode configuration. While typical
plasma jet in Argon is short(~ 5 cm), the same in nitrogen plasma may be greater than
30 cm. The type of plasma jet may be very useful for large number of processing
applications. However, availability of data on thermal, fluid dynamic and
electrodynamic behaviour of nitrogen plasma is rare and that for argon plasma is
mostly limited to lower power (<15 kW). The problem under the present study is
defined as the investigation of thermal, fluid dynamic and electrodynamic behaviour
of nitrogen arcs through experiments, modelling and simulation and similar study in
argon plasma for extraction of data in regimes not already covered in literature and for

sake of comparison.
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1.4 Relevance of the Problem

A thermal plasma jet derives its potential from its unique properties like availability of
huge concentrated heat flux, extremely high gas temperature and enthalpy and copious
presence of highly reactive nascent atomic and ionic species. Because of such unique
properties, the thermal plasma jets find wide usage in variety of application areas.
However, one important thing the area is lacking is rigorous thermal and fluid
dynamic characterization of different plasma sources. Without this it may not be
possible to explore the full potential of these devices. While some studies have been
made for argon plasma torches at lower powers (<15 kW), similar studies for nitrogen
plasma torches are rare. Needless to mention that thermal plasma jets of molecular
gasses like nitrogen are important as they possess higher enthalpy, higher power
content and much longer jet length compared to plasma jets of monatomic gasses like
argon, helium etc. Many of the processing applications require operation at higher
power for higher throughput as well as for process need. Studies of thermal and fluid
dynamic behaviour of plasma devices operating at high power, addressed in this study
are therefore very much important. In processes like spraying of high melting point
materials (ceramics like Y,03;, Al,Os, Zr,0O3 and refractory metals like W etc.), the
degree of melting of the particle should be such that the particles melt properly but not
boil or vaporise. In processes like spherodization, densification and nanoparticle
generation of such high melting point material, the powder particle should properly
melt or completely vaporize. Hence they need high power plasma jet with long
enough dwell time of the injected particles inside the plasma under high heat flux.

Obtained long nitrogen plasma jet with uniform heat flux profile, offers much easier

11



control over the melting or evaporation of particles through proper management of the

particle residence time inside the plasma under high heat flux.

Inherent instabilities in arc are important factors as it can severely affect the
performance of a plasma device for any processing application. This important aspect
is addressed in this study by analyzing the voltage fluctuation behaviour in argon and

nitrogen plasma under different operating conditions.

From device engineering point of view, CFD simulation studies are extremely
important for optimization of device design. For any CFD related study involving
special fluid like plasma, the primary perquisites are the relevant thermodynamic and
transport properties under different operating conditions. The thermodynamic and
transport properties of nitrogen plasma derived in this study under thermal equilibrium
and non-equilibrium conditions enable CFD simulation of nitrogen plasma devices
under equilibrium as well as non-equilibrium. Assuming plasma in thermal
equilibrium, the nitrogen plasma devices are modelled through relevant Navier-Stokes
equation appropriately modified by additional source terms originating from
electromagnetic interactions. = The equations are solved using standard CFD
simulation technique to determine the distribution of quantities inside the device like
temperature, current density, pressure, velocity, enthalpy, species density etc. Such
simulation studies are very much important as device designs can be optimized

without actually making the device.

1.5 Status of the Problem

Argon is the most common and frequently used plasma generating gas for creating

chemically inert high temperature environment. Argon plasma has been studied

12



intensively and many aspects of argon plasma have already been investigated by
different groups of researchers in many different ways. However, not enough studies
have been made on Nitrogen plasma. Although, number of reports dealing with binary
mixture of gases, where nitrogen is used to increase arc voltage, can be found in the
literature. The reported studies mostly focus on Argon plasma generated at lower
power level lying within 15 kW of electrical power. Use of plasma in the field of
metallurgy or waste treatment needs higher plasma power. Molecular gases like
nitrogen associates higher electrical power and can operate with usual tungsten
cathode plasma torches. The following gives a review of the earlier works in different

relevant areas.

Determination of Heat Flux Profile of Nitrogen and Argon Plasma Jet

Heat flux of the plasma jet highly influences the heat transfer to matter in
plasma-matter interaction. The nature of the heat flux profile of a plasma jet
determines the quality of the process and its suitability for a particular application.
Number of attempts has been made in the past to determine the shape of the heat flux
profiles offered by such devices as a function of axial distance, power level, flow rate
of plasma gas, nozzle diameter and nature of plasma gas. However, as mentioned
earlier, most of the studies focussed on Argon as plasma gas and operation at a power
level below 12 kW [8-13]. Kishigami et.al. [8] employed an array of thermocouples at
different depths of the substrate to determine the radial heat flux profile delivered by
an Argon jet at a power level less than 9 kW. Moulin et.al.[9] determined the heat flux
profile delivered by a DC Argon-Hydrogen jet using double calorimetric technique.
The maximum power level considered was 40 kW. The profile was assumed to be

Gaussian and the profile parameters were determined from the measured heat fluxes

13



using iterative technique. Ghorui et.al. [10] used similar technique to determine the
profile parameters of Argon plasma jet at power level less than 16 kW. Through a
systematic study of least mean square deviation in the off axis measurements, it was
observed that an exponential profile gives a slightly better match with the
experimental results compared to a Gaussian profile. Employing enthalpy probe,
Asman et.al. [11] determined the radial heat flux profile in triple torch plasma system,
each torch operating at power level less than 10 kW. Meng et.al. [12] used thermo-
couples embedded in an insulating ZrO, matrix to determine the radial heat flux
profile of an Argon plasma jet operating at 8 kW using transient method. Stationary
and non-stationary behaviour of heat flux delivered by an atmospheric pressure double
arc Argon plasma jet at power level less than 12 kW was studied by Tu et.al [13]
using commercial water cooled heat flux meter.

Plasma torches operating with Nitrogen as plasma gas offer radical rich non-
oxidizing high temperature environment for plasma chemistry and processing.
However, work on finding the nature of the heat flux profiles offered by such plasma
torches is rare. Cheron et.al. [14] reported measurement of parietal heat flux in a low
pressure (1.5 mbar) Nitrogen plasma wind tunnel operating at an electrical power of
14 kW with the help of copper constantan thermocouple and copper slug. To the best
of the authors' knowledge, no systematic study of heat flux is reported in literature for

power level more than 15 kW in Nitrogen plasma.

The present study on axial evolution of radial heat flux profile transmitted by
atmospheric pressure Nitrogen and Argon arcs focus on plasma torches operating at
power level ranging from 6.6 kW to 52 kW in Argon and 32 kW to 51 kW in

Nitrogen.
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Determination of Plasma Jet Temperature using Optical Emission Spectroscopy

Temperature of the plasma jet is another important parameter which decides
the applicability of the plasma jet for particular application. In all types of application,
distribution of plasma temperature decides the efficiency of the process and quality of
the product. For example, in plasma assisted chemical processes, temperature governs
the rate of chemical reactions by providing the required reaction energy and degree of
ionisation. Similarly in processes like plasma spray, spherodization, densification, it
decides degree of melting of the injected power particles. Hence for process
optimization and control, it becomes necessary to have adequate idea of the plasma

temperature distribution and its correlation with different operating parameters.

A large volume of articles on plasma temperature measurement which are
based on different techniques exists today. The plasma temperature measuring
techniques are divided into two broad categories: invasive and non-invasive
techniques. In invasive techniques (also known as intrusive technique) the plasma is
disturbed by the measurement as they basically rely on the probes (Langmuir probe,
enthalpy probe and melting point of different materials etc.) and in case of non-
invasive techniques (or non-intrusive techniques) the plasma is not disturbed by the
measurement as they are usually based on the spectroscopic techniques (Absolute line
intensity method, relative line intensity method, Boltzmann plot method and laser
light scattering method etc.). While intrusive methods cannot be used in very high
temperature region such as vicinity of the nozzle exit, non-intrusive methods can be
used at any point along the jet. Most of the reports are based on either argon plasma or
plasma produced using binary mixtures of gases [15-28]. Adcock et. al. [15] has

determined excitation temperature argon plasma in a DC plasma torch which utilizes a
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convergent-divergent nozzle. The excitation temperature has been determined from
neutral argon atomic lines using Boltzmann plot method. The torch power was varied
from 18.6 to 61.1 kW. Synders et. al.[16] determined gas temperature and velocity
profile at the exit plane of a plasma torch for an argon plasma using high resolution
Doppler shifted line-shape analysis of scattered laser light. The data obtained from
laser light scattering has been compared with values obtained with results obtained
from emission spectroscopy. The electrical power was varied from 7.2 kW to 22.9
kW. It was shown that the gas temperature increases with increase in power and then
saturates but that of the electron keeps on increasing. This leads to departure from
LTE at higher power level. Fincke et. al.[17] determined temperature and velocity
profile in argon plasma jet using enthalpy probe and laser light scattering and the
obtained results have been compared. The current varies for 400A to 900A. Joshi et.
al.[18] determined the excitation temperature of argon plasma produced in a spray
torch using atomic Boltzmann plot method. The axial temperature of an
inhomogeneous, axisymmetric, plasma column was determined using modified atomic
Boltzmann plot technique without using Abel inversion technique. Electrical power
applied to the plasma torch varies from 5 to 10 kW. Gregori et. al.[19] determined
electron temperature and density in a DC argon plasma jet, generated at atmospheric
pressure, using Thomson scattering. Assymetry of the plasma jet and dependence of
the electron temperature on scattering angle has also been shown. The input electrical
power lies between 21 to 24.5 kW. Feng et. al.[20] determined the temperature of
Ar/H2 and Ar/N2 plasma jets using enthalpy probe. The plasma is generated at
atmospheric pressure. Calibration of enthalpy probe and error induced by enthalpy

probe is also discussed. The electrical power applied to the torch was 9 kW. Tu et.
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al.[21] analysed the electrical and spectroscopic characteristics of an atmospheric
double arc argon plasma jet. In addition to the study of instabilities associated with
double arc plasma torch, excitation temperature of the argon plasma jet was
determined from neutral argon lines using Boltzmann plot method. Results for
electron number density measurement have also been presented. Existence of LTE in
the core region was shown. Wang et. al.[22] directly measured the thermal
temperature of a 100 kW DC argon plasma jet using an Alexandrite effect
spectropyrometer which measures the temperature form the continuum. The obtained
results are compared with that obtained from OES of the jet. Hlina et. al.[23]
performed a time resolved tomographic measurement of plasma temperature in an
argon plasma jet. Two dimensional temperature profile of the plasma jet perpendicular
to the torch axis has been obtained. The torch current was fixed at 200A. Emile et.
al.[24] determined the temperature and number density of electron in an atmospheric
pressure DC laminar argon plasma jet. The electrical power applied is 1.3 kW. A

study of the amount of entrained air has also been presented.

A large number of reports are also available on temperature measurement of
argon-nitrogen plasma jet. Nitrogen was basically used to increase arc voltage. Jian-
Hua et. al.[25] performed spectroscopic analysis of argon-nitrogen plasma generated
by a double anode DC plasma torch. Rotational and vibrational temperature at the
torch nozzle exit was determined from first negative system of N,". Excitation
temperature is determined by Boltzmann plot method. Results for rotational
temperature, vibrational temperature, and excitation temperature are presented.
Equality of the excitation, rotational and vibrational temperature indicates the validity

of LTE. The total applied electrical power applied is 8kW. Belevstev et.
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al.[26]presented optical emission spectroscopic study of argon and nitrogen plasma
jets inside and outside the plasma torch. The excitation temperature is determined
using relative intensity of spectral lines for argon and nitrogen as well as from spectral
emission of evaporated copper from the anode. The rotational temperature of nitrogen
was determined using two methods, the first one is line by line numerical simulation
of rotational structure of the (0-0) and (0-1) bands of N> * and in the far relaxation
zone of CN ‘violet’ bands of principal sequence (Av=0) and the second method is
based in comparing the intensities of single lines with those of band heads. The
current varies from 150 A to 500 A. Tu et. al. [27] has analysed electrical and optical
characteristics inside and outside of a double anode plasma torch operating in argon-
nitrogen with electrical power of less than 10 kW. Electronic and excitation
temperature was determined from argon atomic lines using Boltzmann plot method.
Rotational and vibrational temperature of nitrogen was determined from the rotational
and vibrational spectrum. Measurement of electron number density indicates the
existence of LTE. Vardelle et. al.[28] performed plasma and particle diagnostics in
nitrogen-hydrogen and nitrogen-argon plasma jet. For plasma jet temperature
measurement, absolute intensity of atomic lines is used for temperature above 7000 K,
molecular spectroscopy is used to measure temperature lying between 4000K and
7000K and melting point of different materials (alumina, tungsten etc.) has been used

for temperature below 4000 K.

Very few articles report about temperature measurement of pure nitrogen
plasma [29,30] and most of them deal with the rotational and vibrational temperature
of the nitrogen plasma. But in the core region of the thermal plasma jets, nitrogen

cannot exist in molecular form and hence rotational and vibrational temperature
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cannot be taken as good representative for the temperature of the core region. Atomic
or ionic lines can infer about the appropriate temperature along the jet axis. To the
best of author’s knowledge, no study on finding the nitrogen plasma temperature from
atomic and ionic lines using Boltzmann plot technique has been reported. Jahn et.
al.[29] determined temperature distribution of the jet using emission spectroscopy
along with average temperature from the power input in argon and nitrogen plasma.
Absolute intensity method was used to measure the plasma temperature. The power of
the plasma varied from 5 to 20 kW. It has been shown that, the temperature
determined from emission spectroscopy is time averaged and it is biased towards the
peak temperature. Prevosto et. al.[30] presented radial distribution of electron and
heavy particle temperature of dc nitrogen plasma using a sweeping Langmuir probe.
The plasma is generated at 25 kW of electrical power and the measurements are made
at an axial distance of 3.5 mm from the nozzle exit. The temperature values are time

averaged temperature.

In this study, axial variation of temperature of the argon and nitrogen plasma
jet has been determined from the atomic and ionic lines using Boltzmann plot method.
Influence of various operating parameter on the plasma temperature has been

analysed.

Measurement of Voltage Fluctuation in Argon and Nitrogen Plasma Jets

The simplest DC plasma torch contains two electrodes and the gas passing between
the electrodes is heated by the arc established between them through Ohmic heating.
The point where the arc connects the cathode is called as ‘cathode spot’ and the point

where it connects the anode is called as ‘arc root’. In spite of the large number of
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potential applications, its development and efficient utilization is obstructed by
number of problems associated with it [31,32]. Frequent failure of electrodes due to
electrode erosion and fluctuation in the emanating plasma jet are among them. These
problems affect the device life time and leads to bad and improper performance of the
device. There is always non-uniform fluctuation in the plasma jet which badly affects
almost all the processes which utilize DC plasma torch as processing tool. This
fluctuation in plasma jet is caused by fluctuation in the power of the plasma. The
power of the plasma fluctuates because of fluctuation in the arc voltage. The arc
voltage fluctuates either because of the change in voltage of the input electrical power
from the power supply or change in the length of the arc. Basically there are three
reasons for the plasma jet fluctuation: fluctuation induced by the power source,
fluctuation due to inherent movement of the arc root over the anode surface and
fluctuation due to fluid dynamic effects. Usually a constant current DC power supply
is used for plasma generation. The input current to the plasma torch contains ripple
induced by three phase input power supply. Thus the voltage and hence power of the
plasma fluctuates with input frequency of 150 Hz. This fluctuation is independent of
any change in the operating condition. This kind of power variation can be reduced by
using an appropriate power supply. The voltage and hence power of the plasma also
fluctuates because of change in the length of the arc. The arc length changes either
because of the movement of the arc root over the anode surface or change in the arc
length due to fluid dynamic effect without changing the arc root position. The fluid
dynamic force tries to push the arc downstream of the anode nozzle and the
electromagnetic force tries to keep the arc length minimum in order to maintain

minimum energy. So there is a competition between the two balancing forces acting in
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opposite directions. This causes variation in length of the arc. As the plasma jet
fluctuates so does the velocity, temperature and pressure of the plasma jet. Since DC
arc plasma jets are mostly used for processing applications, the fluctuation of the
plasma jet highly affect the process. For example, in ideal plasma spray process, it is
needed that the particles should melt properly before they impact on the substrate.
However, the fluctuation in plasma jet temperature may lead to non-uniform heating
of the injected particles. Further the variation in plasma pressure and velocity results
in variation in particle residence time and change in particle trajectory. Hence most of
the particle may not go through the plasma or deviate from the path or may not reach
the substrate. This results in poor efficiency of the plasma spray process as most of the
particles may not be heated properly or may not reach the target. Movement of the arc
root also affect the device life time. If the arc sticks to a point on the anode surface,
the high energy density of the arc melt and even vaporize the material at the point of
contact and the anode gets eroded. This process gradually damages the anode. Hence
movement of the arc root on the surface of the anode is needed for longer life time of
the anode. Thus periodic motion of the arc root with small change in voltage may be
favourable for device safety and other processes. This may also open path for the
further development of the thermal plasma technology. Since the arc and the plasma
jet instability is one of the important problems in thermal plasma technology, a large
volume of articles exists on this. Since thermal plasma spraying is a common
application of DC plasma torch and highly affected by the instability in the plasma jet
most of the reports deal with spray plasma torch utilizing mixture of binary gases for
plasma generation at lower power level. The reports usually consider the arc current

and gas flow rate as the influencing parameter. A typical review on the application of
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non-linear dynamic techniques for the analysis of the instability in arc plasma devices
is presented by Ghorui et. al.[33]. Coudert et. al.[34] analysed the voltage fluctuation
for a spray plasma torch operated with a mixture of argon and hydrogen as plasma
generating gas. Fluctuation of the plasma jet was analysed in terms of the nozzle
diameter and arc current. A relationship has also been established between the nozzle
diameter, arc current, gas flow rate and mean spot lifetime. The torch was operated
upto 40 kW of electrical power. Result for the mean electric field within the arc
column and the mean position of the arc root has also been presented. The lifetime of
the upstream arc spot was found to be more than that of the downstream spot by 30-
40%. In another work by Coudert et. al.[35], effect of Helmholtz oscillation on arc
voltage fluctuation for two different plasma torches has been presented. Both the
torches were operated with mixture of argon and hydrogen with same gas flow rate
and operating conditions. The two different torches show different voltage fluctuation
behaviour because of different electrode configuration. Ghorui et. al. [36] presented
an experimental approach to identify the sources of instability in arc plasma devices
utilizing the phenomenon of demixing of arcs. The observed behaviour such as steady,
takeover and restrike mode of instabilities are said to be originating from thin
boundary layer over the anode wall primarily at the location of anodic arc root and the
bulk core flow apparently not play much role in the observed instabilities. Arc current
was found to be the main controlling parameter of the frequency of fluctuation rather
than the flow rates. Krowka et.al.[37] reported that, instability in DC plasma torch is
mainly originated due to Helmholtz oscillation and motion of the arc root over the
anode surface. Mixture of argon and hydrogen was used as plasma forming gas. It is

shown that the Helmholtz frequency mainly depends on the cathode cavity volume
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and usually ranges between 4 to 5 kHz. Restrike mode has been identified as the main
mode of arc instability. The characteristics time for the restrike mode is much lower
than that of the Helmholtz oscillation. It is shown that when the restrike frequency
reaches the Helmholtz one both modes are locked together and a pulsed arc is
generated. Ghorui et. al.[38] analysed the fluctuating voltage signals generated from
an atmospheric arc discharge produced in hollow electrode plasma torch operating
with and without magnetic field. It was shown for the first time that the instability
found in arc discharge is chaotic in nature. Effect of various operating parameters
such as gas flow rate, gas composition, arc current and strength of magnetic field on
the arc root dynamics were analysed. In another work by Ghorui et.al.[39] it was
shown that the voltage, acoustic and optical signal generated by a hollow cathode
plasma torch exhibit chaotic behaviour. The origin of each of the fluctuation and
mutual correspondence among them were described in detail. Duan et. al. [40]
reported on the different form of arc instability such as steady, takeover and restrike
with the help of high-speed end-on observation of argon-helium arc. Effect of arc
current, gas flow rate, gas injection type and different amount of wear in anode were
analysed. Tu et. al.[27] reported on the arc instability and dynamic characteristics of
the double arc argon — nitrogen plasma torch. In this experiment, restrike mode has
been identified as the typical mode of voltage fluctuation. Zhao et. al.[41] reported on
the fluctuation characteristics of two types of plasma torches. The arc voltage and the
spectral intensity signal shows that the fluctuation of the plasma jet is caused due to
power supply output, arc root movement and fluid dynamic effect. Cheron et. al. [42]
analysed the dynamic behaviour of a double arc plasma torch using nitrogen as plasma

generating gas. The voltage signal exhibit two characteristic frequencies one at 150

23



Hz because of the three phase power supply and 6.7 kHz frequency which is ascribed
to the generation of the acoustic wave in the region of first anode attachment. The

results were obtained under lower chamber pressure.

The present study focuses on analysis of the instability in a segmented non-
transferred arc DC plasma torch operating in Argon and Nitrogen. The effect of arc

current and gas flow rate on the voltage fluctuation is analysed.

Thermodynamic and Transport Properties of Nitrogen Plasma under Thermal

Equilibrium and Non-equilibrium Conditions:

Inside thermal plasma devices, depending on geometry of the electrodes and
operating conditions, temperature may vary over tens of thousands of degree Kelvin,
pressure may vary from several atmospheres to sub-atmosphere and electron
temperature may differ widely from corresponding heavy species temperature,
depending on locations [43]. Existence of sharp gradients in temperature, pressure
and species densities, often encountered in such plasma devices, necessitates a
thorough understanding of the highly nonlinear behaviour of associated
thermodynamic and transport properties. In recent days, numerical simulation of such
devices is gaining rapid momentum. Appreciable savings of time and cost is realized
through this in understanding of device behaviour under different device designs.
Thermodynamic and transport property data stand as the primary prerequisite for any

such simulation to pursue.

Numbers of attempts have been made in the past to understand the
thermodynamic and transport properties of nitrogen plasma [44-53]. Apart from slight

deviations originating from different sets of collision integrals used in different
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studies, most of these computed properties exhibit an overall good agreement. Under
LTE (local thermodynamic equilibrium), the work done by Murphy and Arundell [50]
needs special mention. An extensive investigation on the thermodynamic and
transport property data of atmospheric-pressure nitrogen is performed in the
temperature range from 300 to 30,000 K. Pressure dependence of the properties is also
addressed by Murphy in another study [53]. Under thermal non-equilibrium, the
thermodynamic and transport property of nitrogen plasma was first calculated by
Colombo et.al. [51]. Later, the same was computed by Wang et.al. and it was shown
that the computed properties under thermal non-equilibrium, heavily depend upon the
definition of screening length, especially at higher temperature. It was a question,
whether both electrons and ions or only electrons should be considered in the
definition of shielding length under screened Coulomb potential. Although, there was
no reason why effect of ions should not be considered in the shielding when they can
influence the shielding mechanism in an obvious manner, works other than Wang et.al
assumed shielding by electrons only for computation of the thermodynamic and

transport properties.

In a recent work by Ghorui et.al.[54] choice of appropriate form of shielding
distance in the estimation of collision integrals under screened coulomb potential for
two-temperature non-equilibrium plasma is addressed. A revised definition of the
shielding distance is proposed which incorporates electrons and ions both and gives
property values in close agreement with experimentally observed results [54]. The
present work employs this approach and determines the complete set of
thermodynamic, and transport property values for nitrogen plasma under thermal

equilibrium and non-equilibrium conditions. In the calculation, electron temperature
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ranges from 300 to 50,000 K, the ratio of electron temperature (T.) to the heavy
particle temperature (Tp,) ranges from 1 to 20 and the pressure ranges from 0.1 to 7
atmospheres. Under atmospheric pressure, results obtained for thermodynamic
equilibrium (Te=Ty) are compared with number of published results under similar

conditions.

Under chemical non-equilibrium, number densities inside the plasma are
influenced by diffusive particle fluxes originating from species and temperature
gradients. The ultimate effect can be accounted for by including a modified rate
constant in the associated rate equations in place of chemical-equilibrium rate
constants and defining a chemical non-equilibrium parameter ‘r’ as the ratio of the
modified rate constant to the equilibrium rate constant [55]. Effects of chemical non-

equilibrium on the computed properties are presented with 'c' ranging from 0.5 to 2.

In summary, primary appeal of the present work on thermodynamic and
transport properties rests on the fact that it presents properties under thermal non-
equilibrium, not included in the scope of earlier works on equilibrium plasmas
[50,53]. It includes the effects of both ions and electrons in the screening, not
considered in the work on non-equilibrium properties by Colombo et.al.[51]. It offers
results that appreciably differ from the non-equilibrium results by Wang et. al. [52]
which presented results including the effect of electrons alone as well as results
including the effects of both ions and electrons in the screening. The mismatch
between experimental and theoretical results, observed in the earlier studies at higher
temperatures [54], has been removed to a great extent in this study. A revised
definition of screening length, recently proposed by Ghorui et. al. [54] is followed. It

is based on the assumption that higher mobility of the electrons redistributes any
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change in the potential at the rate of T, and single temperature T. may be used while
both electrons and ions are being considered in the estimation of the screening of
potential. Finally, the work presents properties of the nitrogen plasma under chemical

non-equilibrium as well, not addressed in the earlier studies.

Numerical Modelling of Atmospheric Nitrogen Plasma Torch under Thermal

Equilibrium and Non-Equilibrium Condition:

As described earlier, numerical simulation plays a very important role in
design and development of arc plasma devices. This is firstly because no invasive
diagnostic probe can withstand the extremely high temperature at the core inside the
plasma torches. Secondly, mechanical obstruction due to the torch wall itself, does not
allow any direct probing of the plasma inside the device. A large number of
simulation studies exist on simulation of arc plasma jets [56-69]. However, most of
them deal with argon plasma [56-63]. Most of the simulation studies in nitrogen
plasma reports in transferred arc plasma devices [64-67] and few works are concerned
with non-transferred arc plasma torches operating with mixture of nitrogen with other
gases or pure nitrogen[68,69]. Chen et. al.[64] analysed the anode contraction region
of wall stabilized, axis-symmetric nitrogen arc operating in transferred arc mode at a
current level of 250 A. Results for temperature distribution, velocity field, current
density distribution, pressure distribution, self induced magnetic field distribution,
Lorentz force distribution has been presented. Wilhelmi et. al. [65] analysed different
types of arc attachments formed on the anode surface for a wall stabilized axis-
symmetric high current transferred arcs established in argon and nitrogen. The arc
current for nitrogen was 250A and 400A and that for argon was 250A. It is seen that,

nitrogen arcs form constricted arc root for all the current values and the argon forms
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diffuse arc root in absence of any cathode jet. However, under the influence of
superimposed cathode jet, nitrogen forms diffuse arc root attachment. Velocity field
for induced anode jet has also been presented. Chau et. al. [66] presented the
numerical simulation of al.2 MW DC transferred arc plasma torch with well type
cathode. The gas flow rate for the study was taken to be 1000 slpm (standard litre per
minute) of pure nitrogen. Results for velocity and temperature distribution of cold gas
and hot gas are presented. Peng et. al. [67] presented a numerical model for nitrogen
arc in a pilot scale furnace based on a graphite cathode and fly ash anode or melting
anode. The effects of melting anode and various parameters such as the current,
terminal voltage and plasma length on the characteristics are investigated
experimentally and numerically. In this study, the arc current varies from 100A to
700A and the axial distance varies from 80 mm to 240 mm. So the maximum
calculated voltage is 200 V. Among the reported studies on non-transferred arc DC
plasma torch, Selvan et. al. [68] presented a three dimensional model for plasma spray
torch operated in mixture of Ar-N, for given arc current and gas flow rate. The most
appropriate size of the arc which produces the actual physical situation has been
predicted using thermodynamic principle of minimum entropy production. The only
work on a DC nitrogen plasma torch operating in non-transferred arc mode is
presented by Ghorui et.al. [69] Effect of chemical and thermal non-equilibrium on
different processes and distribution of different physical quantities in nitrogen arc was

shown by comparing the results of equilibrium and non-equilibrium condition.
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1.6 Scope of the Work:

The scope of work under the present study includes the following:

1. Design and development of a segmented non-transferred arc DC plasma torch
which can operate with argon and nitrogen at the low (< 25 kW) as well as medium

power level (15-50 kW).

2. Determination of heat flux profile of the nitrogen and argon plasma jet under

different operating conditions.

3. Determination of temperature of the nitrogen and argon plasma jet for different

operating condition.

4. Study of instabilities in the arc voltage in nitrogen and argon plasma, under

different operating conditions.

5. Determination of thermodynamic properties and transport coefficients of nitrogen
plasma as function temperature and pressure under state of thermal equilibrium and

non-equilibrium conditions.

6. Modelling and simulation of the nitrogen plasma jet and comparison with

experimental data.

1.7 Organisation of the Thesis:

The thesis is organised in the following manner. After a brief introduction on
different types of plasmas and plasma generation processes in DC thermal plasma
devices, chapter one describes relevance, status and scope of the work under the

present study. Chapter 2 gives detail descriptions of different experimental setups
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used in the study. Heat flux profile of nitrogen and argon plasma jet under different
working condition, as determined from the experimental data, are presented in chapter
3. Chapter 4 details the measurement of the temperature of the argon and nitrogen
plasma jets under different operating conditions through emission spectroscopic study.
The instabilities in arc voltage observed in argon and nitrogen plasma torches are
investigated in chapter 5. Ab-initio computation of thermodynamic and transport
properties of nitrogen plasma under thermal equilibrium and non-equilibrium
condition is presented in chapter 6. Chapter 7 presents the CFD simulation of the
nitrogen plasma device used in this study under different operating conditions
employing the thermodynamic and transport properties obtained in chapter-6.

Conclusions and scope for future works are presented in chapter 8.
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Chapter: 2

Experimental Setup

2.1 Introduction:

DC plasma torches are the devices that convert DC electrical power into high
enthalpy high temperature controlled jet of plasma. A simple DC plasma torch may
consist of just two electrodes: a cathode and an anode. Depending on the electrical
power needed for a particular application and type of plasma gas, plasma torches
appear in different designs [1]. Their suitability for a specific application is decided by
obtainable parameters of the plasma jet like temperature, heat flux, plasma dimension,

plasma volume, plasma constituent and its enthalpy content.

The torch used in this study consists of seven segments including the cathode
and the anode. The intermediate floating electrodes are used to increase the length of
the arc between the cathode and the anode. The tungsten cathode used in the torch
can run with non-oxidising plasma gasses like argon and nitrogen. Different setups
used in the study for characterization of thermal and fluid dynamic behaviour of the
arc include double calorimetric setup for heat flux profile determination, emission
spectroscopy setup for plasma temperature measurement and voltage instability setup
for measurement of instabilities in voltage fluctuation. In the subsequent sections,
role of different experimental setups are provided. Section 2.2 describes the overall
experimental setup and different experimental units attached to it. Section 2.3 and 2.4
illustrates the details of the DC plasma torch and the constant current DC power
supply respectively. Descriptions of the double calorimeter and the resistance

temperature detector (RTD) are given in section 2.5 and 2.6 respectively. Sections 2.7,
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2.8 and 2.9 describe respectively the spectrograph, optical fibre and the oscilloscope.
Voltage divider circuit used for study of arc voltage fluctuation is described in section
2.11. The temperature controlled chilled water supply unit, catering to relevant

components of the system is described in section 2.12.

2.2. Experimental Setup

The complete experimental setup consists of a DC segmented non-transferred
arc plasma torch, an IGBT based constant current DC power supply, chilled water
supply system, water temperature measurement and display unit, torch movement
system, set of two concentric calorimeters, spectrograph with optical fibre,
oscilloscope and probe, voltage divider circuit, flow meters for gas and water flow
measurement and a digital computer for data acquisition. The scheme and the

experimental setup are shown in figure 2.1 and figure 2.2 respectively.

XX Voltage
XIXI Gas Supply Unit Divider
:@\; . i emia Circuit
S5 Torch Oscilloscope
[ = Computer
DC Power
SRRy — Plasma Jet —
HF Unit
Ve I G L™ optical Fibre
Double Spectrograph
= | Calorimeter
+ Ve

Fig.2.1 Schematic diagram of the complete experimental setup
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The plasma torch used in this study contains seven segments including a
cathode, an anode, an auxiliary anode and four number of constrictor segments

between auxiliary anode and main anode.

Water cooling cables

Lens and aparture
Optical fibre
Plasma torch
Nitrogen plasma jet

Optical bench

Flow meter

RTD
Outlet flow
control valve

Inlet flow

control valve Main outlet

Main inlet

Fig. 2.2 Photograph of the experimental setup in operating condition

The torch is powered by an IGBT based constant current DC power supply
which can provide 1000 A of DC current with a maximum load voltage of 100 V or
equivalently it can provide 100 kW of DC electrical power. The plasma generating
gas is controlled and measured by the gas supply unit attached with the power supply.
The gas flow meters can measure maximum gas flow rate of 50 slpm with a precision
of 1.25 slpm. For measurement of the device efficiency and calorimetric
measurements, chilled water is supplied by the water supply unit. The flow meters
used for water flow rate measurement can measure minimum flow rate of 2 slpm with
a precision of 0.5 slpm. Temperature of the cooling water at inlet and at the outlet of
the segments and calorimeter are measured by Pt100 resistance temperature detectors

(RTD) and displayed on a temperature measurement and display unit with a precision
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of 0.1°C. Proper position of the plasma torch over the calorimeters for heat flux study
and plasma jet temperature measurement is achieved by XYZ-motion system which
enables torch movement in three directions. Fluctuation of the arc voltage, Heat flux
profile and temperature of the plasma jet characterize the plasma jet. Heat flux profile
of the plasma jet is determined by the double calorimetric setup and temperature of
the plasma jet is determined by optical emission spectroscopy (OES). The required
emission spectrum of the plasma is acquired by using the optical arrangement utilizing
a convex lens of appropriate focal length, an optical fibre and a spectrograph. Figure
2.3 (a) and figure 2.3 (b) show the experimental setup used for heat flux profile

determination and OES.

Plasma torch

Argon plasma jet

Calorimeter assembly

Plasma torch
Lens and aperture

Nitrogen plasma jet

Optical bench

Calorimeter assembly
Calorimetr holder

Fig. 2.3 (a) Image of impinging argon plasma jet and (b) Impinging nitrogen
plasma jet and OES setup

The voltage divider circuit and oscilloscope are used for measuring the fluctuation in
the arc voltage. A fraction of the arc voltage is drawn using the voltage divider circuit

and used as the signal.
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2.3. Plasma Torch

The DC plasma torch used in this study is presented in figure 2.4 (a). It has
been designed and developed in the laboratory. The image of the plasma torch is given

in figure 2.4 (b).

DC Plasma Torch

Cooling tubes
Constrictor

Auxiliary Cathode

Cathode

Auxiliary anode

Constricter 1

Constricter 2

Constricter 3

Constricter 4

Main anode

spacer cooling
channel

(a) (b)

Fig. 2.4 (a) Schematic figure of the plasma torch and (b) photograph of the
plasma torch

In order to withstand high temperature of the plasma, each component is
cooled separately by chilled water. Since, anode receives maximum heat flux from the
plasma, the volumetric flow rate of cooling water for anode is kept around 15 slpm
(Standard litre per minute). The cooling water flow rate for rest of segments is around
10 slpm. The segments are thermally and electrically insulated from each other using
Teflon spacer which can withstand a temperature up to 400 K. The design of the
segments is such that, the Teflon spacers are well protected from direct heat of the

plasma. Salient features of various segments are described below.

Cathode:

Cathode is one of the most important components of the torch as the arc is

established between the cathode and anode. Ideally, the cathode material should have
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very low work function, good electrical conductivity and high melting point. Mostly,
electrodes of refractory material are used for this purpose while working with inert or
non-oxidizing gases. The cathode used in the torch is a rod type cathode made up of
tungsten with 2% thorium by weight (known as Thoriated Tungsten). It acts as a
thermionic emission type cathode. The tip of the cathode is truncated cone with cone
angle of 48° which allows high current application and the lower portion is cylindrical
in shape with diameter of 10 mm. The Tungsten cathode is embedded on a OFHC
(Oxygen Free High Conductivity) copper matrix which provides the necessary cooling
from the bottom. Cooling water flow rate is set at 10 slpm which is sufficient for
adequate cooling. Electron emission from cathode also causes significant cooling of

the electrode.
Anode:

It is another electrode of the plasma torch. The anode is made up of OFHC
copper which has excellent thermal and electrical conductivity. The nozzle inner
diameter is 10 mm. The width of the anode i.e. the length of the nozzle is 21mm.
Since during operation, the arc attaches from cathode to anode and as the heat flux
incident by the arc on the anode surface is of the order of MW / m* which can melt
and even vaporize any material, it needs to be cooled sufficiently. The flow rate of
cooling water is set properly so that it can save the anode from melting or getting

punctured.
Aucxiliary Anode:

The segment next to cathode is called as auxiliary anode. It is used for initiating the

arc by igniting the pilot arc. A high frequency electric field (3 kV 3 MHz) is applied
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between the cathode and the auxiliary anode for initiating the arc and to breakdown
the gas between the two electrodes. The auxiliary anode is also made up of OFHC
copper. As shown in figure 2.4 (a), the inner cavity of auxiliary anode is in converging
in shape (angle 40%. In this study, cooling water flow rate for this component is

usually set at 10 Ipm which sufficiently cools the segment.
Constrictor Segments:

There are four intermediate segments in the torch placed between the auxiliary
anode and main anode as shown in figure-2. The segments are having inner diameter
same as that of the anode but of lower thickness. They are used to constrict the plasma
as well as to increase the plasma power by increasing the arc voltage. The channel
diameter is 10 mm for all the segments. The segments are cooled separately and set

flow rates are 10 Ipm each.
2.4. Power Supply

An IGBT based constant current DC power supply is used to provide the
necessary power to generate the plasma (Ion Arc Technology Pvt. Ltd.). As shown in
figure 2.1, the cathode of the torch is connected to negative terminal and anode is
connected to positive terminal of the DC power supply. Image of the power supply
and its control units is shown in figure 2.5. The power source can provide 100 kW of
DC electrical power at its full capacity. A gas control unit is also attached with the
power supply. The power supply has an inbuilt HF electric field generator. The HF
unit can produce peak voltage of 3000 V at a frequency of 3 MHz which initiates the
pilot arc. The specification of the power supply and the embedded HF electric field

generator are given in Table 2.1 and Table 2.2 respectively [70].
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Gas flow control unit

Gas flow meters
HF start button
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DC power off
DC power on

Pump on
Coolant on

Power supply coolant
control unit

Current control unit

Fig. 2.5 Power supply and control unit
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Table 2.1 Power supply specification

Manufacturer

lon Arc Technology. Pvt. Ltd.

Power supply output specification

Maximum power output 100 kW
Open circuit voltage 375V DC
Max Load Voltage 100V DC
Max Load current 1000A DC
Min Load current 150A DC
Power supply input specification

Input voltage 415V AC
Phase 3¢
Frequency S0Hz
Coolant Unit Specification

Pump Specification

Input voltage 230V
Type 1g
Frequency SOHz
Power 0.5 Hp
Compressor Specification

Input voltage 415V
Phase 3¢
Frequency 50Hz
Capacity STR
Coolant tank specification

Storage Capacity 1251
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Table. 2.2 Technical specification of HF unit and gas control unit.

High frequency (HF) electric field production unit

Input voltage 230V

Input current SA

Type 1¢

Output voltage 3000 V (3kV)

Output current ~ 1A

Frequency 3 MHz

Operating mode Auto and Manual

Time duration for which HF electric field is applied 1 s (In auto mode) and
3 s in manual mode)

Pressure guage (3 numbers)

Minimum pressure reading 0 psi or 0 kg/cm?2
Maximum pressure reading 200 pst or 14 kg/cm?2
Mininmum pressure measurement 5.0 psi or 0.25 kg/cm?2
Precision 5.0 psi or 0.2 kg/cm?2

Flow meters (3 numbers, two for argon and one for nitrogen)

Minimum reading 0.0 slpm
Maximum reading 50.0 slpm
Minimum measurable flow rate 5.0 slpm
Precision 1.25 slpm

2.5. Double Calorimeter

The double calorimeter setup is used for determining the heat flux profile of
the plasma jet. It consists of two concentric calorimeters. The complete assembly of

calorimeters and their top view are shown in figure 2.6 (a) and figure 2.6 (b)
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respectively. The calorimeters are made up of OFHC copper. The outer diameter of
the outer calorimeter is 150 mm and that of the inner probe is 25 mm. The image of

the calorimeters with a nitrogen plasma jet impinging over it is shown in figure 2.7.

Outer Inner Top view of
calorimeter calorimeter calorimeters
i ' ' : C1
— . ‘ '. (Ym0 |owos
i} ﬂ l. / -
Water Water Mo
Inlet outlet Teflon Insulation
Calorimeter assembly
(a) (b)

Fig. 2.6 (a) The double calorimeter assembly, (b) top view of calorimeters

Impinging plasma jet

Inner calorimeter
Outer calorimeter

Teflon insulation

Calorimeter holder

Fig. 2.7 Calorimeter assembly

Width of both the calorimeters is 50 mm. The extent of the calorimeters is so chosen
that, they will be able to receive most of the convective heat from the impinging

plasma jet. The two calorimeters are thermally insulated from each other by a Teflon
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sheet of thickness 1 mm at their bottom and by air at the top. This prevents heat
conduction between the calorimeters which will introduce error in calculation
otherwise. The two calorimeters are cooled by chilled water and the rise in
temperature of the cooling water running through the calorimeters is used for
calculating the heat flux profile of the plasma jet. It is designed in such a manner that

the cooling water can only exit after it fills the calorimeter completely.

2.6. Resistance Temperature Detector (RTD)

Temperature monitoring plays is basic need for safe operation of the device. To save
the device components and other parts from the intense heat of the plasma, they are
cooled by water. For safe operation, it is required that, the temperature of water at
inlet and outlet should lie within safe range i.e. the water running through the system
should not start boiling. Temperature of the cooling water at the inlet and outlet of
different torch segments and calorimeters is monitored using resistance temperature
detectors (RTD). In this study, RTD PT 100 (Omega Engineering) is used for
measuring the temperature. A photograph the RTDs used in the experiments is shown

in figure 2.8. Technical specifications are provided in Table 2.3.

Fig. 2.8 RTD PT100
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Table 2.3 Technical specification of RTD

Manufacturer Omega Engineering
Type PT100

Accuracy +/-0.1Cat0 °C
Temperature range -200 to 600 °C

2.7. Spectrograph

Temperature of the plasma jet is determined using optical emission
spectroscopic technique. Boltzmann plot method is used to calculate the temperature
using the intensity of emitted line radiation. The required spectrum of argon and
nitrogen plasma jet is acquired using a a high resolution spectrograph HR4000 (Ocean
Optics). It can be used in the wavelength range of 400 nm to 487 nm. As shown in
figure 2.1, a particular zone of the plasma jet is focused at the end of the optical fibre.
The other end of the optical fibre is connected to the spectrograph. Light coming from
the optical fibre is incidents on the concave mirror M1 and the parallel beam of light
fall on the grating. The image of the spectrograph and internal ray diagram are shown
in the figure 2.9 (a) and (b) respectively. The diffracted light falls on the concave
mirror M2 which reflects the light on the CCD array which is placed at the focal plane
of the mirror. The focal length of both the mirrors is 101.6 mm. The grating used in
the spectrograph has 2400 lines/mm. Efficient response of the grating lies in the
wavelength range of 260nm to 780 nm. It utilizes a linear CCD detector Toshiba

TCD1304AP. It has 3648 pixels and size of each pixel is 8 pm x 200 pm.
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Fig.2.9 (a) The spectrograph (b) Internal ray diagram of spectrograph

The slit width is Spum and it is fixed for the system. The technical specification of the

spectrograph is given in Table 2.4. [71]

Table 2.4 Technical specification of spectrograph

Manufacturer

Ocean Optics

Detector details

Detector: Toshiba TCD1304AP linear CCD array or equivalent
Detector range: 200-1100 nm

Pixels: 3648 pixels

Pixel size: 8 um x 200 pm

Optical bench

Design: f/4, Symmetrical crossed Czerny-Turner

Focal length: 101.6 mm input and output

Slit: S um

Grating options:

2400 lines/ mm with 5 micrometer slit

Spectroscopic
Wavelength range: 400 nm to 487 nm
Optical resolution: 0.15 nm

Signal-to-noise ratio:

300:1 (at full signal)
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2.8. Optical Fibre

The role of optical fibre is to transmit light from the focal plane of the lens to
the spectrograph. The optical fibre used for this purpose is QP200-2-UV-VIS (Ocean
Optics) which is transparent for UV and visible range. Image of the optical fibre is
shown in figure 2.10. It can transmit light in the wavelength range of 300 nm to 1100
nm and the relative transmission is nearly uniform in the wavelength range of 300 nm
to 900 nm. Since the argon and nitrogen spectrum of our interest lies in this wave

length range it can serve our purpose. Its technical specification is given in Table 2.5

[71]
Fig. 2.10 The optical fibre

Table 2.5 Optical fibre specification
Manufacturer Ocean Optics
Model QP200-2-UV-VIS
Transmission range 300 nm to 1100 nm
Preferable range 300 nm to 900 nm
Core diameter 200 pm + 4 pm
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2.9. Oscilloscope

The power content of the plasma jet is directly proportional to the arc voltage
and the arc voltage is proportional to the arc length. The inherent instabilities in arc
causes the arc length and hence the power content of the arc to vary. In this study the
time evolution of the change in arc voltage is recorded using a 350 MHz four channel
digital storage oscilloscope (DSO) HMO3524 (Hameg Instrumenrts). The image of
the oscilloscope is shown in figure 2.11 and its technical specification is given in
Table 2.6. [72] For collecting data chosen sampling rates are 10 MSa /s and 25 MSa/s.
The corresponding time bases are 5 ms and 10 ms respectively. The total time for

which the data has been recorded is 60 ms and 120 ms respectively.

Oscilloscope

10 X probe

Fig 2.11 The oscilloscope

Total 24000 data points are collected during the experiment. Time interval
between two consecutive data points is 2.5 ps and 5.0 ps respectively. Since the
frequency of voltage fluctuation is of the order of kHz, the above settings are

appropriate to reliably reconstruct the signal as per Nyquist's criteria.
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Table 2.6 Technical specification of oscilloscope

Manufacturer Hameg instruments

Model HM3524

Band width 350 MHz

Channel 4

Sampling rate per channel 2 X 4 Giga Samples/ sec
4 X 2 Giga Samples/ sec

voltage sensitivity 1 mV/Div to 5 V/Div

Maximum Input Voltage 200 V (DC + peak AC)

The time sensitivity 1 ns/Div to 20 ms/Div.

Maximum number of data points that can be stored 24000

2.10. Voltage Divider Circuit

Since the maximum input voltage to the oscilloscope is 200 V (DC + peak
AC), connecting the oscilloscope directly across the electrodes may damage it. So a
fraction of the voltage drop across the electrodes of the plasma torch is used as input
signal to the oscilloscope. The circuit diagram of the voltage divider circuit is given in
the figure 2.12. Terminal 1 and terminal 3 are connected to the cathode and anode of
the plasma torch respectively. Input signal for the voltage fluctuation is drawn across
the terminal 2 and terminal 3. The amplitude of the fluctuating component of voltage

signal is found to be around 20 Vpp.

|/ 1
C Cathode

2kQ 3

22k 3
Y Oscilloscope

2kn’{¥;\2

Ground

3

Fig. 2.12 Circuit diagram of voltage divider circuit
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2.11. 10X Probe

The oscilloscope is connected to the probe using a 10X probe HZ350 (Hameg
Instruments). The image of the probe is given in the figure 2.13. It allows only 1/10 of
the original voltage to the oscilloscope. Table 2.7 contains the technical specification

of the probe. [72]

9 M Ohm
AMN—T—0
=
o Vo
3
I O

Fig.2.13 (a) The 10X probe and (b) Circuit diagram of the probe

Table 2.7 Technical specification of the probe

Manufacturer Hameg instruments
Model HZ350

Attenuation ratio 10:1

Band width 350 MHz

Rise time < 1.0 ns

Input impedence 10 Mohmsll12pF

Max Voltage 400 V (DC + peak AC)
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2.12. Chilled Water Supply Unit

The temperature of the plasma in the core region is of the order of 10000 K. It has the
ability to melt and evaporate any material including the torch components. To
maintain device integrity, required cooling water for the experimental system is
provided by a chilled water supply unit. The image of the chilled water supply unit
and internal flow structure are shown in figure 2.14 and 2.15 respectively.
Demineralised water is used as the coolant. It includes two pumps of capacity 3 Hp
and 10 Hp respectively, a water tank of capacity 500 litres and three heat exchangers
to cool the water in the tank. While this is a centralized coolant supply unit for a
number of experimental systems, one loop of the chilled water supply system
circulates chilled water to the torch and other parts of the experimental setup.
Although, the possible minimum coolant temperature is 5°C, the inlet water
temperature is set at 27°C to avoid condensation inside the torch. Other technical
details of the chilled water supply unit are given in Table 2.8.

Heat exchanger 1 Heat exchanger 2 Heat exchanger I

Chilled water supply _—
control unit

Main switch

Pump 2 Circulating water tank

Fig. 2.14 Chilled water supply unit
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Chilled water Supply Unit
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Teat Heat TP Outlet 3
Exchanger 1 Exchanger 2 | | Exchanger 3
S |
%
= Qutlet from compressors
04 —
s
L= Main inlet
=
= Supply to
Water tank different
Inlet to components
compressors Pump 2 | || Pump 1 Main outlet
Fig. 2.15 Chilled water supply unit water flow diagram
Table 2.8 Chilled water supply unit specification
Parameter Value
Inlet temperature 35-40°C

Outlet temperature

5 C to ambient temperature

Temperature stability

+0.5°C

Refrigeration load

30 TR (105 kW)

Fluid Demineralised water
Flow rate 50-200 LPM (140 slpm nominal)
Power 25 kW

Electrical specification

Power supply

415V = 10%, 3phase, 50Hz
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Chapter 3

Axial Evolution of Radial Heat Flux Profiles
Transmitted by Atmospheric Pressure Nitrogen and
Argon Arcs

3.1 Introduction:

This chapter deals with the determination of the radial heat flux profile of argon and
nitrogen plasma jet and its axial variation. The nature of the heat flux profiles
delivered by a plasma jet determines the process design, the quality of the processing
work done and its suitability for a particular application. Number of attempts has been
made in the past to determine the shape of the heat flux profiles offered by such
devices as a function of axial distance, power level, flow rate of plasma gas, nozzle
diameter and nature of plasma gas. However, most of the studies focussed on Argon
as plasma gas and operation at a power level below 40 kW. Plasma torches operating
with Nitrogen as plasma gas offer radical rich non-oxidizing high temperature
environment for plasma chemistry and processing. They are routinely used in
commercial processes like nitriding, wear resistant coatings and have the ability to
operate with usual tungsten based refractory electrodes. Being a molecular gas,
Nitrogen naturally offer higher voltage drop across the arc for the same electrode
configuration and associates higher power. However, work on finding the nature of
the heat flux profiles offered by such plasma torches is rare. An extensive review of
earlier works on finding the radial heat flux profile of argon and nitrogen plasma jets
and its variation with respect to different operating conditions has been presented in

chapter 1.
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To the best of the authors' knowledge, no systematic study of heat flux is reported in
literature for power level more than 15 kW in Nitrogen plasma. The present study on
axial evolution of radial heat flux profile transmitted by atmospheric pressure
Nitrogen and Argon arcs focuses on plasma torches operating at power level ranging
from 6.6 kW to 52 kW in Argon and 32 kW to 51 kW in Nitrogen. Ideal plasma
spraying condition requires that all the injected particles get uniformly heated and
entrained by the plasma jet, their temperature remains above their melting point but
below the boiling point before they reach the substrate. Injected particles usually
inherits a distribution in the velocity vectors due to collision with the injector wall and
among themselves depending on the particle type, particle size distribution, particle
morphology, surface functionality, injector wall morphology and velocity of the
carrier gas. For thinner jet diameter, the distribution makes the particles with heavier
masses cross the plasma jet while those with smaller masses fail to reach the jet.
Melting of the injected particles depend on their trajectories, residence time and
masses. Many of the times the particles are only partially melt due to limited time of
passage in the high temperature zone [32]. Such problems of partially melts and
unmelts are severe for high melting point ceramic particles like Y,03 Al,Os etc.
Residence time of the injected particles inside the plasma depend on the length of the
plasma jet and is usually short due to limited spatial extent of the plume. A relatively
broad and long plasma jet having high power and axially uniform radial heat flux
profile is best suited for spraying application of ceramics. Better control over the
process may be achieved through adjustment of the axial location of the job and
thereby controlling the dwell time and physical state of the particles inside the plasma.

For a broader plasma jet at higher power, a nozzle exit diameter of 10 mm is
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chosen instead of shorter diameters used in the earlier studies. Segmented electrode
torch configuration is chosen to achieve an easy enhancement of input power. Studies
are made with electrical power beyond 40 kW to enable efficient melting. Results
with lower power are included to obtain a comparison with the studies available in
literature at lower power and understand the shift in behaviour as one move from
lower to higher power regime.

In case of Argon plasma, it has been observed that even around 50 kW, the jet
length is short as shown in figure 3.1(a) and the peak of the heat flux profile drops by
more than 60 % as one moves along the axis by a distance of 20 mm. However, for
Nitrogen plasma a remarkably different scenario is observed. A huge long jet is
observed in figure 3.1 (b). For power level beyond 40 kW, the peak of the heat flux
profile drops by less than 50% even after traversing a distance of 100 mm after the
nozzle exit. The radial extent of the profile remains constant within 10% up to a
distance of 50 mm and the same remains constant within 20% up to a jet length of
150mm. It is obvious that such long uniform jet has huge potential in processing

applications.

Inner
Calorimeter OUter. :
Calorimeter

Plasma Jet
- Inner

Calorimeter

(a) (b)

Fig. 3.1 (a) image of the nitrogen plasma jet and (b) image of the argon
plasma jet.
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Electromagnetic body force plays significant role in influencing temperature
and velocity distribution inside a plasma torch [73]. A current carrying segment
produces its own magnetic field which interacts with the passing current itself and
exerts a force on the segment in a direction perpendicular to both the current and the
magnetic field. The plasma column inside a plasma torch may be considered as
composed of such contiguous current carrying elements. In a perfectly cylindrical
plasma column, the thermal expansive force (caused by Ohmic Joule heating)
accurately balances the radially inward compressive force via JXB pinch effect.
However, in a plasma torch the incoming cold gas gets heated by the arc, forms
plasma and comes out as a plasma jet. In the process, it may distort the current
carrying segments resulting in an asymmetric distribution of magnetic pressure.
Degree of distortion depends on electrode configuration, operating parameters and the
flow conditions. A diverging configuration of the current density vector with respect
to the central axis (as happens when an arc tries to connect with the anode) exerts a
thrust on the body of the plasma producing high velocity long plasma jet. On the other
hand, a converging configuration produced in some manner in some part of the
plasma (happens when an expanded jet is forced to enter a thin nozzle), may act as a
barrier to the flow leading to a reduced length of the emanating plasma jet. Such
effects are well studied in literature and detail mechanisms are illustrated in number
works [74,75]

To account for limitation of the present study it may be pointed out that the
plasma jets are inherently unstable [36,76]. Double calorimetric technique used in this

study to determine the heat flux profiles ignores this non-stationary feature of the jets
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and the presented results are only average values of the time-integrated measurements.
However, enough care has been taken to ensure steady state before taking data for any
revised set of parameter values. Although actual profile may be little different
depending on operating conditions, approximate nature of the heat flux profile is
assumed to be Gaussian in the calculation as they give fairly accurate averaged results
[9,10]. It may also be remarked that the heat flux profile is determined using a water-
cooled calorimeter, whose temperature remains below 400 K. However, an actual
substrate to be processed using this jet is usually not water cooled and may have
temperature far above this value. Heat flux received by such a substrate under similar
condition may not be the same. Heat flux determined in the study is due to the torch
alone. Processing applications like plasma spray, unavoidably use some powder-laden
carrier gas which can influence the heat flux as well as the spatial extent of the jet.
Such effects are beyond the scope of the present study. The inner and the outer
calorimeters are thermally isolated at the top by an air gap and at the bottom by a layer
of teflon. Heat transfer from one calorimeter to the other may happen through
convective heat transfer in the sand-witched thin layer of air. The effect is not
accounted in the calculation and assumed to be negligible. Constricted connection of
the arc over the anode at one location forming an arc root [77] inherently introduces a
spatial asymmetry in the emanating plasma jet making it non-axisymmetric. However,
fast spontaneous movement of the arc root over the anode [77] is expected to result in
a good time averaged axi-symmetric behaviour justifying the profile shape used.
Variation in the heat transfer due to micro-structural deformation over the calorimeter
surface caused by high heat flux is not taken into account. From visual inspection of

the calorimeters, such defects were not prominent. In actual spraying applications
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micro-structural defects are significant and sometimes deliberately introduced as a
part of the surface preparation by sand blasting etc. Presence of high concentration of
such defects on those surfaces may alter the actual surface area and influence the heat
transfer. Such effects are also beyond the scope of the present study. It may be
remarked that the type of fluid flow over the calorimeter surface may also influence
the effective heat transfer. Under laminar flow conditions, the thickness of the
boundary layer varies as the inverse square root of the plasma velocity at the
stagnation point. The calorimeter may experience reduced heat flux due to higher
thickness of the boundary layer as distance increases. It is highly possible that the
dissociated nitrogen atoms recombine over the calorimeter surface maintained at
temperature below the dissociation temperature of the nitrogen molecules. Energy
associated with recombination of the Nitrogen atoms gets released and may contribute
to the measured heat flux. The stagnation profiles so determined include this
component as well. For argon, although it is monatomic, the experiment for
determination of heat flux is performed in open atmosphere, primarily composed of
molecular gasses. There is a chance that the entrained molecular gases get dissociated
in the high temperature core and recombine over the calorimeter surface in similar
manner contributing towards additional heat flux.

A brief description of the method of determination of the heat flux profiles is
presented in section-3.2. Details of the experimental setup and the operational
condition are presented in section-3.3. Experimental results are presented in section-
3.4. Heat flux profile parameters obtained from the study under different experimental
conditions are compared with those reported in literature. As both nozzle diameter of

the torch and the operational power regime in the study are higher compared to most
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of the results reported in literature, it is not possible to compare results under identical
operating conditions. However, for Argon plasma, some results are available in
literature with overlapping power levels. A comparison of the results in those regions
gives some idea on reliability of the obtained data and helps us to better understand
the behaviour in the extended parametric regime. Conclusions are presented in
section-5.

3.2. Determination of the profile parameters:

Radial distributions of heat flux of a plasma jet emanating from a DC plasma torch

can be approximated as:
#(r) =g, exp|-(/R, ) (3.1)

where, ®is the maximum of the heat flux, R, is the width of the profile and n
indicates the shape of the profile. n is '1' for exponential, 2' for Gaussian and so on. It
was our choice to take n=2 in the present study as it has been widely accepted as
presenting sufficiently accurate heat flux profile for plasma jets transmitted by DC
arcs [9,10]. When such a plasma jet impinges normally along the central axis of a
concentric double calorimeter [figure 3.1], the power received by the inner (H;) and

the outer (H) calorimeter may be expressed as:

d,/2

H, =2z [§(r)dr (3.2)
dy)2

H,=2rx J.qi(r)ralr—H1 (3.3)

Where, d;andd,are the diameters of the inner and the outer calorimeter respectively.
The values of H; and H; are determined from the inlet and the outlet temperature of

the cooling water using basic calorimetric principle:
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H =mS,(T,-T,) (3.4)

m

H, :mzsw(Tz_Tin) 3.5)
Where, m; and m; are the water flow rates through the inner and the outer calorimeter
respectively. Sw is the specific heat of water. 7; and T, are the respective outlet
temperatures and 7;, is the inlet temperature for both the calorimeters.
For the chosen Gaussian profile, equation (3.1) and (3.2) can be integrated to obtain

an iterative expression for determination of R, as [10]:

R, = 4 3.6
"\ 4in(l+ Hexpl-a2 /4R?)=1] (3.6)
where, H=H,/(H,+H,) For a given operating condition, H; and H, are determined

experimentally and the two unknowns (Poand R,) of the profile (equation-3.1) are

obtained by solving equation (3.6). Once the value of R, is determined, the other

profile parameter yis estimated from (3.2).

3.3. Experimental Set-up

Torch

(a) {c)

Inner /
calorimeter /-

Outer Teflon
calorimeter

Water L~ Water
Inlets Outlets

Fig. 3.2 (a) The experimental setup (b) Image of the nitrogen plasma jet
impinging on a double calorimeter (c) Detail schematic of the plasma torch
transmitting the plasma jet.
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Schematic of the experimental setup, an image of the actual plasma jet impinging on a
double calorimeter and the details of the plasma torch are presented in Figure 3.2(a),
(b) and (c) respectively. The specially designed double calorimeter, made of Oxygen
free high conductivity (OFHC) copper, houses the cylindrical inner calorimeter (outer
diameter 25 mm) exactly at the centre of the outer calorimeter (inner diameter 26mm
and outer diameter 150 mm). To prevent cross flow of heat from one calorimeter to
the other through conductive transfer, the surrounding outer calorimeter is separated
from the inner calorimeter by a uniform air gap of thickness 0.5 mm at the top. A
sand-witched layer of Teflon of thickness 0.5 mm between the calorimeters at the
bottom holds the calorimeters firmly at their position as well as maintains uniformity
of the gap at the top. Inlet supplies and outlet discharges of the calorimeters are
designed in a manner that water flows out of the system only after complete filling of
the calorimeters under vertical configuration. The calorimeter is firmly fixed on a
stationary platform, below a X-Y-Z motion stand (controlled by servo motor), over
which the plasma torch is mounted vertically. Details of the other components used in
the experimental setup have been discussed in chapter — 2. The gas flow rate of argon
was set at 30 slm and that of nitrogen was set at 17.5 slm.

3.4. Results and discussion

The plasma torch is characterized through V-I characteristics, typical distribution of
temperature inside the torch and the resulting arc voltages under different operating
currents. The measured heat flux profiles with Argon and Nitrogen as plasma gas
under different operating conditions followed by analysis of these heat flux profiles
are presented for a clearer picture about the variation of profile parameters with

electric power input and axial distance. The differences in the observed behaviour of
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the Nitrogen and the Argon plasma jets are brought out. Possible reasons for the
observed differences are explained.
3.4.1 Torch characteristics

For the same power level, the plasma jets generated by the torch with Argon
and Nitrogen as the plasma gas are found to be distinctly different. While the arcs in
Argon are easily sustained at current below100 A, the same in Nitrogen could not be
sustained below 100A due to requirement of higher power under the present electrode
configuration. It may be observed from the V-I characteristics presented in Figure 3.3
that as current increased, voltage in Argon increased almost linearly with current.
However, the same in Nitrogen remains nearly constant around 159 V for the range of
currents considered. While the first is well studied in literature [75] the observed
interesting behaviour in Nitrogen is rarely probed. To investigate the behaviour, the
torch has been modeled for Nitrogen plasma within the framework of LTE (Local
thermal equilibrium) laminar simulation model following Ref.[43] and experimentally
realized arc voltages are found to be very close to the simulated ones. A detail fluid
dynamic simulation study of the system under different operating conditions is
presented in chapter-7.
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Fig.3.3 V-I characteristics of the torch in Argon and Nitrogen plasma.
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Radial distribution of heat flux for Argon plasma jet at different axial locations is
shown in Figure 3.4 at different power levels starting from 6.6 kW to 52 kW. Power is
increased roughly by 5 kW in each step and corresponding heat flux profiles at three
different axial locations are estimated. The peak heat flux reduces almost uniformly
with increase in the axial distance. At an axial distance of 2.5 cm, the highest heat flux
varies from 0.45 kW/m” to 8 kW/m2 as the power level goes up from 6.6 kW to 52
kW. Nearly 16 times increase in the peak heat flux is observed for an increase in the
torch power by eight times. This is an important observation for spraying application
where choice of appropriate power of the torch plays a decisive role in the ultimate
quality of the processing job done and efficiency of the process.

An explicit dependence of the received heat flux on the electrical power input to
the torch is depicted in Figure 3.5. Apart from the measured distribution, it is observed
that at a particular location the increase in the received heat flux with increase in the
input electrical power is not uniform. Sometimes the power is increased but no
appreciable increase is observed in the received heat flux. One very important but
rarely discussed aspect of such devices is reflected in these results. The jet exiting
from the torch has its origin inside the torch where an arc connects the cathode to the
anode and heats the gas flowing in between forming the emanating plasma jet.
Depending on operating current, gas flow, electrode material, geometry of the torch
and other environmental conditions, the extent of the arc in the configuration space
and the magnitude of the associated electromagnetic body forces (through J X B force
where, J is the current density and B is the magnetic field produced by the current)
acting on various parts of the plasma are decided. Under certain operating conditions,

an increase in the current to increase power may enhance the diameter of the plasma
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core inside the torch, decreasing the thickness of surrounding colder boundary layer.
Enhanced conductive and radiative heat transfer from the plasma to the wall may
result in a poor rise in the transmitted heat flux in the associated cases. The same may

affect the fluid dynamic pattern of the jet outside the torch.
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Fig.3.4 Variation of heat flux distribution of Argon plasma with axial distance at
power level of (a) 6.6 kW, (b) 10.8 kW, (c¢) 15.8 kW, (d) 20.0 kW, (e) 24.9 kW, (f)
30.4 kW, (g) 40.0 kW, (h) 45.4 kW and (i) 52.0 kW. The gas flow rate is 30 slm
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Fig. 3.5 Variation of the radial heat flux profile as a function of power at the
three axial locations (a) 2.5 cm (b) 3.5 cm and (c¢) 4.5 cm.

3.4.3 Behaviour of heat flux profiles in Nitrogen plasma jet

Considering the fact that the Nitrogen plasma jet was appreciably long compared
to Argon the study on heat flux measurements were carried out at three different axial
distances from the nozzle exit (5 cm, 10 cm and 15 cm) and at four different power
levels (31.9 kW, 41.6 kW, 47.2 kW and 51.0 kW). Measured distribution of radial
heat flux are presented in Figure 3.6. Unlike Argon plasma, the decrease in the
received heat flux with increase in distance from the nozzle exit is not uniform at
lower powers. The drop in the peak heat flux value is high over the first few
centimetres after the nozzle exit and it reduces fast as the jet propagates [Fig. 3.6(a)-
(c)]. However, the drop is found to be nearly uniform at higher power [ Fig. 3.6 (d) ].

The variations in the radial distribution of the heat flux with power at three axial
locations are presented in Figure 3.7. Although, an increased heat flux with
increasing power is observed in general, associated decrease or increase in the heat
flux depends on axial location. Change in the jet flow pattern associated with
corresponding change in the electromagnetic body forces inside the torch due to

variation in the input power may be responsible for the observed non-uniformity.
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Fig.3.6 Variation of heat flux distribution of Nitrogen plasma with axial distance

at power levels of (a) 31.9 kW, (b) 41.6 kW, (c) 47.2 kW and (d) 51.0 kW. The
gas flow rate is 17.5 slm.
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Fig.3.7 Variation of heat flux distribution of Nitrogen plasma with power level at
axial distance of (a) 0.15 m, (b) 0.10 m and (c¢) 0.05 m from nozzle exit
respectively. The gas flow rate is 17.5 slm.

3.4.4 Variation of maximum heat flux (®() in Argon and Nitrogen plasma
For a detail analysis of the heat flux profiles in Argon plasma, we plot an explicit
variation of @, as a function of axial distance and power input to the torch as shown in

Figure 3.8. The same for Nitrogen plasma is plotted in Figure 3.9. It is observed
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[Figure 3.8 (a)] that the rise in @y with power is nearly linear as one goes closer to the
nozzle exit but shifts towards a quadratic dependence as one moves away.

The plot of @y as a function of axial distance is presented in Fig. 3.8 (b). It shows
that at lower power the jet actually looses little of its power as it propagates. However,
at higher power the same loss becomes reasonably high. It is also observed that for a
given power, the drop in @y with axial distance is quadratic at higher power and
approaches nearly a linear behaviour at lower power. Higher plasma temperature at
higher power leads to substantial power loss through radiative and conductive

transport and may account for the observed features.
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Fig.3.8 Variation of ®, for Argon plasma with respect to (a) power and (b) axial
distance. The voltage - current values are 66 V - 100 A, 72 V-150 A, 75V - 200
A,80V-250A,83V-300A,87V-350A,100 V-400 A, 101 V -450 A and
104 V - 500 A. The gas flow rate and nozzle diameter are 30 sim and 0.010 m
respectively.

For Nitrogen, the behaviour of @ as a function of power and axial distance is
presented in Figure 3.9(a) and (b) respectively. Although the measurements are
carried out at different axial distances and at higher powers, the observed behaviour is
substantially different from that in Argon. For the same power and axial location, the
heat flux value in Nitrogen is in general higher than that in Argon. The notable fact is

that the behaviour is position dependent. While at an axial distance of 10cm, @,
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increases quadratically with power with no sign of saturation, the same measured at an
axial distance of 5 cm and 15 cm clearly indicate a saturation tendency at higher
power. Formation of arc root and associated complicated body forces under
constricted connection inside the torch often results in a flow configuration that
includes constriction and expansion regions along the length of the transmitted jet.
Many times such regions are visually detectable and may account for the observed
behaviour.

Similar to Argon, @y in Nitrogen exhibits a sharp decrease with distance in the
immediate vicinity of the nozzle exit [Figure 3.9 (b)]. At longer axial distances the
rate of decrease is lesser. As power increases, the zone of sharp drop in @, gets
extended. High radiative and conductive losses from the plasma at higher temperature

(near nozzle exit) can account for the observed behaviour.
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Fig.3.9 Variation of maximum value of heat flux for Nitrogen plasma with
respect to (a) power and (b) axial distance. The voltage - current values are 156
V-205A,160V -262A,159V -296 A and 161 V - 317 A. The gas flow rate and
nozzle diameter are 17.5 slm and 0.010m respectively.
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3.4.5 Variation of width (R,) of heat flux profile width for Argon and Nitrogen
plasma

Extent of the plasma jet in physical space is characterized by the parameter R,. It is an
important parameter as it actually determines the extent of the effective process zone.
Usually, the iso-temperature contours in a plasma jet take the shape of part of an
ellipse [78] with tapering at top and bottom and expansion in the middle. Under this
ideal configuration, as one move axially away from the nozzle exit, the value of R,
first increases, then reaches a steady value near the middle of the ellipse and finally
decreases again. If the jet length is huge, the nearly steady value of R, in the middle
section continues for a fairly long distance along the axis [79]. Increase in input
electrical power through increase in current induces two simultaneous competing
phenomena inside the torch that actually control the ultimate value of R,. The first one
tries to reduce the value of R, through radially inward pinching action by JXB body
force. Higher the current, higher is the JXB pinching force and lesser is the value of
R,. The second one acts in opposite to the first one and tries to increase the value of R,
through J%/o (o is the electrical conductivity of the plasma) heating expansion. Higher
the current, higher is the heating effect and higher is the value of R,. At relatively
lower current, the pinching contraction exceeds the heating expansion and the value of
R, keeps on decreasing as current (power) increases. This is what is seen at lower
powers in Figure 3.10 (a). However, as current keeps on increasing a time comes
when finally heating effect supersedes the pinching effect and value of R, starts
increasing with increase in power as seen in Fig 3.10 (a) at higher power. Exiting from

the nozzle, the Argon plasma jet expands as it propagates away from the nozzle exit
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and the value of R, exhibits almost a linear increase with increase in the axial distance

as shown in Figure 3.10 (b).
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Fig.3.10 Variation of R, in Argon with (a) power and (b) axial distance. The
voltage - current values with increasing power are 66 V - 100 A, 72 V - 150 A, 75
V-200A,80V-250A,83V-300A,87V-350A,100 V-400 A, 101 V-450
A and 104 V — 500 A. The gas flow rate and nozzle diameter are 30 slm and 0.010
m respectively.
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Fig.3.11 Variation of R, in Nitrogen with (a) power and (b) axial distance. The
voltage - current values are 156 V - 205 A, 160 V - 262 A, 159 V - 296 A and 161
V - 317 A. The gas flow rate and nozzle diameter are 17.5 slm and 0.010m
respectively.

The variation of R, in Nitrogen plasma with axial distance and electrical input power
exhibits distinctly different features compared to that in Argon [Figure 3.11]. The plot
of R, as a function of power in Fig.3.11 (a) shows that the effect of increase or
decrease in power is most significant in the tail region of the jet. For the regions,

closer to the nozzle exit, the value of R, maintains nearly a constant value irrespective
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of the operating power. However, as the jet propagates it expands and a higher value
of R, is noted at longer distances [Fig.3.11 (b)]. Because of lower axial velocity at
lower power, the jet gets scope for higher radial expansion at shorter axial distances
resulting in the observed significantly higher Rg values at lower power. However, as
seen in Figure 3.11 (b), at higher power the balance between the J X B compressive
force and the thermal expansive force maintains a nearly uniform width of the plasma

column over a long axial distance and a range of power levels.

3.4.6 A Comparison of the heat flux data with the reported studies:

A comparison of the results from the present work with those reported in
literature is presented in this section. It may be pointed out that the comparison is only
for Argon. For Nitrogen, any such comparison is not presented, because of inability to
find any data on heat flux of Nitrogen jet in literature that may give any meaningful
comparison. For Argon plasma the comparison is made with data that corresponds to a
plasma torch of nozzle diameter 7 mm (instead of 10 mm in the present study) and a
gas flow of 60 slm (instead of 30 slm in the present study)[9]. As a natural
consequence, the study [9] had a longer and thinner plasma jet compared to the
present one for the same power. Also, as the same power is being distributed over a
smaller cross section, their value of Rg will be smaller and the same for @, will be
higher compared to the corresponding cases in the present study. Nevertheless, the
comparison will reflect consistency of the results obtained in the present study as well
as give an idea about the influence of gas flow and nozzle diameters on the heat flux

properties of plasma jets at comparable power levels. As the present study focuses on
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the higher power regime, the change in the behaviour as one goes to higher power also
will be reflected.

It is observed that nearly similar trend of behaviour is exhibited by @, and R,
as a function of axial distance in both the studies [Figure 3.12]. Both of them show
decreasing tendency of @, and increasing tendency of Rg with increase in axial
distance. At a given axial distance, ®, and R, respectively increases and decreases
with increase in electrical power. However, the rate of increase or decrease is slightly
different due to different electrode configuration. For identical electrical power level,
the realized value of @, in the present study is lower than the same in reference [9]
and exactly the reverse is observed for R,. The behaviour is completely in agreement
with the expectation as discussed above. The important point to be noted is that the
present study is able to achieve nearly three times higher jet width (nine times higher
jet cross-section) and more than three times higher peak heat flux compared to the

earlier study[ 10] within the range of operating parameters considered.
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Fig.3.12 Comparison of profile parameters of Argon plasma with data reported
in literature. (a) Variation of with axial distance: the curves indexed (a) to (i)
correspond to present study, the rests are from literature (b) Variation of R,
with axial distance. Figures in the brackets indicate electrical power input
corresponding to different curves as intercepted by the arrow.
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3.4.7 An Estimate of experimental error
The heat (H) received by the calorimeter is calculated as:
H=p.F. Sy. (T>-T) (3.7)
Where, F' is the flow rates water measured from the flow meters (in litre per
minute, LPM), p and Sy are respectively density and specific heat of water, 7> and T}
are the outlet and inlet water temperatures. The maximum error in the measurement of
heat received may therefore be calculated as:
OH/H =06F | F+2(3T/T) (3.8)
The used setup allows: 0F = 0.25 LPM and 0T = 0.1C. During experiment F;, ~ 4.0
LPM, and Tpi, ~ 31.3 C. Using these values, the maximum possible error in the
measurement of H comes to be ~ 6.9 %.
3.5. Conclusion
Processes like plasma spraying and synthesis of nano-particles of very high
melting point materials demand melting or complete evaporation of the injected
particles. Such processes require high power of the plasma jets together with long
enough dwell time of the injected particles inside the plasma under high heat flux. A
longer plasma jet with uniform heat flux profile may offer easier control over the
melting or evaporation process through proper management of the particle residence
time inside the plasma. While the heat flux data for Argon at relatively lower power
is available in literature, the same at higher power is rare. Although, Nitrogen is long
known for its higher arc voltage compared to Argon and its ability to work with
common thoriated tungsten based cathodes, almost no data is available in literature
about associated heat flux and its evolution with axial distance and input power. The

present work focused experimentally in this area and carefully determined variation in

73



heat flux profile for Argon and Nitrogen plasma over a wide range of power level and
axial distance using double calorimetric technique. A specially designed thoriated
tungsten based segmented electrode plasma torch with nozzle diameter 10 mm is used
for generation of the plasma at different power levels. For Argon plasma, the power is
varied from 6.6 kW to 52 kW and for Nitrogen plasma the same is varied from 32 kW
to 51 kW. Obtained heat flux profiles under various operating conditions at different
axial distances are characterized in terms of profile width R, and peak heat flux @.
Consistency and reliability of the obtained data are established through comparison of
the results for Argon with those reported in literature.

For similar power, Nitrogen is found to offer nearly three times longer plasma jet
compared to Argon. An increase in @, with increase in power and a decrease in the
same with increasing distance from the nozzle exit are observed. It has been observed
that the increase or the decrease is not linear. Degree of nonlinearity increases with
increase in power. Huge radiation loss from the jet at higher power may account for
the enhanced nonlinearity with increased power. The balance between radially inward
electromagnetic body force and the thermal expansive force is found to play a
significant role in determining the width of the plasma jets in the downstream
locations. The observed nonlinear behaviour of R, in Argon and the nearly linear
behaviour of R, in Nitrogen as a function of electrical power are explained from this.
Formation of arc root under constricted connection at higher power and associated
instabilities are also found to affect the delivered heat flux. The long thick nitrogen
plasma jet of nearly uniform thickness observed at higher power may find important

applications in variety of high temperature processing industries.
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Chapter 4

Temperature Measurement of Nitrogen and Argon
Plasma Jet

4.1. Introduction:

From application point of view, temperature of a plasma jet plays a decisive
role in plasma chemistry, process design and process control. For example, in plasma
assisted chemical processes, temperature field governs the rate of chemical reactions
and in processes like plasma spray, spherodization, densification, it decides the degree
of melting and trajectories of the injected power particles. Knowledge of plasma
temperature distribution and its dependence on various operating parameters helps in
optimizing the process. In this chapter, details of the plasma temperature measurement

using Boltzmann plot method for nitrogen and argon plasma jets are presented.

Temperature in plasma:

Plasma is composed of number of species of charged and neutral particles including
molecules, molecular ions, atoms, ions of atomic species, radicals and electrons. So definition
of temperature in plasma is quite broad and we encounter different types of plasma

temperatures like Tkin, Texcs Tion, Les Trots Tvib and Traq [80] as described in Table-4.1.
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Table 4.1 Definition of different types of plasma temperature

Sr. | Definition of Notation | Meaning
No. | Plasma
temperature
1 Kinetic Tin It represents the average kinetic energy of the
temperature particles and the particles are distributed according
the Maxwell Boltzmann statistics corresponding to
this temperature.
2 Excitation Texc This corresponds to the temperature at which the
temperature excited particles are distributed in Maxwell —
Boltzmann distribution.
3 Ion Tion This corresponds to the temperature at which the
temperature ions are distributed in Maxwell — Boltzmann
distribution.
4 Electron T, It is related to the average kinetic energy of
temperature electrons and the electrons are distributed in
Maxwell — Boltzmann distribution according to
this temperature.
5 Rotational Trot It is related to the rotational energy levels of the
temperature molecules or radicals and it represents the
temperature according to which the molecules or
radicals are distributed in Maxwell — Boltzmann
statistics in virtue of their rotational energy.
6 Vibrational Tyvip It is related to the vibrational energy levels of the
temperature molecules or radicals and it represents the
temperature according to which the molecules or
radicals are distributed in Maxwell — Boltzmann
statistics in virtue of their vibrational energy.
7 Radiation Trag It represents the energy of the photon.
temperature

In plasma under complete thermal equilibrium (CTE), all these temperature are
equal i.e. Tro = Tyib = Tkin = Texc = Tion = Traa = Te. CTE can be observed only in high
density high temperature plasma having large volume so that the radiation from

particles is absorbed within the plasma itself. However, none of the laboratory plasma
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is found to be in CTE. Plasmas in thermal plasma devices are found to be in local
thermal equilibrium (LTE). In this except radiation temperature, all other temperature
are equal i.e. Tio= Tyip = Tki n= Texc = Tion = Te # Traa. In plasma which contains
species of particles having large mass difference such as electrons and heavy particles,
electrons can gain energy from the electromagnetic field faster than other. The
electron temperature (T.) and ion temperature (Tj,,) may be different leading to thermal
non-equilibrium, especially in low pressure plasmas. When the pressure exceeds 0.1 bar,
the number density of particles is quite high and the electrons may efficiently transfer
energy to the heavy particles through collisions, equilibrating electron temperature (T.)
and heavy particle temperature (Tj,). Atmospheric pressure thermal plasma are collision
dominated and typically exhibits LTE.

Radiations from plasma:

A typical spectrum from LTE plasma exhibits line radiation super imposed with
continuum radiation. Different types of radiations and their origins are described

below.

1. Bremsstrahlung radiation (free-free transition)

Transition between two free energy levels which gives rise to energy
exchange is called free-free transition. This radiation is originated from the
charged particles when accelerated or retarded in the electromagnetic field of
other charged particles. Basically, these transitions are classified as
bremsstrahlung and cyclotron radiation. In bremsstrahlung, the charged
particles are accelerated in the electric field of other charged particles. It is

also known as ‘breaking radiation’. Since the initial states and the final states
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are continuous, the bremsstrahlung radiation is also continuous. In cyclotron
radiation, the charge particle undergoes gyration under a magnetic field.

2. Recombination radiation: (free-bound transition)
It forms a continuum radiation and emitted when the electrons recombine with
ions. This continuum is characterized by edges.[81]

3. Line radiation: (bound-bound transition)
This radiation corresponds to transition of electron between the discrete or
bound energy levels of atoms, ions or molecules. In low temperature plasma,
molecular spectrum may also be observed if molecular gas is used for plasma

generation. [81]

In this work, axial temperature of the argon and nitrogen plasma jet is
determined is by optical emission spectroscopy using Boltzmann plot method. The
measurement is done at several locations along the axis of the plasma jet. As the
plasma jet is prone to fluctuations, the temperature at a given particular location also
changes and so does the intensity of the lines. To achieve reasonably good average,
presented data are averaged over five measurements for each axial location under a
given operating conditions. Hence the obtained plasma jet temperature is a time
averaged. Details of the plasma temperature measurement using Boltzmann plot
method and obtained results for nitrogen and argon plasma jet are presented in the

subsequent sections.
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4.2. Boltzmann plot method:

Under this technique plasma is assumed to be in local thermal equilibrium and
optically thin so that self absorption of line is negligible. The emission coefficient for

a line radiation from an upper level u to a lower level i may be written as,

1
E.=—hv n Al
ui A7 ui " u N ui 4.1)

Where A,; is the Einstein coefficient of spontaneous emission or transition probability
(s'l), v, 18 the wave number (cm'l), [ is the path length, 4 is the Plank’s constant, c is
the velocity of light. n, is the number density of the atoms in the state u and it is given

by Maxwell-Boltzmann relation as

n s ) 4.2)

n, 8o

Where, ny is number density of the atoms or ions in the ground state, g, and g are the
statistical weight of the upper and lower energy state respectively, k is the Boltzmann

constant, and 7 is the temperature.

Substituting 7, in equation (4.1), emission coefficient for a line radiation becomes,

u

E
8m' — 1 h’cn 0 gu Auile(_kTJ
471- ﬂ’ui gO

4.3)

. .. o c
Where, 4, is the wave length of the transition and it is given as, 4, =—.

ui

Taking logarithm on both sides, we get
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In guiﬂ'ui =1n hcno _ﬂ (44)
gu Aui gO kT

This can be written as,

h{i} _c- L 4.5)

Where, C is some constant.

Boltzmann Plot

# Peaks Considered
OPeaks Discarded

Fig. 4.1(a) A typical Boltzmann plot for Argon. Numbers indicate the peaks of
corresponding spectra [e.g. Fig.4.5(a)]

Fig. 4.1(b) A typical Boltzmann plot for Nitrogen.
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It is obvious that equation 4.5 is a linear equation. A plot of the term ln(ng‘”J in
gu ui
eq.4.1 as a function of E, will result in a straight line. Slope of this line will be equal

to (1/kT). Once the slope is determined, temperature of the plasma can be calculated.

A typical Boltzmann plot for argon plasma is shown in Fig.4.1(a). It may be
mentioned that the plasma under consideration is actually under PLTE (partial local
thermal equilibrium) and not LTE. Because of this, depending on operating condition,
several levels may remain away from equilibrium with the other associated levels. In
Boltzmann plot, the lines originating from these levels deviate significantly from
above mentioned linear behaviour. In the example of Fig.4.1(a), the states

corresponding to lines 3,4,5 and 10 are not in equilibrium with the other states.

A typical Boltzmann plot for nitrogen plasma is shown in Figure 4.1(b).
Although a large number of lines are observed in the nitrogen spectrum, many of the
emitted lines associate either the same or very closely spaced upper energy levels.
Observed clubbing of many lines in the plot originate from this. Such clubbed data
points do not add effectively in determination of temperature by linear fit. The used
setup for emission spectroscopy and recorded lines form argon and nitrogen plasma

are detailed in the next section.

Plasma
Torch Computer
Optical fibre @
Lens
Plasma
Jet
= =
Optical bench Spectrograph
|¢— 2r —>j¢—2r —>|

Fig. 4.2 Schematic of the experimental setup
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4.3. Experimental Setup:

The schematic of the experimental setup for the emission spectroscopy is given in
figure 4.2. With the help of a lens mounted on an optical bench, an inverted image of
the plasma jet is focussed on a screen with magnification'l'. The intensity of the image
on the screen is then scanned by a spectrograph with the help of an optical fibre. The
actual picture of the experimental set up under operating condition used for plasma

spectroscopy is shown in figure 4.3.

Plasma torch
=S | W—

Optical bench

Fig. 4.3 Actual experimental setup

Emission spectrum from a particular zone of the jet is recorded using the optical
arrangement consisting of a lens, an optical fibre and a spectrograph (Ocean optics,
USB 2000). Since the object distance and the image distance are 2f, where f is the
focal length of the lens, a real inverted image of the plasma jet with same dimension is
formed on the image plane perpendicular to the lens axis. The optical fibre placed on
the image plane focuses on a particular location of the plasma jet and project it on the
grating of the spectrograph after passing through the slit. The slit width is 5 um. The
image formation in the spectrograph is given in figure 4.4. After reflection from the
plane mirror, the light is incident on the concave mirror which reflects the light on the

grating. The dispersed spectrum is than reflected by the concave mirror onto the CCD
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detector which produces the image of the spectrum. Typical spectra recorded for
argon and nitrogen plasma are presented in Fig. 4.5 (a) and Fig. 4.5(b) respectively.
The green region for argon plasma emission and the red region for nitrogen plasma
emission are chosen from the fact that the energy levels of the upper state are well
dispersed in energy values for these lines. All the observed lines in argon and nitrogen
are originating from atomic transition.

CCD Array
(A% %0 % 0 8 A

Grating

4

FberInput [ %~
M
[\"M .

M,

Fig. 4.4 Schematic of the imaging spectrograph
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Fig. 4.5(a) Typical spectrum of Argon Plasma
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emission spectroscopic study.

Fig. 4.5(b) Typical line spectrum of nitrogen plasma
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4.4. Spectroscopy of argon plasma:

Twelve atomic lines have been considered with wavelength range 400 nm to 450 nm

for emission spectroscopic study of the argon plasma temperature [Fig.4.5(a)].

Associated electronic transitions giving rise to the lines are presented in figure 4.6.

Necessary spectroscopic data for determination of temperature are tabulated in Table

4.2.
Table 4.2 Spectroscopic data for argon atomic lines
Sr. | Wavelength Energy of Transition | Einstein Relative
No. | (nm.) upper level Ex probability | coefficient | intensity
(cm-1) of  upper | (Aki) (S") | (aun)
level (Gy)
1 404.4418 118469.0508 5 3.33e+05 50
2 415.8591 117183.5901 5 1.40e+06 400
3 418.1884 118459.5975 3 5.61e+05 50
4 419.0713 116999.3259 5 2.80e+05 100
5 420.0675 116942.7542 7 9.67e+05 400
6 425.9362 118870.9170 1 3.98e+06 200
7 426.6287 117183.5901 5 3.12e+05 100
8 427.2169 117151.3264 3 7.97e+05 150
9 430.0101 116999.3259 5 3.77e+05 100
10 | 433.3561 118469.0508 5 5.68e+05 100
11 | 434.5168 118407.4303 3 2.97e+05 25
12 | 451.0733 117562.9553 1 1.18e+06 100
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Fig. 4.6 Schematic of the atomic transitions in Argon producing the
considered atomic line radiation

4.5. Spectroscopy of Nitrogen plasma:

Eighteen atomic lines have been considered with wavelength range 740 nm to 950 nm
for emission spectroscopic study of the nitrogen plasma temperature [Fig.4.5(b)].
Associated electronic transitions giving rise to the lines are presented in figure 4.7.
Necessary spectroscopic data for determination of temperature are tabulated in Table

4.3.
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Table 4.3 Spectroscopic data for nitrogen atomic lines

Sr. No. | Wavelength (nm.) Energy of | Transition | Einstein | Relative
upper level | probability | coefficient | intensity
Ex (cm-1) of upper | (AKki) (S'l) (au)
level (Gy)
1 742.364 96750.840 5.64e+06 4 685
2 744.229 96750.840 1.19e+07 4 785
3 746.831 96750.840 1.96e+07 4 900
4 820.036 95475.310 4.68e+06 2 250
5 821.072 95493.690 5.23e+06 4 300
6 821.634 95532.150 2.26e+07 6 570
7 822.314 95475.310 2.62e+07 2 400
8 824.239 95493.690 1.31e+07 4 400
9 856.774 97805.840 4.86e+06 4 500
10 859.400 97770.180 2.09e+07 2 570
11 862.924 97805.840 2.67e+07 4 650
12 865.589 97770.180 1.07e+07 2 500
13 870.325 94770.880 2.16e+07 2 500
14 871.170 94793.490 1.29e+07 4 570
15 871.883 94830.890 6.54e+06 6 500
16 872.889 94770.880 3.75e+06 2 250
17 874.736 94793.490 9.65e+05 4 200
18 938.680 96787.680 2.13e+07 4 500

The required spectroscopic data are collected from the NIST atomic spectra database.

4.6 Calibration of the spectrograph:

Before recording the spectrum, the spectrograph is calibrated using a standard Hg-Ar

lamp. The list of the standard wavelengths from the calibration lamp is shown in

figure 4.8. Shift in the wave length is determined by recording spectra of the

calibration lamp [figure 4.9] and measuring associated shift from corresponding

standard wavelength positions. Accordingly, a correction factor is then added to the

observed wavelength. Observed shifts in the used spectrometer are within 3.2 to 3.5 nm.

88




98000

97805.840
97770.180
97600
97200
s seses s
P 96750.840
S RE
964003 |ail</s
NINING 95532.150
95600 95493.690
95475.310
< 95200
£
s s
% 94800 94770.880
c wuv:mvovmmommwomw
- |av|o|~=|ai|<F o ©
B YR e 8|88 5555 5 2|8| 3
86220.510
86200
86150 86137.350
86100
83400 G| 83364.620
i S i 83317.830
: 83284.070
832003

Ground level

Fig. 4.7 Schematic of the atomic transitions in Nitrogen producing the
considered atomic line radiation
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Fig. 4.8 Wavelength of radiation emitted by calibration lamp
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Fig. 4.9 Schematic for the spectrograph calibration.

4.7. Results and Discussion:

To understand the axial distribution of temperature inside the plasma jet, spectra
recorded for Argon and Nitrogen plasma are used as described above. The variation of
the nozzle exit temperature as a function of arc current and gas flow rate for argon is
presented in Fig.4.10. While the overall trend is increase in temperature with increase
in current, the notable feature is the observed oscillatory behaviour of exit temperature
as a function of arc current. This important fact, confirmed by repeated experiments in

this study is not reported earlier.

The oscillatory behaviour originated from the competition between two
counteracting forces: JxXB compressive body force & thermal expansive force due to
Joule heating, undergoing inside the plasma torch. With increase in current, both JxB
compressive force as well as the thermal expansive force (Joule heating) increases.
With increase in current, if effectively compressive force supersedes the thermal
expansive force, the plasma volume starts shrinking. Since power is increased and
plasma volume is now less, higher temperature is observed at the exit. However, as
plasma volume shrinks, J increases due lower cross-sectional area, and ohmic heating
increases as square of J. Thicker cold boundary layer surrounding the jet also helps in

increasing plasma temperature by reducing conductive loss to the wall. A time comes
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when thermal expansion supersedes the JxB compression and plasma volume starts
expanding again. The boundary layer adjacent to torch inner wall becomes thinner and
conductive heat loss to the wall becomes more. Larger volume of the plasma and
greater heat loss to the wall result in lowering of temperature at the nozzle exit.
However, with further increase in current, the situation may reverse again and the
cycle keeps on repeating with increase in current.  This is what is observed in this

study [Fig.4.10].

7200__ ARGON Plasma
— 6800
< 1 Forward
g 6400- >—_,7 current
© ]
5 Flow (SLM
2 6000- Sl e
% l n 20
5600 + 25
T . 30
5200 T I T I T I T I T I T I T 1
80 120 160 200 240 280 320 360
(a) Current (A)

Fig. 4.10 (a) Variation of nozzle exit temperature of argon plasma (b) Fast
photographic image of the arc, showing extended current path beyond the
nozzle exit

The axial variation of temperature under different gas flow rate and arc current
in argon plasma is presented in Fig.4.11-Fig.4.13. Current is varied from 100A to
350A. The steady part of the jet length was within 20mm - 30mm, depending on
operating condition. Temperature measurement beyond this zone was not reliable as
the jet becomes too unsteady for recording of spectrum. In this study gas flow rate is
varied from 15 slpm to 25 slpm. While the overall behaviour is decrease in plasma
temperature with increase in axial distance, sometimes plasma temperature is found to
exhibit some higher order nonlinearity in the vicinity of the nozzle exit. This is an

important observation and has enough potential to influence the thermal history of
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particles in processing applications like plasma spraying, spheroidization,
nanoparticles synthesis etc. Such behaviour, wherever observed have been confirmed
through repeated measurements. To find the reason for such behaviour, a fast
photography study is carried out and it has been observed that that depending on
operating condition, arc current extends up to some distance beyond the nozzle exit
[Fig.4.10(b)].The nonlinear interaction between the forward and return current in the
flow affected area, external to nozzle exit, may result in the observed behaviour. It
may also be noticed that the temperature drop in the tail zone is well behaved and
exhibit no complex behaviour. The current free nature of the tail zone of the plasma
jet may explain this behaviour. For the used plasma torch, the typical temperature of
the argon plasma jet at the nozzle exit is around 6000k to 7000K. Obtained profiles of
axial temperature variation under different currents are presented in Fig.4.11 to

Fig.4.13 for gas flow rates 15 slpm, 20 slpm and 25 slpm respectively.

For a given plasma torch, the nitrogen plasma jet appears to be distinctly
different from corresponding argon plasma jet in jet length, stability as well as
temperature distribution when operated under similar current and gas flow rate. In
this section we attempt a spectroscopic study of the nitrogen plasma jet to understand
the variation of nitrogen plasma temperature at the nozzle exit as a function of arc
current. Since the results from numerical simulation offer values of the nozzle exit
temperature, we will make a comparison of these measured data with simulation
results in chapter-7. The axial variation of plasma temperature after the nozzle exit is
presented in this section. Compared to argon plasma the notable feature is observation
of a long region of plasma column having significantly low gradient in temperature.

The region probably originate from the fact that under same operating condition, a
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nitrogen plasma jet produced by the torch is nearly ten times longer than

corresponding argon plasma jet [see Fig.2.3].
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Fig. 4.11 Axial Temperature Profile of Argon plasma at 15 Slpm Gas Flow Rate.
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Fig. 4.12 Axial Temperature Profile of Argon plasma at 20 Slpm Gas Flow Rate
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Fig. 4.13 Axial Temperature Profile of Argon plasma at 25 Slpm Gas Flow Rate
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Fig. 4.14 Axial Temperature Profile of Argon plasma at 30 Slpm Gas Flow Rate
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Axial variation of temperature in the nitrogen plasma jet, as obtained in the study is
presented in Fig.4.15. For similar currents, observed higher temperature in nitrogen
plasma compared to argon may be explained from the fact that nitrogen being a
molecular gas, supports much higher voltage in the arc compared to argon. As a result,
power content of a nitrogen plasma jet is much higher compared to argon under
similar current and torch configuration. The oscillatory behaviour of axial
temperature with axial distance, observed in argon, is present in nitrogen plasma jet
too. It is observed from Fig.4.15, that operation at lower current is more prone to such
oscillations in nitrogen plasma. As current increases, stronger interaction between the
forward and return current inhibits such oscillation in the immediate vicinity of the
nozzle exit and allows temperature to drop with distance following usual exponential
law. However, as observed, the oscillations begin to appear at longer distances. Ohmic
heating being the primary source of heat and the external current carrying plasma jet
being a free jet, a high temperature zone in the jet must be followed by a low
temperature zone as the free plasma jet expands getting heated and current density

reduces as volume expands. The behaviour is nicely depicted in fig.4.15.

14000

Gas Flow=15 slm N2

0 — T T T T 1 T T 1T 1T 1
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Fig. 4.15 Variation of axial temperature in nitrogen plasma jet at 15 slpm of gas
flow rate
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Fig.4.16 presents variation of temperature of the nitrogen plasma at the nozzle exit as
a function of arc current. For the chosen currents, numerical simulations are also
carried out in chapter-7. It is found that the observed behaviour is in close agreement
with the simulation results. The higher temperature at 180A is consistently observed
in repeated measurements. It is observed in the numerical simulation in chapter-7 that

a sharp transition in the flow configuration is associated near this current.
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Fig.4.16 Variation of central axis temperature of nitrogen plasma at the
nozzle exit as a function of arc current and comparison with simulation
results [chaper-7].

4.8. Conclusions:

This chapter presents determination of temperature of argon and nitrogen plasma jets
under different operating conditions using Boltzman plot technique. Line spectra
originating from pure atomic transitions are used to determine the temperature of
plasma in both the cases. While temperature at the torch exit is studied as a function of
arc current, axial variation of plasma temperature are also studied for argon and
nitrogen plasma. A number of interesting facts are revealed from the study. For the

same current and gas flow rates in a plasma torch, it is found that nitrogen plasma jet
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possesses higher average temperature compared to argon. Higher supported power
through higher arc voltage may be responsible for this. Axial variation in temperature
after the nozzle exit are found to include oscillations originated through mutual
interaction among jet current, self magnetic field and aerodynamic flow field. Such
oscillations are observed in argon as well as nitrogen and confirmed through repeated
measurements. For a given torch configuration, nitrogen is found to offer much longer
(nearly ten times) plasma jet compared to argon under same current and gas flow rate.
It has been clearly observed in nitrogen that as arc current increases the oscillating
region moves away from the nozzle exit and an exponential drop in temperature
prevails in the immediate vicinity of the nozzle. The finding is important as it can
immensely influence the thermal history of the particles introduced inside a plasma jet
for important processing works like plasma spraying, nanostructure synthesis,
spheroidization etc. Obtained results are expected to contribute significantly in

process optimization.
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Chapter: 5

Study of Instabilities in Nitrogen and Argon Plasma
Jets

5.1. Introduction:

In spite of widespread applications of arc plasma devices, its development and
efficient utilization is obstructed by number of problems mainly associated with
instabilities in arcs [31]. These problems affect the device life time as well as the
quality of the processing works done. For example, in ideal plasma spray process, it is
needed that the particles should melt properly before they impact on the substrate.
However, the fluctuation in plasma temperature may affect the heating of the injected
particles. The variation in plasma velocity may result in variation in the particle
residence time and also variation in the particle trajectory. This may lead to poor
performance as most of the particles may not be heated properly or may not reach the

target. Process quality may degrade due to presence of unmelts.

1. While the study is important, possible no study on instabilities in nitrogen
plasma has been reported earlier. However, a number of important studies on
instabilities in argon [76, 82, 83] and argon-hydrogen plasma [36] have been reported.

This chapter investigates the behaviour of arc instabilities in
atmospheric pressure argon and nitrogen plasma torches through study of time
evolution of arc voltages in phase and frequency space. While a detail analysis of
instabilities in arcs is quite involved and may itself be a subject of a thesis, scope of

the present study is limited to the understanding of the voltage instabilities in argon
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arc at typical operating conditions namely flow rates ranging from 15-30 slm at arc
current around 350A. Since typical long nitrogen plasma jet, subject of the study,
occurs around low flow rate of 15 slpm, instabilities in nitrogen arc are studied around

this flow rate at different power levels with current ranging from 125A to 300A.

A DC arc plasma torch in its simplest form contains two electrodes and the
plasma generating gas passing between them, heated through ohmic heating by an
established arc between the electrodes [Fig.5.1]. The point where the arc connects the

anode is called the anode arc root.

Cathode

Fig. 5.1 plasma generation in DC plasma torch

The arc length changes either because of the movement of the anode arc root or due to
change in the arc length due to fluid dynamic effects. The mutual interaction among
thermal, electromagnetic and fluid dynamic effects introduces dynamic variation in
the arc length and results in the observed unsteady behaviour in arc voltage. In recent
studies such variations are found to exhibit chaotic nature, in which specific strange
patterns appear in phase space and associated spectrum in the frequency space
exhibits continuous nature. For dominant periodic behaviour specific peaks are
observed in the frequency spectra. In practice, the fluid dynamic drag force tries to

push the arc downstream of the anode nozzle and the electromagnetic force tries to
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keep the arc length minimum in order to maintain minimum energy (Steenbeck
minimum energy principle) configuration [73]. The competition between the
balancing forces acting in the opposite directions under the influence of continuously
varying thermodynamic and transport properties results in the observed variation in
arc voltages.

Another reason for the plasma jet fluctuation may be the fluctuation in the
power supply current. Ripples in the rectified ac current which oscillates with input
three phase ac power supply frequency (150 Hz) may introduce a regular repetitive
oscillation in the arc voltage. However, in this study, a constant current IGBT based
DC power supply has been used which has negligible ripple compared to SCR based
power supply. The observed voltage instability is therefore primarily linked to the
change in arc length caused by thermal, electrical and fluid dynamic forces.

As the arc voltage varies, the power inside the plasma varies and consequently
velocity, pressure and temperature of the plasma jet also fluctuate. The study of
frequency spectra brings out the dominant frequencies present in the process when
certain operating condition is set in. It is interesting to probe if the underlying process
involves any such dominant frequencies. On the other hand, the study of behaviour in
phase space allows us to get a first hand understanding about the possible nature of
behaviour: periodic, chaotic or random. However, it must be mentioned that
confirming nature of any arbitrary time series needs rigorous investigation like
estimation of Lyapunov exponent and fractal dimension, not include in the present

scope of this study [76, 82, 83]
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5.2. Experimental setup:

The experimental setup for recording the voltage fluctuation is shown in figure 5.2. It
consists of a plasma torch, constant current IGBT baaed DC power supply, a voltage

divider circuit and an oscilloscope.

XIXI Voltage

g

XX E Gas Supply Unit Divider

‘.@Yﬂ . o Plasma Circuit
Gas Aok Oscilloscope

i [r] 22

oo

| ¥

- i
DC Power 1{—
Supply .| Plasma Jet
="
HF Unit

N

-Ve ]

+ Ve -~

Fig. 5.2 Experimental arrangement for acquiring voltage fluctuation data

The details of the components used in the experiment are already described in
chapter 2. The plasma torch operates with power up to 50 kW. The typical values for
the arc current varies from 100 A to 500 A and that of the arc voltage varies from 50
to 150 V. Considering the fact that the oscilloscope can record a maximum of 30 V,
only a certain fraction of the total arc voltage is given to the terminals of the
oscilloscope using a voltage divider circuit. The setup used for the instability study is

presented in Fig.5.2 and the details of the voltage divider circuit are given in Fig. 5.3.
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Since the resistances in the circuit are known, the actual arc voltage can be obtained

from the recorded voltage in the oscilloscope just by using a constant multiplicative

factor.

I/1

Cathode

22 kQ

22kQ
Oscilloscope

2 kol\2

Ground

2kQ

3

5.3.  Diagnostic Tools:

Fig.5.3 Circuit diagram of
the voltage divider circuit

The voltage fluctuation data obtained as a function of time are analysed with the help

of real time behaviour, phase space behaviour and frequency space characteristics.

The behaviour of a dynamical system can be classified as: steady, periodic, quasi-

periodic, chaotic and random. The way in which they differ in time series, frequency

and phase space behaviour is tabulated in Table — 5.1. [33]

Table 5.1 Different types of dynamics and their representation

Sr. | Type of Time series Phase portrait for the FFT behaviour

No. | dynamics behaviour dynamic system

1 Steady Value of the variable | Point Only frequency at
remain constant with zero frequency is
time seen

2 periodic Value of the variable | Simple orbit Sharp peak at
shows simple particular frequency
periodic repetition is seen

3 Quasi- The variable shows Complex orbit Sharp peaks at

periodic complex periodic number of

repetition frequencies is seen

4 chaotic No repetition of the | Specific strange looking | Continuous spectra
value of the variable | pattern called with peaks at some

ATTRACTOR frequencies

5 Random No repetition of the | Phase space is uniformly | Continuous spectra

value of the variable | filled and no peaks at all
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Construction of Phase portrait:

Phase portrait is graphical presentation of the evolution of system behaviour in phase
space. Packard et.al. [84] proposed a method for the construction of multidimensional
phase space portrait from the measurement of a single variable. The present study uses
the 'time delay method' by Packard et.al. for construction of the phase space. A time
delay of 25At is used for the construction of the phase plot in the present study, At

being the sampling interval.

Fast Fourier Transform: (FFT)

For frequency space analysis, the most widely used Redix-2 Cooley-Tukey algorithm
for first Fourier transform [FFT] is used. FFT is nothing but fast discrete Fourier
transforms (DFT) achieving a great reduction in calculation time. In FFT, one express
a discrete Fourier transform (DFT) of composite size N = N;N; in terms of smaller
DFTs recursively. Redix-2 method requires the number of data points as N=2'. If
there is a little short of data to complete N=2', necessary data points are augmented by
padding zero. Such small augmentation does not alter the frequency feature of the

signal but allows the algorithm applicable for the data set.

The discrete Fourier transform (DFT) of series X, is defined as:

-1 _27rznk

n=0 (5.1)

where, k is an integer ranging from O to N-1.

In Radix-2 Cooley-Tukey algorithm, DFTs are computed for the even-indexed inputs

(Xom = X0, X25eeeeennnn , Xn-2 ) and of the odd indexed inputs (Xom+1= X1, X3, «veee.. , XN-1 ), and
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then combined to produce the DFT of the whole sequence. To realize FFT, the idea is

performed recursively to reduce the overall runtime.

54. Results and discussion:

5.4.1 Voltage instability in argon plasma:

For a given current, observed instabilities in argon arc under different gas flow rates
are presented in figure 5.4. The same as a function of arc current for a given flow rate
is presented in figure 5.5. It is observed that for an arc current of 350 and a gas flow
rate of 15 slpm, the arc voltage exhibits a highly periodic behaviour. FFT exhibits a
sharp peak around 1 kHz and phase space reveals well defined periodic orbits of the
dynamics. As flow rate increases, the periodic feature continues, but the dominant
frequency of the dynamics near 1 kHz gradually shifts towards higher value. Finally at
30 slpm of gas flow, the dynamics switches from periodic to chaotic/random type. The
dominant frequency near 1 kHz vanishes and instead, continuous looking spectra,
characteristic feature of chaotic/random behaviour emerge. Similar trend of behaviour

is observed at other currents too but with different gas flow rates for the transition.

The effect of increase in arc current on the behaviour of arc voltage in argon
plasma is presented in figure 5.5. For a fixed gas flow rate of 30 slpm, it is observed
that a variation in current from 100A to 350 A does not introduce much change in the
dynamic behaviour of the arc voltage. Some degree of periodicity, exhibited by
several dominant peaks in the FFT at lower arc current, gradually vanishes as current
increases. Associated phase space diagrams are complex and may correspond to either

random or chaotic behaviour.
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5.4.1 Voltage instability in nitrogen plasma:

As already mentioned, relatively low gas flow rate around 15 slm is a necessary
condition for operation of the torch with long plasma jet. Therefore, this study for
instability in nitrogen arc does not include the effect of variation in flow. Normally,
the variation in power of the jet is achieved by increasing the arc current. It is of
interest to see how the instability features in nitrogen arc changes with increase in arc

current.

Figure 5.6 illustrates the observed instability features of nitrogen plasma at a
gas flow rate of 15 slpm with arc current varying from 125A to 300A. A clear double
periodic behaviour is observed at arc current of 125A. One around 1.5 kHz and the
other around 2.75 kHz [Fig.5.6(a)]. The behaviour is nicely reflected in the associated
phase portrait also. The observation is of significance as it indicates that the associated
physics is forcing the arc to perform two distinct types of repetitive movements. As
current increases to 150A, the dominant dynamics near 1.5kHz persists but a bunch of
new frequencies appear below 1.5 kHz. Notably, the dominant peak near 2.75 kHz
vanishes. As current increase further to 175A, the frequency near 1.5 kHz also
vanishes and a nearly continuous looking spectrum appears. As current increases
further the frequency spectrum remains nearly unaltered. However at 200A the
dominant frequency near 2.75 kHz reappears. As current increases to 225A this
frequency vanishes again and never appears again at least up to a current of 300A. At
higher current, the dynamics appears with a nearly continuous spectrum which
indicates the dynamics may either be chaotic or random. Although the strange looking
phase portrait indicates that the dynamics may be chaotic, further study is required to

confirm.
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Fig. 5.6 Features of voltage instability in Nitrogen plasma at the gas flow rate of 15
slpm and different arc currents.
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5.5.Conclusion:
Studies on inherent instabilities in argon and nitrogen arcs under typical
operating conditions are investigate in this chapter through phase space and
frequency space behaviour. It has been observed in both cases that at higher
currents and higher flow rates the dynamics is either random or chaotic. At
lower currents and lower flow rates the dynamics exhibit a number of
interesting periodic behaviour. Observed, highly periodic behaviour in argon at
low flow rate (up to 25 slpm) and doubly periodic behaviour in nitrogen at
lower current (at 125A and 200A) are some of them. The studies are important
as they allow us to know the possible nature of instabilities when a certain
operating regime is chosen. The results my serve as important inputs for time
dependent physics model of such arc behaviour to be developed in future. It

may also help in optimising operating regime depending on process need.
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Chapter: 6
Thermodynamic and Transport Properties of
Nitrogen Plasma under Thermal Equilibrium and

Non-equilibrium Conditions

6.1. Introduction:

The chapter presents the calculation of thermodynamic and transport
properties of nitrogen plasmas that serve as a basic indispensable input for numerical
modeling, a fast emerging powerful field for design optimization and predicting
parametric behaviour. The property data may also find important applications in
analysis and interpretation of observed experimental behaviour under different

operating conditions.

Deviations from thermal and chemical non-equilibrium are often encountered
in so-called thermal plasma devices. Nitrogen plasma devices are somewhat special in
this as they offer non-oxidizing atmosphere, higher arc voltage, and operation with
usual tungsten based electrodes for numerous processing applications. So far most of
the available data on properties are based on equilibrium considerations. Among the
very few works on non-equilibrium properties, the major problem lies with the use of
different definitions of screening length in the shielded coulomb potential for charged-
charged interaction. Whether only the electrons or both electrons and ions participate
in the shielding are the major issues. In one such work [52], the wide variations in the
computed properties under these two different definitions of screening length are

presented. In another work the non-equilibrium properties are presented considering
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only the effect of electrons in the shielding. As ions are integrated part of the plasma
and have obvious effect in the shielding, computed properties may be inaccurate if
their effects are not accounted. A scope of ambiguity is thus introduced that which of
the existing data is more appropriate for a specific application. In an attempt to
remove the ambiguity, a different definition of screening length is proposed in a
recent work [54]. Effects of both electrons and ions are included and properties are
predicted in close agreement with the experimental data. This section of the thesis
follows this approach and presents the thermodynamic and transport property data

under equilibrium as well as thermal and chemical non-equilibrium.

Assuming a seven species model of nitrogen plasma, thermodynamic and
transport properties are calculated under thermal equilibrium and non-equilibrium
conditions. Species densities, mass densities, specific heat, enthalpy, diffusion
coefficients, viscosity, thermal conductivity, collision frequency and electrical
conductivity are studied as a function of temperature, pressure and different degrees of
temperature non-equilibrium. Effect of both electrons and ions are considered in the
shielding for charged-charged interactions under shield coulomb potential and
obtained results are found to be in excellent agreement with experimentally obtained
results, especially at higher temperatures. Accounting up to third ionized states, results
are presented with temperatures ranging from 300 to 50,000 K, the ratio of electron
temperature (T.) to the heavy particle temperature (T},) ranging from 1 to 20 and the
pressure ranging from 0.1 to 7 atmospheres. Under atmospheric pressure, results
obtained for thermodynamic equilibrium (T.=Ty) are compared with number of

published results under similar conditions.
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Under chemical non-equilibrium, number densities inside the plasma are
influenced by diffusive particle fluxes originating from species and temperature
gradients. The ultimate effect can be accounted for by including a modified rate
constant in the associated rate equations in place of chemical-equilibrium rate
constants and defining a chemical non-equilibrium parameter ‘c’ as the ratio of the
modified rate constant to the equilibrium rate constant [55]. Effects of chemical non-

equilibrium on the computed properties are presented with 'c' ranging from 0.5 to 2.

Procedures followed in the determination of thermodynamic properties are
briefly outlined in section 6.2. The same for transport properties are outlined in
section 6.3. Major results obtained and their comparisons with data available from
previously published reports are presented in Section 6.4. Conclusions are presented

in section 6.5.
6.2. Determination of thermodynamic properties

Considering a seven species model of the nitrogen plasma, it is assumed that the

species (N, No*, N*, N™, N™™ N, e) originate through five independent reactions:
()N, =N+N N
(i) N, =N +e

(i) N= N*+e > 6.1)

(iv) N"=N"+e

(V) N++ — N+++ +e /
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Accounted highest ionized state is N**

and the highest temperature considered
is 50000 K. N and e are considered as independent species and N», N,*, N*, N*", N***

are considered as dependent species.

Computation of partition function is the first step in calculating the thermodynamic
and transport properties. The total partition function for a given species of particles is
the product of internal partition function and translational partition function. The
internal partition function is again expressed as the product of electronic partition
function, rotational partition function and vibrational partition function. The process
of computing the total partition function is given in figure 6.1. The explicit formulae
which are used for computing the internal and translational partition function of

various species are presented in the Table 6.1 and Table 6.2 respectively.

|Total partition function|

[Translational partition function| X [Internal partition function|

[Electronic part]>{[Roatational part] X [Vibrational part]

Fig. 6.1 Algorithm for computing partition function

Table 6.1. Explicit form of internal partition function

Species Notation | Expression for internal | Description of associated parameters
partition function
M (Molecule) QM 0= T, O, is the characteristic rotational
rot -y temperature = 2.875 K for nitrogen
M (Molecule sz; 0, O.,,M is the characteristics vibrational
) " P T o temperature = 3394 K for nitrogen
h
O =—""7""~
®vib
l—exp| ——**
[ 2Th ]
MI QM1 0" = T, O, is the characteristic rotational
(Molecular i e, temperature = 2.780 K for nitrogen
ion)
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MI oM e, O, is the characteristics vibrational
(Molecular v " CXP| o7, temperature = 3175.9 K for N,"
ion) Qi = 7 e.)
1—exp| ——22
2T,
A (Atom) A E,.
1 (Ion) y E,
D (Double 0> E,
ion) el Qb = Z,: g0 exp(— r ij
T (Triple ion) T E.
o 0= 2,80 %P =
e(electron) Qim 2

Table 6. 2 Explicit form of the translational partition function

Species Translational partition function (V = volume of the system)
M (Molecule) 0" —y [ZmM k,T, ) 2
tr ° hz
3
MI (Molecular Ion) o _y [27277%41 kT, ]/2
tr ° h2
A (Atom) o oy [27zmAkBTh J/
tr N h2
I (Ton) v (2mk,T, EA
Qtr =V. hz
D (Double ion) kT V2
o) =V-[ ot J
T (Triple ion) v o[ 22mk,T, %
Qtr =V. hz
e(Electron)
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The computed total partition function of various species is then used for computing
the thermodynamic and transport properties. The process of computing the

thermodynamic and transport coefficients is presented graphically in figure 6.2.

[Partition functuon of species

<> ~

IPlasma composition Collision integral

<> <>

Thermodyanmic properties [Transport properties

Fig. 6.2 Algorithm for computing the thermodynamic and transport
properties

The plasma composition is calculated from the non-equilibrium Saha equation, the
equation of charge neutrality and Dalton’s law of partial pressure. The rate constants,
reaction energies and the associated 2T- Saha equations used for computing the

plasma composition are presented in the Table 6. 3.
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Table 6.3 Reactions, rate constants, associated Saha equations and reaction energies for
nitrogen plasma system

Sr. | Reaction Non- Rate constant (Ri) Reactio

No equilibriu n

. m Saha energy

(1) equation Qliin
cm-1)

I | N,=N+N | n} 77,554

m() BT h % 2
o R_{(z ) }.{Qe(Th)FeXP{ZI}
T,

2 | N,=N;+e M _ g,

P (7,) [2m7kBTh j% expl - >, 125,665
" o)\ ’ k,T,
- 3
3UIN=N+e | mm gl :Z_Qz(Th){zmn7kBTh jé.exp DR
"o 3 Ql(Th) n? k,T,

4 | N'=N"+e | mn _p 0.(T.) (22mk,T, \ > .7 12383846
—M R =2 =N s | .exp =
om)\ n kyT,

++ o A7 - 3
S| NTENT e e _p ) Qz(Th)[zkaTh jA exp{_ 5} 382,625
5 - . o 2 .

The physical constants and notations used for computation are provided in Table 6.4.

Table 6.4 Entities used in the computation of thermodynamic and transport

properties
Species index | 1 2 3 4 5 6 7
Species N, N,* N* N** N |IN e
Mass M1 M2 M3 M4 M5 M6 M7
Number N1 N2 N3 N4 N5 N6 N7

density

No. of levels | Analytical | Analytical | 178 330 287 366 2
considered

Mass (amu) 28.016 28.016 14.008 | 14.008 | 14.008 | 14.008 | 5.49E-
4

The rotational and vibrational constants which are needed for computing the

associated quantities are collected from [85] and listed in Table 6.5.
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Table 6.5 Rotational vibrational constants of N, plasma system, D, is the
dissociation energy of the molecules.

Speci | Molecu | Vibrational Rotational constants Characteristi

es le constants cs

index temperatures

We WeXe Do B. e e Ho Orot | Ouip
Lo lem [ @V) | em | (em [(A%) |(@am |(K) |(K)

(cm™) 1) 1) 1) u)

1 N, 2358. | 14.32 [ 9.75 | 1.998 | 0.017 | 1.097 | 7.00 | 2.87 | 3394.
57 4 9 2 3 7 1 5 0

2 Ny 2207. | 16.10 | 8.71 | 1.931 | 0.018 | 1.116 | 7.00 | 2.78 | 3175.
00 3 8 8 4 1 0 9

The relation for the conservation of total charge (criteria of charge neutrality) and total

pressure (Dalton’s law of partial pressures) are written below.

n, =n, +n, +2n, +3n; 6.2)

I S S i i i i (6.3)

Now get the composition of the plasma we need to solve for n;, whe i runs from 1 to 7.
For that we need seven independent equations involving n;. Five equations are
obtained from five reactions as in Table 6.3 and two more equations are obtained as in
(6.2) and (6.3). For a given temperature and pressure these seven equations are solved

to obtain densities of seven species.

Once plasma composition is obtained, average density of the plasma can be computed

using the following formula.
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7
p= zmini
i=1

(6.4)

The specific energy for various species are computed as Table 6. 6.

Table 6.6 Formulae for specific energy of various species of particles

Specie | Formula Explicit form
S
E 1 .| 9InQ¢ 13
— " E =——(nk,T,)+0
( JnekBT‘e|: aTL :|V e 2(n€ B e)
{pa]s
P oI, |,
M 1 dln Q"
[janBThz[ o7 d 1 |
P bV E, =— ( n k3Thj+n k0| =+ )
M P vib —
+[1JanBT/12|:aanmt:| exg{ T;:j !
Y JT, M
MI 1 dlnQM (5 i
(p] uk Th2|: aT :| ( nMIkBThJ—i'nM[E +
\4
ol Mi 1
1 nMIkBT ant EMI =
+|— dT, P 1
P Nk 5 ®
+nMIE/brmatiunM eXp(G)w' T j
L h dmr
A (1} z{aln QA} 5 n E
n kT | ——"— (I’lkT +A%
o, |, . 2
omoa || 74 p a1
(1] nAkBTe2|: aTe :| P +n kBT anm
p + nA E formationA
I 1 olnQ!
(p)"szTh{ o, | | ( n,kBThj+n,(E,+ j
1 E[ =
1 nIkBYL{algTQim} P +n.k T2 dln Qi{n
; ‘ ! ‘ aTE V
+n 1 E formationl
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D 1 olnQ? (3 E. ]
— k T2 —X=r
(p]nD B h|: aTh j|v | (EnDkBThj + n’D(EZ + El +7dJ
all’lQ-D ED = D
kT2 ———m dIn Q.
+[1J "o¥s ”{ orT, } P +nDkBTez( ;Q““J
p tn D E formationD - Te v -
T 1 [ 9nQy (3 E, )]
[p)nrkgﬂ[ o |, ) (EnTkBThJ+nT[E3+E2+E,+7dj
1 E. ==
2 aln iil b al T
O R (I e
p L e Jy
+ nTEformalinnT

In the above expressions Efomationx Stands for the energy required for the
formation of the species of the particle X, where X may be molecular ion, atom, ion,
double ion or triple ion, E4 is the dissociation energy per molecule, E;, E; and Ej3 are

the first, second and third ionization energies respectively.

Once the specific energy is known, specific enthalpy h; of species i having

density n; and specific energy E; is computed as:
h,=E, + (1/p)”ikBTi (6.5)

Explicit formulae used for computing the specific enthalpy per particle for various

species is presented in the Table 6.7.

Specific heats are computed from respective specific energies and specific

enthalpies employing standard thermodynamic relationships.

In this study results are presented with 0 (= T. /Tp) up to 20. It may be
remarked that for higher 0, initiation of electronic avalanches may significantly

modify the composition, which is not accounted in this model. Highly energetic
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electrons corresponding to high Ty and high 0 are primarily responsible for this. To
avoid such situations results are presented with highest electron temperature not

exceeding 50000K for any 0.

Table 6.7 Specific enthalpy of various species of particles

Species | Formula Explicit form
E =
h’e Ee - kT; he = énekBTe
2
M h, =E, +kT, [7kBTej
2
h, =
' P Y S
"2 explO,,/T,)-1
MI h,, =E,, +kT, +E, (7 J
EkBTe
e +k,0 l+ ! +E
2 exp(®vib /T, )_1 ’
A E 5 E
h,=E, +kT, + % (2kBTh]+2”
AT A
+kBTez[aanm‘J
oT,
e v
I E 5 E
h, =E, +kT, + % (szTh]+2‘f+
+E 1o dln Q!
! E + kBTf[gf ]
D E (5 E
hD:ED+kTh+ % (2]{3]"/1)4_2"
+E +E hy = D
S +E +E, +k,T° Gl
I o, ),
T E (5 E
h, =E, +kT, + % (EkBThJJr?d
+E +E,+E hy = r
b +E +E,+E, +kBTf(—a lgTQi“‘J
L e Jv
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6.3. Determination of transport properties

Once the species concentration is determined as above, the various transport
coefficients are determined following the first order perturbation technique of
Chapman and Enskog [86,87]. In this method, the transport coefficients come in form
of ratios of infinite determinants. The elements of the determinants usually appear in
forms of complicated combination of bracket integrals. Chapman and Cowling [87]

have shown that these integrals can be expressed as linear combinations of a set of

integrals, QE,-I’S) , defined as below:

*

27k , T" %
Qi = ﬁ—i”exp(—;/;)yf”(l—cos’;()bdb dy; (6.6)
ij 00

where, kg is the Boltzmann constant, mij* and Tij* are effective mass and effective
temperature of the colliding particles (i"™ and jth). y is the deflection angle, b is the
impact parameter and v;; is related to the relative velocity g;; between i"™ and jth particle

as following:

Yy = 8,1 \J2ksT Im, 6.7)

The angle of deflection, 7, explicitly associates the interaction potential ®(r) as

following:
x=r-2b] dr :
0 2 i 2?(? —l% (6.8)
mijgij r

In this study viscosity and binary diffusion coefficients are determined using 1st order
approximation, diffusion coefficients and thermal conductivity of heavy particles are

determined using 2nd order approximation, thermal diffusion coefficients of electrons,

125



thermal conductivity of electrons and electrical conductivity are determined using 3rd
order approximation.
Values of the collision cross-sections Qij(l’s) are obtained from collision integral

values using the relationship:

o) _ Q;
Q;" = -
(s+D20+1-(=1'] [k,T, 69
4(1+1) 27m, '

In this study, twenty-eight independent interactions of five major types: neutral-
neutral, ion-neutral (resonant), ion-neutral (non-resonant), charged-charged and
electron-neutral are involved. These interactions are presented in the form of a chart

as following.

Table 6.8 The interaction chart for Nitrogen plasma

Species | (j) 1 2 3 4 5 6 7 Neutral-Neutral
index Ion-Neutral
(i) Species | N, | N," |[N" | N™" | N | N e (resonant)
1 N, 1-1 | 1-2 1-6 1-7 Ion-Neutral
2 N,* 2-1 |22 |23 2-5 (non-resonant)
3 N* 3-1 |3-2(3-3|34|3-5 Charged-
4 N** 4-1 |4-2 143 |44 | 4-5 Charged
5 N 5-1 [5-2|5-3|54]5-5 Electron-
6 N 6-1 |6-2 |6-3 |64 | 6-5 6-6 6-7 Neutral
7 e 7-1 |72 7-3 |74 |7-5 7-6 7-7

Most of the collision integrals, used in this study are taken from the compilation by
Capitelli et.al.[88]. Necessary cross-sections for neutral-neutral interaction between
N»>-N», N»-N and N-N are computed using exponential repulsive type of potentials for
T > 2000K. For T < 1000K Lennard-Jones type potential is used. Potential parameters

are taken from experimental beam studies by Leonas et.al.[89]. The data for the range
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between 1000K < T < 2000K is obtained by smoothly linking the two datasets. For
Molecule-molecule, molecule-atom and atom-atom interactions, not involving
electrons, associated collision integrals are evaluated considering exponential

repulsive potential and calculated from six coefficients al to a6 as following [88]:

al + a2.(T_f* )a3

QU — i
ad + aS.(T; )a6 (6.10)

T; is the reduced temperature as defined in the following:

ml.Tj + ijl.

m;, +m, (6.11)

For electron-molecule and electron-atom interactions, the integrals are computed by
direct numerical integration of relevant momentum transfer cross-sections available in
literature. Collision integrals so computed may be obtained from nine coefficient

values (al to a9) as following [88]

. InT, —al
a3.[ln T, 6.exp {nya}
QU = a2
exp | mTu —al) o | o[0Ty mal (6.12)
a?2 a?2
2

InT, — a8 s
+a7.exp [—{n;—gaj ]+a4-[1+(1n Tij)ﬁ]

The coefficient values [al to a6] in equation (6.10) and [al to a9] in equation (6.13)
are available in Ref.[88]. The Ion-neutral non-resonant interactions are computed

using polarizability model. The collision integral assumes the following form:
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QT = T2
Q"(T)=0.833Q""(T)
Q"V(T) =0.729Q"(T) 6.13)

Q"(T)=0.871Q"(T)

Z is the electronic charge of the ion (1 for singly ionized) and a is the
polarizability. Polarizability of N, and N are taken from literature as 1.76 and 1.13
respectively [85]

For interaction between N and N*, two distinct processes are involved: (a)
diffusion type dominated by charge exchange process and (b) viscosity type -
dominated by valence forces. For viscosity type interaction, collision integrals are
computed using twelve potential curves [48]. For diffusion type interactions, the
collision integrals are calculated from the dependency of charge transfer cross-section

(Sex) on relative velocity (v)[88]

(y—Snv)
ex 2

Q' =28, (6.14)

1 % £
1)~ 0" e -
0

Experimentally determined values of the parameters y and & are taken from

tabulation in Ref.[88]. A shielded coulomb potential is used for interactions between

®(r)= (éj exp{— ﬂ—ﬂ 6.15)

charged particles:
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Where, Ap is the Debye length, e is the electronic charge and r is the distance. Ap is

computed as:

(6.16)

The summation is taken over all the charged species. The Coulomb parameter A is

computed as:

(6.17)

Where by is the impact parameter between i™ and jth species and calculated as
following:

Z.Z,
- 87k, T,

by (6.18)

Relevant collision integrals are then calculated using the closed form expressions [54]:

27k T, _
%ﬂzbé 1“(S)[ln(/\) —% -2y + ‘P(S)} (6.19)

27k T -
#ﬂzbgr(s)[ln(A)—l—27+ w(s) (6.20)

g

where,

B s—1 1
7=0.5772;%(s)| =Z;;‘P(1) =0;4=1.03 6:21)
n=l

Once the collision integrals are calculated, the diffusion coefficients are

computed employing the equations (6.22) to (6.28). It may be remarked that the
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collision integrals used in this study for charged-charged interactions are verified to
offer excellent agreement with experimental data [54]

The diffusion due to pressure and species concentration gradients is controlled
by general ambipolar diffusion coefficient (D;") (GADC)and that due to temperature

gradient is controlled by thermal ambipolar diffusion coefficient (D;'*) (TADC):

a_ @,
D; = (Dij +EZZkaj] (6.22)

1

Ta __ T miai \ ZkaT

While a summary of the scheme used in the calculation of these coefficients is
presented in figure 6.3, details of the calculation procedures are given below.

Following Ramshaw [90], the binary diffusion coefficient (BDC) between two
particles i and j is calculated as:

2
o3RI,
ij 16pm;Ql;1,l) (T;]*) (6.24)

Here, T; and T; are temperatures of i™ and jth particles respectively. T*ij and mjj* are
effective temperature and effective mass respectively.

p is pressure ,Qij(l’l) is the weighted average of gas kinetic cross-section over a
Maxwellian distribution [91]. kg is the Boltzmann constant. Factor f;;=1 if i,j#e, and
tie=fei=f(Z;); f(1)=1.97, £f(2)=2.33 and £(3)=2.53 [90].

Once the temperatures are known, this diffusion coefficient can be computed directly
using the above relation using already available Qij(l’l) values from literature. For a
seven species (N, N, N*, N**, N N, e) nitrogen plasma there exist a total of forty

nine BDCs.
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First approximation to the general diffusion coefficient can be written as [86]:

F Ji _ F i
’ m ;|F | (6.25)

where, F is cofactor of Fj;, defined in terms of BDC (Dijb) as [86]:

1 n

1

+an—m";(1—5,-,-)

b
pLDy; FimDy (6.26)
Thermal diffusion coefficients (TDC) of electrons are computed using third order

approximation as [93]:

q()l qoz
DT - 15nJ27m kT, q” q”
e 4 00 01 02
qlo 11 qlz (6'27)
q
20 q21 qzz

TDC of heavy particles are computed using second order approximation the following

relationships [93].

00 01
X X 0 1
o 15, 2am kT, |Th 4 a% 4
D; = q i q i n; 10 11
4 s 0 o 95 9 (6.28)
ik

The q,’," " elements in DiT and the elements in the determinants for DeT are computed

in terms of average collision cross-sections as prescribed by Devoto [91]. Once these

coefficients are known, the TADCs are calculated according to (6.23).
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Diffusion Coefficient Formalism for 2-T Plasma
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Fig . 6.3 Summary of the schemes used for computation of different diffusion
coefficients under the framework of two-temperature non-equilibrium
plasma.

Thermal conductivity of electrons

The translational thermal conductivity of electrons in the third approximation is

computed as [91]:

k

m

e

Tk, (27T 1
tre ] (qlz)Z (629)
11

9 — %

Expressions given by Devoto [91] for various q” elements in terms of collision cross-

sections have been used in the computation.
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Thermal conductivity of heavy particles
Following Devoto [93], the translational thermal conductivity of heavy particles is
computed as:
00 01
q; q; 0

75k . |27 . T
-— g g, (6.30)

8l n 1m0

ktr,h =

The expressions for various qf,.”” elements in terms of collision cross-sections are

available in Ref [93].

Electrical conductivity
The electrical conductivity is computed in the third approximation in similar manner

as prescribed by Devoto [91] as:

o (€mmn(3np) 24,7, g ga” 6.31)
ph, T, J(2nm, JN om0 g "

e

_R QR

where, 'e' is the electronic charge. The expressions for various g™ elements in terms

of collision cross-sections are available in Ref [91].

Viscosity

Viscosity is computed using first approximation in the Sonine polynomial expansion

as:
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~ 00
Ty MM

n. 0

J

(]6? i \)ﬁl (6.32)

Associated elements of interest are computed in terms of cross-sections as given in
Ref. [91]

Reactive thermal conductivity of electrons and heavy particles

A formulation originally developed by Bose [94] has been used for

computation of reactive thermal conductivities. A total of 5 reactions are involved in

generation of the 7 species present. Species-r (r = 1 to 5) is generated in the r™

reaction involving the species-6 (N) and species-7 (e). If Ah is the net change in

enthalpy in the ™" reaction [Table-6.9], and ¥, is the number flux vector of the ™

species, then the total reaction heat flux vector appears to be [86]:
5
g = -2, Ahy, (6.33)
r=1

where ¥, is the particle flux vector. For a fixed total pressure, this can be written in

terms of partial pressures (p;) and general ambipolar diffusion coefficients (D;") as

[86]:

7

n T, “
Vs o, (6.34)
B*r J= j

To estimate the contribution of reactive part alone, effect of temperature gradient and
other external forces (except internal electric field) are neglected. Substituting (2.35)

into (2.34), the total heat flux can be rewritten as:
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(6.35)

5 7 a .
- Z Ah, Z T_ / rj P VT,
] pkBTh = T oT,
T_
T

r=1 ' p
This has the form: ¢, = k,, VT, +k,.VT,

The coefficient associated with V7, is defined as the reactive thermal conductivity of

electrons and calculated as:

7 a )
an,—2 % Loy pofls (6.36)
1 pk, T, = T, 7773937

j=1 J e

re

Pl
Il
H N

Similarly, the coefficient associated with V7, is defined as the reactive thermal

conductivity of heavy particles and calculated as:

7
T .
S S pefi 6.37)

The above definitions of reactive thermal conductivities enable easy separation of
reactive contributions to plug into separate energy equations of electrons and heavy

particles in the two-temperature CFD simulation.

To evaluate dp,/dT,and dp,/dT, terms appearing in the above equations,

five reaction equations involved in generation of the plasma together with the
equations for charge conservations, total pressure are considered. Taking logarithm of
both side of these equations and then taking derivative with respect to T., 7

simultaneous algebraic equations are obtained in terms of dp /9T, (j=1 to 7). These

equations are then solved to obtain the values of dp; /97T, terms. Similarly, derivative
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of logarithm of these equations with respect to Ty provides the value of dp /9T,

terms.
Table-6.9 The net change in enthalpy in different reactions
Reactio | Change | Expression
n No. in
Enthalp
y
1 A
o %kBTh b2k, 72 910 Qur. lgTQim ~k,0, B+ exp [— O H +E,
e h
2 Ah, 5.3 dInQ’ {1 o)
—=k,T +=k,T +2k, 7" ——™ — k.0 —+exg{—ﬂj -E,+E
2 B 2 B~ h B 87:, B 2 T;l 0 'd
5 ,dlnQ% ,0InQ!
-=k, T +k, T ———k T —"—-FE
3 2 BT e B~e 87—; B~e 87—; 1
4 Ah dln Q2 dlnQ?”
! —SkBTe+kBTezTe"“—kBTfTe““—(El+E2)
5 Ah 1 InQ* InQ"
A gL g, T gL S (E +E,+E)

It may be noted that each of the two reactive conductivities defined above

involve all species present. However, they are named after electrons and heavy

particles because in the fluid dynamic equations, the first one appears in the electron

energy equation and is associated with VT,, while the second one appears in the

heavy particle energy equation and is associated with V7,. The reactive thermal

conductivities are finally computed after evaluating the derivatives as described

above.
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Chemical and thermal non-equilibrium:

Formalism similar to Ref.[55] has been used for study of thermodynamic and
transport properties under chemical non-equilibrium. The conservation of the number
density (ng) of species ‘k’ inside a plasma control volume reads as [95]:

on,
dt

+V.n i)+ V.g, =n, (6.38)

n, u isthe convective flux and g is the diffusive flux of species ‘k’.

The diffusive flux can be written as [86]:

nZ v p n v n~Z~€Dk» DaT
=— Y m.D!|Vx. +(x,——L)VInp |-— I8 X 2k VInT, (6.39
& pz = Vinp p; T VT (639

E* is the external electric field, Xj 1s ratio of n; to n and n is the total density. Equation
(6.38) can be interpreted as a modified Saha equation including the effect of chemical
non-equilibrium. To emphasize this fact we take the example of single ions for which

the right side of equation (11(2.38)) appears as [95]:

. a,n{Sz - ”;"' } (6.40)

a

S, is the equilibrium rate constant of reaction-2 and oj is the recombination

coefficients of ions. Equation (6.40) can now be written in the form:

¢ L=R,=5,-AS, (6.41)
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This is similar to usual Saha equation but now takes into account chemical non-
equilibrium through AS,. R; is the ultimate rate constant for respective reaction (atom

to ion formation in this case).

1

AS, = [V.(n,i) +V.8, ] (6.42)

Ina

In similar ways different rate constants R;, equilibrium rates S; and corresponding

non-equilibrium contributions AS; can be obtained for i associated reaction.

Like temperature non-equilibrium parameter 6, a chemical non-equilibrium
parameter c¢; can now be introduced to identify the exact effect of existing chemical
non-equilibrium for the i™ associated reaction and corresponding influence on the

estimated properties:

c, =——% (6.43)

Under different pressures and thermal non-equilibria, results are presented with

different regimes of chemical non-equilibrium parameters 'c;' as well.
6.4. Results and discussion

Thermodynamic and transport properties, computed following the above formalism
are presented in the following. The values of thermal non-equilibrium parameter 0 are
chosen in a manner that clarity of presentation and ranges of interest are maintained.
Highest value of 0 is limited to 20. Results are presented for pressure values: 0.1, 1.0,
4.0 and 7.0 atmospheres. Selected highest and lowest pressure values are close to

respectively upstream and downstream pressures inside of typical arc plasma torches.
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It is expected that 0.5 < c¢; < 2.0 covers most of the practical cases of interest and
results of chemical non-equilibriums are presented accordingly. The presence of
dissociative reactions at lower temperatures makes some of the properties distinctly
different from those of monatomic gasses. Thermodynamic properties are presented
first. Transport properties are presented next. An extensive comparison of the obtained
thermodynamic and transport properties with experimental and other theoretical
results is presented after that. Results with chemical non-equilibrium are presented at
the last. Numbers associated with the curves in the figures correspond to respective
thermal non-equilibrium parameter (0). Results presented up to Figure 6.27 assume

ci=1 for all reactions. Figure 6.28 to Figure 6.31 include results with c;#1 as well.

Variation of composition of atmospheric pressure nitrogen plasma as a
function of electron temperature and thermal non-equilibrium is presented in Figure
6.4. The same for total number density as a function of pressure is presented in Figure
6.5. It may be pointed out that total number density is independent of 0, although
number density of individual species depends on it. Total number density together
with associated mole fraction value may be used to obtain the actual density of
individual species at a given temperature, pressure and thermal non-equilibrium. For
higher thermal non-equilibrium, as the molecule gets dissociated to form atoms,
availability of high electron temperature immediately ionizes them. Observed

negligible atom density at higher 0 is a consequence of that.
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Fig. 6.4 Mole fraction of different species in nitrogen plasmas under different
degrees of non-equilibrium at atmospheric pressure: (a) Te/Ty=1,(b) T/Tp=2,(c)

Te/Th=5,(d) T/Tr=10.
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Fig. 6.5 Variation of density as a function of electron temperature with pressure

as parameter
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Figure 6.6 presents the variation of electron number density with p, Te and 0.
Although, there is a strong dependence on pressure, the trend of variation of electron
density with 0 remains nearly similar for all pressures in the pressure range
considered. For a given pressure, the peak in the electron density first increases with
increase in 0 and then inherits a decreasing trend with increasing 6 for higher 6 values.
For a given electron temperature as 6 increases, the temperature of the heavy species
decreases and so does the partial pressure exerted by them. As total pressure is
assumed constant, this induces an enhancement in the partial pressure of the electrons
through increase in their number density. This is what is observed in Figure 6.6 for
lower 0 values. However, if 0 is high enough, the realized T}, for a given T, may not
be sufficient to cause dissociation of N, molecule. In such situations, the peaks in the
electron density shift towards higher T. values as 0 increases. However, if T.
increases, electron density must decrease, as total pressure is constant. Observed

reducing peak heights of electron density at higher 0 values are consequences of this.

Variation of total enthalpy as a function of p, T. and 0 are presented in Figure 6.7.
Unless some reactions (like dissociation, first ionization, second ionization etc.) are
involved, the enthalpy increases almost linearly with T.. Observed shifting of the
enthalpy-temperature curves with increase in 6 may be explained in similar manner as
above. For a given T. and 0, as pressure increases, average energy per particles
decreases resulting in relatively lower heat content per unit mass of the plasma at
higher pressure. Observed decrease in enthalpy with increase in pressure for a given

T. and 6 may be explained from this.
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Specific heat at constant pressure (cp) for electrons and heavy particles as a function

of p, Te and 0 are derived from derivatives of the respective enthalpy variation with

respect to T. and T, and presented in Fig. 6.8 and Fig. 6.9 respectively. Steeper

variations in enthalpy with respect to temperature for higher 0 result in the higher

peaks of the specific heat values.
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Results (DFC)

A systematic study of relevant diffusion coefficients, discussed in the previous
sections, is presented here. A system containing large number of species associates
too many diffusion coefficients and often it becomes impractical to present all of their
behaviour as a function of temperature and pressure in a concise elegant form [50]
The task becomes further difficult as one attaches degree of thermal non-equilibrium
as additional influencing parameter for systems under non-equilibrium. Nevertheless,
the study of behaviour of each of these diffusion coefficients is very much important
to understand the way they influence a particular reaction in a specific zone of
processing plasma at a particular pressure, temperature and non-equilibrium. The
diffusion coefficient data for binary diffusion coefficients (BDC), general diffusion
coefficient (GDC), and general ambipolar diffusion coefficients (GADC) are
presented for atmospheric pressure only. The results will help us to understand the
nature of diffusion processes in wide range of processing plasmas that operate around
atmospheric pressure. While ambipolar diffusion coefficients are the most relevant
ones for the systems under plasma state, both BDC and GDC are presented in this
study for clear identification of the effect of the ambipolar contribution in the
associated diffusion processes. Considering lesser volume of data, behaviour of TDC
and TADC as a function of electron temperature is presented for three different
pressures: 0.1 atm, 1 atm and 2 atm. To maintain reasonable clarity of the graphical
presentation, the thermal non-equilibrium parameter is varied only from 1 to 5 in all

the graphs.
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Binary Diffusion Coefficients

Binary diffusion coefficient for atmospheric pressure nitrogen plasma as a
function of electron temperature is presented in Figure 6.10 under different degrees of
thermal non-equilibrium. For the considered system, a total of 49 diffusion
coefficients arise. However, as Dijb:Djib, only 28 BDC, as presented in figure 6.10 are
of interest. In general, the coefficients exhibit an exponential rise with increase in
electron temperature and for a given electron temperature and pressure, the coefficient
values decrease with increase in thermal non-equilibrium. The self-diffusion
coefficient of electrons exhibits very weak dependence on thermal non-equilibrium
and the BDC involving heavy species are at least an order of magnitude lower than the
same involving heavy species and electrons. For the considered system, the highest
self-diffusion coefficient is observed for electrons. Among heavy species, the atoms
exhibit higher self-diffusion compared to the molecules. For interactions involving
ionic species, relevant self-diffusion coefficient decreases as the charge state
increases.

Binary diffusion coefficients are independent of the species composition.
Nearly parabolic dependence of the BDCs on the electron temperature arises from the
fact that the coefficient values depend on the product of temperature of the associated
species. For a given electron temperature, an increase in the thermal non-equilibrium
corresponds to a decrease in the heavy species temperature. Observed decrease in the
BDC values involving heavy species with increase in thermal non-equilibrium results
from this. For the same reason, the BDCs for self diffusion of electrons exhibit almost

no dependence on the thermal non-equilibrium.
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General Diffusion Coefficients (GDC)

The temperature dependence of GDC at atmospheric pressure under different
thermal non-equilibriums is presented in figure 6.11. To restrict the volume of data,
only some illustrative examples of the GDCs are presented here. However,
considering the fact that GADC data can be directly used for 2-T CFD simulation, the
complete set of data for GADC derived from these GDCs are presented in Fig. 6.12.
Features observed for GDCs are automatically inherited by GADCs. By definition, the
GDC involving identical species are zero. In general, D;#D;;.. For i#j, the coefficients
exhibit nearly zero values at lower temperatures, positive values at higher
temperatures and decrease with increase in thermal non-equilibrium. Appreciably
higher general diffusion coefficient values are observed when diffusion involves
electron as one of the participants. For diffusion of nitrogen molecules into species
other than electrons, the coefficients exhibit nearly similar behaviour. However, for
diffusion into electrons, the coefficient values are several orders of magnitude higher

[Fig. 6.11(a)].
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The GDCs of molecular ions exhibit the largest peak near 10000K and a
relatively weaker peak around 26000K in the considered temperature range [Fig.
6.11(b)]. Except for electrons and molecules, the behaviour does not change much
with change in the other diffusing species. The coefficient values are significantly
higher for diffusion into electrons. Although, positions of the peaks do not have strong
dependence on the thermal non-equilibrium, the coefficient values have. They exhibit
a strong nonlinear decrease with increase in degree of non-equilibrium.

The GDCs for singly ionized nitrogen exhibit appreciable dependence on the
degree of thermal non-equilibrium as well as the diffusing species. The trend of
behaviour itself is markedly different as the participating species differ. For diffusion
into molecules, after certain temperature, the coefficient values increase with increase
in temperature, reach a peak near 26000 K and then decrease [Fig. 6.11 (c)]. The
position of this peak on temperature axis is nearly independent of the degree of
thermal non-equilibrium. However, the peak height decreases fast with increase in
thermal non-equilibrium. Position of a tiny peak noticed at lower temperature, has
strong dependence on the degree of thermal non-equilibrium. For diffusion into
molecular ion, the coefficients exhibit two distinct peaks at two different
temperatures. Interestingly, while the first peak appreciably shifts towards higher
temperature zone with increase in non-equilibrium, the second peak is fairly
insensitive to it. Heights of the peaks decrease with increase in non-equilibrium. For
diffusion into nitrogen atoms, the GDC again exhibits two peaks. Position of the peak
occurring at lower temperature is sensitive to thermal non-equilibrium. But the peak at
higher temperature is fairly insensitive to it. Observation of large peak at higher

temperature for 0=1 is a significant observation for GDC involving N* and N [Fig.
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6.11(d)]. For diffusion into double ions, triple ions and electrons, the coefficients first
increase with increase in temperature, reach a peak at certain temperature and then
decreases [Fig. 6.11(e)]. With further increase in temperature, the coefficient values
again increase with increase in temperature. Height of the associated peaks
significantly reduces with increase in thermal non-equilibrium. For diffusion
involving electrons, values of the coefficients are several orders of magnitude higher
compared to others.

The GDC for diffusion of double ions into atoms is presented in Fig. 6.11(f).
Nearly similar features are observed for diffusion into molecules and atoms. A
relatively small peak at lower temperature, a large peak at higher temperature at every
non-equilibrium and decreasing peak values with increasing thermal non-equilibrium
are some of the major features observed. Diffusion of double ions into molecular ion
and single ion also exhibit similar features. ~When plotted as a function of
temperature, the coefficients exhibit two peaks for every non-equilibrium: one at
lower temperature and the other at higher temperature. The first peak shifts towards
higher temperature and diminishes in height as the degree of non-equilibrium
increases. However, the second peak remains mostly unchanged in position but
decreases in height for the same. The coefficients for diffusion of double ions into
triple ions and electrons also exhibit similar features. After exhibiting two peaks at
relatively lower temperatures, the coefficients again start increasing with further
increase in temperature. The first peak remains higher than the second peak for every
non-equilibrium and shifts its position towards higher temperature as well as

diminishes in height as non-equilibrium increases.
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For the molecules and atoms as diffusing species, the coefficients for diffusion
of triple ions exhibit extremely small values below 35000K followed by a sudden
increase. For diffusion of triple ions into molecular ion, single ion and double ion, the
coefficients exhibit nearly similar trends of behaviour. A peak at lower temperature,
followed by a plateau and a sharp rising section are the typical features exhibited by
these coefficients [Fig 6.11(g)]. For diffusion into electrons, the coefficient values are
significantly higher. After the peak at lower temperature, an elongated plateau region
is observed.

Almost identical trends are observed for the diffusion of nitrogen atom into
rest of the species [Fig. 6.11(h)]. Non-equilibrium dependent relatively smaller peak
at lower temperature, followed by a plateau and a sharp rising region are the typical
features of these coefficients. Like other cases, the coefficients involving electrons are
several orders of magnitude higher.

For diffusion of electrons into rest of the species, the GDCs exhibit nearly
similar behaviour [Fig. 6.11(i)]. Initially, the coefficients increase with increase in
temperature, reach a peak at certain temperature and then decrease. After reaching a
minimum the coefficients again start increasing with increase in temperature. Other
than 0=1, the peak heights are comparable. While for a given non-equilibrium, the
coefficients for different diffusing species are of the same order of magnitude, the
coefficients involving molecules and molecular ions exhibit slightly lower values
compared to the rest.

Unlike binary diffusion coefficients, the GDCs depend on species
composition. The GDCs have the tendency to inherit the feature of increasing

coefficient values with increase in temperature similar to the binary diffusion
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coefficients, wherefrom they are derived. However, due to dependencies on the
species, GDC involving any two specific species exhibit peaks at regions where
associated species densities exhibit a peak. For example, the associated peak near
8000K for GDCs involving N," occurs as N,* density peaks at this temperature [Fig.
6.11 (b)]. Similarly, the peak near 12000K for GDC involving N and N, [Fig. 4 (h)
(6.11(h))] and the peak near 42000K for GDC involving N** and N [Fig. 6.11(f)]occur
as respectively nitrogen atom and double ion densities reach a peak at those
temperatures. However, the ultimate behaviour and the position of the observed peaks
in the GDC at a given pressure are decided by the dominating species densities
together with the modulation imposed by the overall mass density that reduces with
increase in temperature and the relevant values of the binary diffusion coefficients
which increases for the same. Relatively smaller peak observed around 26000K in
many of the GDCs mainly owes to the contribution from the high population of singly
ionized nitrogen ions at this temperature. Lower rest mass and higher mobility of the
electrons compared to rest of the species result in the significantly higher GDCs for

cases involving electrons.

General Ambipolar Diffusion Coefficients (GADC)

A total of 49 GADC, presented in Fig. 6.12 (a)-(r), Fig. 6.13 (a)-(r) and, Fig.
6.14 (a)-(m), are derived from respective GDC through the formalism described in
section-II. While the GDCs are zero for diffusion between identical species, the

GADCs are not so because of the presence of the nonzero second term in equation

(6.22) [Fig. 6.12 (a,1,q), Fig. 6.13 (g,0), Fig. 6.14 (e,m)]. Although, ambipolar effects
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originate due to presence of charge particles, by definition, non-zero ambipolar
diffusion coefficients are possible for neutral particles as well. In such cases, the
ambipolar diffusion coefficients are same as the GDC owing to zero contribution from
ambipolar effects. When compared with respective GDC, the ambipolar contribution
can be directly estimated from the data presented in respective cases. As these
coefficients are based on the GDC, the trends of behaviour observed here are
automatically inherited in respective cases. Pronounced ambipolar effects are
observed for cases involving diffusion of electrons into other species [Fig. 6.14 (g)-

(m)]. The effect reduces the coefficient values by at least an order of magnitude.
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Fig. 6.11 Behaviour of selected general diffusion coefficients (GDC) as a
function of electron temperature and thermal non-equilibrium at P=1 atm.
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Thermal Diffusion Coefficients (TDC)

Markedly different features, observed for TDC, are presented in Fig. 6.15.
While the BDC are always either zero or positive, the TDC are found to be positive,
zero as well as negative. Unlike BDC, the trend is different for different species. The
coefficients for molecular nitrogen always exhibit positive values that increase with
increase in pressure and decrease with increase in thermal non-equilibrium [Fig. 6.15
(a), (h), (0)]. The coefficient values initially increase, reach a peak at certain
temperature and then decrease with further increase in temperature. Associated peaks
shift towards higher temperature with increase in thermal non-equilibrium.

Compared to molecules, the coefficient values for molecular ions are
extremely small (mostly zero or negative) [Fig. 6.15 (b), (i), (p)]. For singly charged
ions, the TDC are again found to be either zero or positive. However, unlike
molecules, two peaks are observed at two different temperatures which shift towards
higher temperatures with increase in pressure and decrease in values with increase in
thermal non-equilibrium [Fig. 6.15 (c), (j), (q)]. For double ions, the thermal diffusion
coefficient values exhibit zero, negative as well as positive values. The coefficient
values are close to zero at lower temperature, exhibit negative coefficient values after
that and then become positive as temperature increases further [Fig. 6.15 (d),(k),(r)].
Notably, for a given pressure, the transition from negative to positive occurs at a
particular electron temperature, irrespective of the degree of thermal non-equilibrium.
Observed negative diffusion coefficients are of special importance as they can lead to
self-constriction in plasma. Similar to other species, the peaks in the TDC shift
towards higher electron temperature as pressure increases. However, for a given

pressure, the electron temperature at which the peaks in the TDC occur, are not very
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sensitive to degree of thermal non-equilibrium. For triple ions the thermal diffusion
coefficient is either zero or negative in the range of temperatures investigated [Fig .
6.15 (e), (1), (s)]. At lower temperature, the value is close to zero. As temperature
increases, the coefficients become more and more negative and reach a peak at certain
temperature. For a given pressure, higher the thermal non-equilibrium lesser is the
negative peak height. However, the electron temperatures at which the negative peaks
occur are again almost independent of the existing thermal non-equilibrium. The
TDC of nitrogen atoms exhibit either zero or negative values [Fig. 6.15 (f), (m), (t)].
For 0=1, it exhibits two peaks. However, for 6>2 only one peak is observed. For a
given pressure, as 0 increases the coefficient values decrease. For 0>3, the coefficient
values are very close to zero. Variation in pressure does not have significant impact on
the coefficient values and peak positions. The TDC of the electrons are found to be
close to zero at lower temperatures and positive at higher temperatures [Fig. 6.15 (g),
(n), (u)]. With increase in electron temperature, the coefficient values increase. The
rate of increase is higher at higher pressures. While at lower temperatures, the
coefficient values decrease significantly with increase in thermal non-equilibrium, at
higher temperatures they are very weakly sensitive on it.

Similar to general diffusion coefficients, TDCs also depend on species
composition. For any particular species, the TDC is zero when its population is zero.
For non-zero population, the associated TDC is determined by the population together
with the collisional interactions with the other species and the nature of the
interactions. The later is contained in the determinants involving associated collision
integrals in the expression for TDC in eq. (2.28). The negative thermal diffusion

coefficients, observed in N, N," and N™, are intrinsic to the collisional characteristics
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of the respective species in the evolved species environment. The ratio of the
determinants in the expression for TDC goes negative resulting in the negative
diffusion coefficients observed in these cases. The observation of two peaks in the
TDCs for N (for Te/Ty, = 1) results from the fact that with increase in temperature, N;
dissociates to form N and the TDC (negative) for N start increasing. However, after
some temperature, further increase in the population of N reduces the negative TDC
value causing a minimum near 10,000K, where the population of N atom reaches a
maximum. With further increase in the temperature, the population of N atoms
reduces through ionization forming N* and the negative TDC starts increasing again
forming the second peak. In the same manner, as associated TDC reaches a minimum
near 22000K where N* density reaches a maximum, the two peaks occur in the TDC
of N*. The resonant charge transfer plays important role in reducing the diffusion
involving neutral and charged species. With variation in the thermal non-equilibrium,
behaviour of the peaks changes due to shifting of the position of the minima on the T.
axis. Higher mobility of the electrons results in the observed higher TDCs values for

cases involving electrons.

Thermal Ambipolar Diffusion Coefficients (TADC)

TADC for nitrogen plasma under different pressure, temperature and thermal
non-equilibrium are presented in Fig. 6.16 (a)-(u). The coefficients are obtained by
adding ambipolar contribution to respective TDC as described by equation (6.23).
Unlike GADCs, the TADCs are appreciably changed by ambipolar effects. For

nitrogen molecules, the coefficients are close to zero but positive at low temperature,
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increases with increase in temperature, reaches a peak at certain temperature and then
decreases with further increase in temperature. Unlike TDC, the TADC for molecules
become negative as temperature increases further [Fig. 6.16 (a)]. Similar negative
TADC at higher temperature are observed for other species as well [Fig. 6.16 (b)-(g)].
The observation is important in the sense that enhanced negative TDC caused by
ambipolar effect may result in self-constriction, an important phenomenon, affecting
ranges of thermal and fluid dynamic behaviour in plasma. For molecular ions, the
coefficients are close to zero at lower temperature but become more and more
negative as temperature increases [Fig. 6.16 (b)]. The nitrogen ions exhibit only
positive coefficients for 8 = 1. However, for higher non-equilibrium, positive to
negative transition takes place at certain temperature and the coefficients remain
negative for further higher temperatures. For double ions, the coefficients switch from
positive to negative to positive values, depending the temperature of the plasma. The
coefficients are close to zero but positive at lower temperatures, become negative after
that, then again become positive after certain temperature and may again become
negative or remain as positive depending on the degree of non-equilibrium. For triple
ions the TADC are always positive for 6 = 1. However, for higher non-equilibrium,
the coefficients are initially positive but close to zero, then goes negative at higher
temperatures. The nitrogen atoms exhibit negative TADC with two peaks for 6 = 1.
For higher non-equilibrium, only one peak is observed. The TADC for electrons are
substantially different from respective TDC due to ambipolar effects. Apart from
variation in the coefficient values, nearly similar behaviour is observed at other

pressures studied.
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Fig. 6.12 Behaviour of general ambipolar diffusion coefficients (GADC) as a
function of electron temperature and thermal non-equilibrium at P=1 atm.
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Fig. 6.13 Behaviour of general ambipolar diffusion coefficients (GADC) as a
function of electron temperature and thermal non-equilibrium at P=1
atm.(continued)
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Fig. 6.14 Behaviour of general ambipolar diffusion coefficients (GADC) as a
function of electron temperature and thermal non-equilibrium at P=1 atm.
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Fig. 6.15 Variation of thermal diffusion coefficients (TDC) of different
species in nitrogen plasma as a function of electron temperature at three
different pressures:0.1 Atm, 1 atm and 2 atm.
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Fig. 6.16 Variation of thermal ambipolar diffusion coefficients (TADC) of
the species in nitrogen plasma as a function of electron temperature at
three different pressures:0.1 Atm, 1 atm and 2 atm.
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Comparison of Diffusion Coefficient Data with Literature

A comparison of the results from the present study with those reported in literature is
presented in this section. Since most of the data published in literature on diffusion
coefficient are for LTE plasma, scope of comparison with non-equilibrium data is
limited. However, in a recent study on thermo-physical properties of nitrogen plasmas
under thermal equilibrium and non-equilibrium conditions, Wang et. al. [53][52]
presented temperature dependence of electron TDC of nitrogen plasmas under
different degrees of thermal non- equilibrium. Apart from comparison with this data,
the rest of the comparisons are under LTE conditions.

A comparison of our results with the non-equilibrium data by Wang et al. is
presented in Figure 6.17 (a). Good agreement is observed over wide range of
temperature and thermal non-equilibrium. Use of different sets of collision integrals

may account for the deviations observed whatsoever.

In an attempt to determine the transport properties of ionized species in LTE
plasma, BDC of N-N, N-N" and e-N" have been reported by Selle and Riedel [96].
The BDC for N-N interactions are also reported by Cubley and Mason [97], Yun and
Mason [98], Levin et al. [99] and Capitelli and Devoto [48]. As observed in Figure
2(b) (6.17), diffusion coefficients estimated in the present work for N-N interactions
bear excellent agreement with the results of Capitelli et.al., Selle et.al. Levin et al.
However, like others, a wide deviation is observed with the data by Cubley et al. and
Yun et al. The deviations occur primarily due to different Born Mayer parameters

used in their calculation [96].

162



Gupta et. al. [100] calculated the BDC of e-N" interactions. Collision integrals,
calculated for a fully ionized gas by Yos [101] were used first and then corrected
considering partial pressure of electrons. Respective diffusion coefficients are
presented by curve 'a' and curve 'b' respectively in Fig. 6.17 (c). These coefficients
vary over several orders of magnitude as temperature increases. While, an overall
good agreement is observed, results obtained from the present work exhibit an
excellent agreement with the results of Selle and Riedel at lower temperature and

Gupta et al. at higher temperature. The observed differences arise primarily due to

differences in the used collision integrals Q"

The resonant charge transfer plays important role in reducing the diffusion
involving neutral and charged species. Results from the present computation for N-N*
interactions is compared in Fig. 6.17 (d) with the works of Selle and Riedel [96],
Levin et al. [99], Capitelli and Devoto [49][48] and Yos [101]. Our results are in
excellent agreement with most of the reported results but like others differ from the

results of Yos [101].
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Fig. 6.17 Comparison of diffusion coefficient data (a) Thermal diffusion
coefficient of electron (b) Binary diffusion coefficient involving electron and
first ion of nitrogen (c) Binary diffusion coefficient involving nitrogen atoms
and (d) Binary diffusion coefficient involving nitrogen atom and first ion of
nitrogen. In each graph, solid lines present results of this work and symbols
present data reported in literature. Obtained results are in excellent
agreement with most of the recently calculated results.

Variation of total thermal conductivity of nitrogen and its electronic, heavy
species and reactive components with electron temperature are presented in Figure
6.18. While the electronic component increases quadratically with electron
temperature, the reactive component remains active only when some reactions like
dissociation, first ionization, second ionization etc. are active. The heavy species
contribution on the total thermal conductivity is low and significant only in the

relatively lower temperature zone. The translational thermal conductivities of
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electrons and heavy particles for various 8 and pressure values are presented in Figure
6.19 and Figure 6.20 respectively. For a given 0, once the dissociation temperature has
been reached, the thermal conductivity of electrons swiftly approaches the curve
followed by lower 0 values. For different 0 values, the variations of reactive thermal
conductivity as a function of electron temperature are presented in Figure 6.21 and
Figure 6.22, respectively for electrons and heavy particles. While for electrons, the
peaks are observed at first and second ionization, for heavy particles the peaks appear
at the molecular dissociation temperature. The reactive thermal conductivity depends
on the variation of the number density of particles with temperature. Sharper
variations in the number density with T}, at higher 6 for heavy particles result in the
gradually increasing size of the peaks with 0 for the heavy particle thermal
conductivity. Availability of higher number density of particles at higher pressure
increases the magnitude of the thermal conductivity for both electrons and heavy
particles. Variation of total thermal conductivity as a function of electron temperature

and 0 are presented in Figure 6.23.

144
] 1. Total

124 2. Electron

| 3. Heavy particle
104 4, Reactive

Thermal conductivity (W/m.K)

0 10000 20000 30000 40000 5000(
Te (K)

Fig. 6.18 Components of the thermal conductivity of nitrogen under thermal
and chemical equilibrium at atmospheric pressure.
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Figure 6.20 Translational thermal conductivity of heavy particles (a)0 .1
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Figure 6.21 Reactive thermal conductivity of electrons: (a) 0.1 atmosphere, (b) 1
atmosphere, (c) 4 atmospheres, (d) 7 atmospheres. Number associated with each
curve indicates T./T. ratio.
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Variation of the electrical conductivity with electron temperature is presented in
Figure 6.24. As it is a property of electrons alone, it exhibits higher values at higher
pressures due to availability of higher electron densities. With higher 6 values, the
electrical conductivity starts rising fast after the dissociation temperature has been
reached and then quickly reaches near the values observed for lower values of 0 at that
Te.
Variation of viscosity with pressure, temperature and 0 are presented in
Figure 6.25. With increasing 0, the viscosity values decrease and the peaks in the
viscosity shift towards higher T. values. The viscosity increases with increasing
pressure.
Volumetric collision frequencies between electrons and heavy particles are

presented in Figure 6.26. Decrease in collision frequency with electron temperature is
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primarily caused by a decrease in number density of electrons with temperature. The
shift of the peaks can be explained again by the behaviour of the dissociation

temperature for a given 0.
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Figure 6.24 Variation of electrical conductivity as a function of T,, 0 and

pressure: (a) 0.1 atmosphere, (b) 1 atmosphere, (c) 4 atmospheres, (d) 7
atmospheres. Number associated with each curve indicates T./T}, ratio.
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Figure 6.25 Variation of viscosity as a function of T,, 0 and pressure (a) 0.1
atmosphere, (b) 1 atmosphere, (c) 4 atmospheres, (d) 7 atmospheres. Number
associated with each curve indicates T ./T}, ratio.
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An extensive comparison of the obtained properties with the major works
reported in literature are presented in Figure 6.27. Comparisons are primarily made
with two types of data: experimental (Tsitelauri [46], Plantikow[102], Herman and
Schade [47], Neuberger [103], Asinovsky [104]], Guevara [45] and theoretical
(Capitelli et.al. [48], Boulos et.al. [105], Murphy et.al.[50], [53], Yun et.al. [44],
Colombo et.al. [51] Wang et.al. [52]). Other than the works by Colombo et.al. [51]
and Wang et.al.[52], rest of the studies are reported for systems under thermal and
chemical equilibrium. Non-equilibrium results by Wang et. al. are interesting in the
sense that two widely varying results obtained from two different considerations are
presented together. One set of results corresponds to the cases where only the
electrons are considered in the shielding (curves are indexed by '(1)' in the figures)
and the other set corresponds to the cases where both the electron and the ions are

considered (curves are indexed by '(2)' in the figures). Together with equilibrium
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results, comparisons are also made with results under thermal non-equilibrium
conditions, wherever possible. While an overall excellent agreement is observed in all
the cases, better match with the experimental results are arrived at the present study
compared to previous studies. For example, while most of the earlier theoretically
calculated electrical conductivity values exhibit a tendency to deviate from the
experimentally observed values at higher temperatures, the values obtained from the

present study give a much closer match.
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Figure 6.27(a) Comparison of calculated mass density with previously
reported results
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Figure 6.27 (f) Comparison of calculated viscosity with previously reported
results

Comparison of the calculated physical density values of nitrogen with those
reported by Boulos et.al. [105] are presented in Fig. 6.27 (a). It is observed that for
equilibrium, associated temperature dependences of the density values offer excellent
agreement for equilibrium. For non-equilibrium, the agreement is similar when
compared with the results of type (1) [considered shielding by electrons alone] of
Wang et.al. [52]. However, our results for non-equilibrium are significantly different
from the results of type (2) [considered shielding by both electrons and ions] by Wang
et. al..

A comparison of the calculated temperature dependence of the enthalpy with
those reported by Colombo et.al.[S1] and Boulos et.al. [105] is presented in Fig. 6.27
(b). It is observed that our results match exactly with these reported data both for

equilibrium as well as non-equilibrium.
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Fig. 6.27(c) compares temperature dependence of specific heat of nitrogen
with the results of Colombo et.al. [51] and Boulos et.al. [105]. Almost an exact match
is observed at all temperatures.

Calculated values of electrical conductivity data are compared in Fig. 6.27 (d)
with the works by Herman and Schade [47], Neuberger [103], Asinovsky [104],
Capitelli et.al. [48], Murphy et.al. [50], [53], Colombo et.al. [51] and Wang et.al.
[52]). At relatively lower temperatures, agreement with all the data are very good for
both equilibrium as well as non-equilibrium. However, as temperature increases our
results follow the trend of experimentally observed behaviour [54] and deviates from
the calculated electrical conductivity values reported earlier.

Calculated temperature dependence of thermal conductivity is compared in
Fig. 6.27 (e) with the results of Plantikow [102], Herman and Schade [47], Capitelli
et.al. [48], Murphy et.al. [50], [53], Yun et.al.[44], Colombo et.al. [51], Wang
et.al.[52]. Excellent agreement is observed with most of the reported results. The
significant deviation observed with the calculated values of Capitelli et.al. between
10,000 and 20,000 K is primarily due to use of highly underestimated charge-

exchange cross-sections for the N+-N interaction.

Temperature dependence of the viscosity of nitrogen is compared in Fig. 6.27
(f) with the results of Tsitelauri [46], Guevara [45], Capitelli et.al.[48], Murphy
et.al.[50],[53], Yun et.al. [44], Colombo et.al.[S1] and Wang et.al.[52]). In general, a
very good agreement is observed both for equilibrium as well as non-equilibrium. Use
of similar potential in calculation of associated collision integrals may be the reason
for such close agreement. The discrepancy observed with the calculated values of Yun

et.al.[44] beyond 10000 K is due to the fact that they did not consider the influence of
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ionization. When compared with the non-equilibrium data of Wang et.al. [52], it is
observed that ours results match closely with the results of Wang et.al. when they

consider the screening by electrons alone [data marked by '(1)"].

The effect of chemical non-equilibrium on various properties is presented in
figure 6.28 to figure 6.31. The total thermal conductivity, the electrical conductivity
and the viscosity in addition to the enthalpy have been chosen for this study. For
simplicity of presentation, the chemical non-equilibrium parameters in these figures
are assumed to be equal for all reactions: ¢; = ¢, =c3=c. c=1 corresponds to chemical
equilibrium. Figure 6.28 and Figure 6.29 present results at pressures of 1 and 7
atmospheres respectively for 6 = 1. It is observed that at lower temperatures,
deviations due to chemical non-equilibrium are relatively small. However, at higher
temperatures, these deviations are appreciable. Similar scenario is observed in the
properties presented in Figure 6.30 and Figure 6.31 for 6 = 3 and similar pressures.

The effect of variations in c¢; is more pronounced at higher temperatures.
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Figure 6.28 Effect of chemical non-equilibrium on transport and
thermodynamic properties at p=1Atm and T./T, =1: (a) Total thermal
conductivity, (b) Viscosity, (c) Electrical conductivity, (d) Enthalpy.
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Figure 6.31 Effect of chemical non-equilibrium on transport and
thermodynamic properties at p=7 Atm and T¢/T, =3: (a) Total thermal
conductivity, (b) Viscosity, (¢) Electrical conductivity, (d) Enthalpy.

6.5. Conclusions

Thermodynamic and transport properties of nitrogen plasma, a primary

perquisite for numerical modeling, is calculated in this chapter. Along with

equilibrium properties, thermodynamic and transport properties under thermal and

chemical non-equilibrium are also presented. Although, only the equilibrium

properties are used in the CFD simulation study presented in the next chapter, the

obtained non-equilibrium properties form a solid base to expand the future scope of

non-equilibrium CFD modeling in nitrogen plasma.

Computed values of non-equilibrium thermodynamic and transport properties

for pure nitrogen are presented as a function of temperature, pressure, temperature

non-equilibrium parameter 6 and chemical non-equilibrium parameter c. Respective
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ranges covered for them are 300K to 5S0000K, 0.1 atmosphere to 7 atmospheres, 1 to
20 and 0.5 to 2. We believe the covered ranges are sufficient for non-equilibrium
simulations of wide range of nitrogen plasma devices. Presented results for 6=1 and
c=1 reduces to the properties under equilibrium situation for which a number of
results from various authors are available. Equilibrium CFD simulation of the nitrogen
plasma torch presented in the next chapter uses the equilibrium properties calculated
in this chapter. Extensive comparisons of the obtained results with previously
published results are presented under equilibrium and non-equilibrium conditions and

an overall excellent agreement is observed.
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Chapter: 7

Numerical Modelling of Atmospheric Nitrogen
Plasma Torch under Thermal Equilibrium and Non-
Equilibrium Condition

7.1. Introduction

This chapter presents the CFD simulation of the addressed nitrogen plasma
torch. Such simulations are very much necessary to understand the device physics for
design optimization, reliability enhancement as well as catering specific application
needs. Direct non-invasive experimental investigation fails to probe the distribution of
thermal, fluid dynamic and electromagnetic field distribution inside the device due to
mechanical obstruction by the torch wall itself. Invasive experimental studies using
probes also fail as no probe material can withstand the kind of high temperature, exists
inside the torch. Therefore, such simulation studies are extremely important as this
may be the only way to understand the thermal, fluid dynamic and electromagnetic

field distribution inside the device.

A large number of simulation studies exist on simulation of arc plasma jets
[56-69]. However, most of them deal with argon plasma [56-63]. Among very few
studies on nitrogen arc, some report on transferred arc nitrogen plasma devices [64-
67] and some deals non-transferred arc plasma torches operating with mixture of
argon and nitrogen [68,69]. Practically no simulation study is carried out on
segmented electrode pure nitrogen plasma torches, operating at moderate power level

and delivering long plasma jet.
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In the present simulation study it has been assumed that the plasma is an
electrically conducting continuum fluid following usual Navier-Stokes equation with
source terms appropriately modified by the effects of electromagnetic interactions. It
is further assumed that the plasma is steady, axi-symmetric and optically thin. Effect

of gravity on the plasma is ignored.

The CFD simulation uses the frame work of two temperature modeling. Under
this the plasma is assumed to be composed of two sub-gases: one is consisting of
electrons and other is composed of all other heavy particles such as atoms, ions and
molecules. Under the framework of 2T-model, the electrons are assumed to be in
equilibrium among them at temperature T. and the rest of the heavy species are in
equilibrium among themselves at temperature Ty, (different from T, in general). The

model is general and equilibrium simulation (T.=T}y) comes as a part of it.

Section7.2 describes the general form of governing equations and control
volume approach. Section 7.3 presents the discretized form of governing equztion.
The SIMPLE algorithm and pressure-velocity coupling is presented in section 7.4.
Section 7.5 present the final form of governing equations used in the modelling. The
mathematical model for the problem is presented in section 7.6. The method of
solution is presented in section 7.7, the computational domain is described in section
7.-8. Boundary conditions used in the simulation is given in section 7.9. The
thermodynamic transport properties used in the calculation is presented in section 7.10
and section 7.11 presents the results and discussion. Conclusions are presented in

section 7.12.
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7.2. Governing equations:

CFD simulation is the study of transport phenomena occurring in fluid through
theoretical modelling. The governing equations of fluid flow represent mathematical

statement of the conservation laws of the physics:

1. The mass of the fluid is conserved (conservation of mass)

2. The rate of change of momentum equals the sum of forces on a fluid particle
(Newton’s second law or conservation of momentum)

3. The rate of change of energy is equal to the sum of the rate of heat addition to
the particle and the rate of work done on the fluid particle. (First law of

thermodynamics or conservation of energy)

CFD simulation is nothing but numerical solution of the associated
conservation equations for mass, momentum and energy. The fluid is divided into
number of infinitesimal volume element which contains large number of fluid
particles. The laws of physics are applied to each and every volume element and the
solution of the conservation equation is obtained. An infinitesimal volume element is
bounded by finite number of surfaces, within which source or sink or both of a
quantity can coexist. The behaviour of the fluid is expressed in terms of the
macroscopic properties, such as velocity, pressure, density, temperature and their time
derivatives. These may be thought of as averages over suitably large numbers of
molecules. A fluid particle or a point in a fluid is than the smallest possible element of
fluid whose macroscopic properties are not influenced by individual molecules. The

control volume is fixed in space and the fluid is moving through the fluid element.
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The governing equations and the procedure of solution are described in the following

sections.

The general form of governing equations assumes the following form,
aa—(p¢ )+ div (,o§¢): div (T grad ¢ )+ S (7.1)
t

Where, ¢ is the variable, p is the mass density, ¥ is the velocity, I’ 4 1s the coefficient of
diffusion and S is the source term. The first term in the left hand side of the relation is
unsteady term, and the second term is convective term. In the right hand side, first
term is the diffusive term and second term is the source term. Thus qualitatively, it

may be written as,

Unsteady term + Convectiveterm = Diffusive term + Source term

The equation tells that, in any particular control volume, at any particular
instant of time, the net production of the variable ¢ is exactly balanced by the
convection and diffusion of the same variable i. e. the net inward flux of the variable ¢
is exactly balanced by the net outward flux. In order to obtain results for velocity
distribution, temperature distribution, current density distribution, potential
distribution etc., the basic conservation equations including conservation of mass,
momentum, energy and charge are solved. Since the computational domain is
cylindrical in nature, all the governing equations are written in cylindrical co-ordinate

system and solved accordingly.
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7.2.1 Continuity Equation:

The continuity equation is based on the law of conservation of mass. So for the

mass balance inside the fluid element we need,

Rate of increase of mass Rate of mass flowing
in the fluid element into the fluid element

The general form of continuity equation can be written as,

aa_fjw—i(p;):o

(7.2)
Hence the continuity equation in cylindrical co-ordinate system can be written as,
op 19 10 0
—+—— +—— +— =0 7.3
2 L2 (o, )+ v ) 2 ) 73

Since we are dealing with steady state equations, the first term will be zero and the

continuity equation or the mass conservation equation becomes,

vipv)=0 (7.4)

1 0 1 0 0
—— (rpo —— (p —(p =0 7.5
rar(r vr)+r89(v0)+8z(vz) (7.5)

7.2.2 Momentum conservation equations:

This is based on the Newton’s second law of motion i.e. the net force on a volume
element is the product of its mass and its acceleration. In CFD, the forces acting on a

fluid element are broadly classified as body forces and surface forces.
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Body forces:

Body forces are those force which apply directly on the volumetric mass of the fluid

element, such as gravitational force and electromagnetic force.

In a conducting fluid like plasma, there are two type of body forces:

(1) Gravitational force per unit volume: pg

(2) Electromagnetic body force per unit volume: ;‘x B

Hence the net body force per unit volume can be written as:

A A

Fs=(F,) i+(Fy), j+ (FB)Zk=p§+}><§ (7.6)

X

Surface forces:

Surface forces are those forces which act on the surface of the fluid element e.g.
normal stress and tangential stress. As shown in figure 7.1, there are six tangential
stress term and three normal stress terms which contribute to the surface forces in the

three directions.

_~SX 57
Txz Txy

Tzx
Tzy

5X Yy

X

Fig. 7.1 Stress components in a fluid element in Cartesian co-ordinate and
cylindrical coordinate system.
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The expression for the three components of the momentum conservation equation in

cylindrical coordinate system is written in the following sections.
Radial component of momentum conservation equation:

The radial component of momentum equation can be written as:

V(p ) a(pv):—a—p+€.(,u€vr)+2, (7.7)

or

Where, X is written as,

2
7 - 18( av,}ri %_ﬁj +§(ﬂ%j_2_ﬂ(1%+&j+ Y |\+(E) (1.8)
rorl” or) 6"\ or r)| &\" oar) r\rdd r r '

(F, )r is the body force given as, (F, )r = (ngZ - sze)

For a steady state solution, the unsteady term can be eliminated. Hence the radial

component of momentum conservation equation is written as,

V(pow, )_——+V (u¥v )+ =,

(7.9)
Axial component of momentum conservation equation:

In similar manner, the axial component of momentum conservation equation can be

written as,

+V(pvv )———+V(,qu ) X,

(7.10)

Where, X is given as,
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10 dv 10 v o ov
2 - —7 - | +F
: rar(”azj+ra (“ azj az(” azj+( ).

And (Fp), is the z-component of the body force and it can be written as,

(7.11)

(FB )Z = (jrBe - jaBr)

Since we are dealing with steady state solution the unsteady term can be removed and

the axial component of the momentum conservation equation can be written as,

o )2+ ).

(7.12)
Azimuthal component of momentum conservation equation:

The azimuthal component of the momentum conservation equation can be written as,

a(pv +V(p vg) §—Z+€’.(,u€v6)+2

(7.13)

where,

5 18( 3VJﬂiv_e+£%+1%_2v_e
* rorl r 08 or\ r or r 00 r

1 0 |(uoav, v o |(uov v, v,
2% Loyt G EZL e L (F
+r86’Kr 80+ H rﬂ—i_azﬂr HH P r +( 3)9

and the azimuthal component of body force (FB )9 is given as, (F » ) o = ( J.B, — j,BZ)

(7.14)

For steady state solution, the time dependent term is removed and the azimuthal

component of momentum conservation equation is written as,

V(p;vg)z —3—24- Vi(,u?vg )+ z

(7.15)
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7.2.3 The energy conservation equation in LTE plasma:

In case of plasma in thermodynamic equilibrium, energy balance inside a fluid

element is governed by the following mechanisms:

a. Work done by the viscous stress inside the fluid. (W)

b. Rate of heat transfer through conduction (Hx)

c. Rate of volumetric heat generation due mechanisms such as joule heating and
change of energy due to charge particles owing to temperature gradient (Up)

d. Rate of volumetric heat loss such as radiation loss (Ug)

e. Change in internal energy (Uc)

f. Rate of volumetric heat loss or gain due to collisional exchange (Ux)

Hence for an infinitesimal volume element of the plasma with volume dV enclosed
by surface area of dA the energy equation can be represented by first law of

thermodynamics and it can be written as:

Uv=H,+ W,+ Up+ Ug+ Uc+ Ux (7.16)
Where, Uy is the volumetric rate of change of the internal energy. The term Up can
be expressed as the sum of volumetric generation of heat due to Ohmic heating and
volumetric change of energy by the charge particles due to temperature gradient.
Hence it can be written as, Up = Up + Uj;. Contribution of various mechanisms to the

energy equation is explained below.

a. Volumetric rate of change of Internal energy:

If E is the internal energy per unit mass than Uy can be written as,
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_, d(E)
=p— (7.17)

N

b. Rate of external heat transfer to the fluid through conduction (Hx)

According to the Fourier’s law, if k is the thermal conductivity of the fluid, than,
the rate at which heat is flowing out of the volume element through the surface area is
proportional to the rate of decrease of heat in the volume element. The rate at which

heat is flowing out of the volume element through the surface area dA is given as,

J-J.k(?T)dA and the rate at which, heat in the volume element reduces is given as

surface

I J p.il—Q.dV . Converting the volume integral into surface integral we obtain,
t

H = 2% _v v

dt (7.18)

where, T is the temperature and k is the thermal conductivity of the fluid. In case
of plasma in local thermal equilibrium, 7 represents both the electron temperature and
heavy particle temperature. The thermal conductivity is the total thermal conductivity

and can be expressed as the sum of thermal conductivity of electrons and that of heavy
particles. So it can be written as, kK =k, +k, , where, k. is the thermal conductivity of

the electrons and kj, is the thermal conductivity of heavy particles.
c. Change of energy due to charge particle content: (Up)

There are two ways through which energy is associated with charged particle in
the plasma and they are generation of energy through the Ohmic heating (Up) and

energy transport through heat conduction by the charge particles because of the
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temperature gradient (U;). Because of the finite resistivity of the plasma, Ohmic
heating plays an important role in generating heat. Ions being heavier than electrons,
the contribution of ion current to the total current is very small. The volumetric rate of

heat generation in the plasma by Ohmic heating is given as,
U,=J.E (7.19)

Jis the total current density and in cylindrical co-ordinate system it can be written as
j=j .+ j,,é+ J,Z2. Since }: CE (Generalized Ohm’s law), the volumetric rate of
heat generation by Ohmic heating can be written as,

U,=0(E’ +E, +E?) (7.20)

The other mode through which energy is associated with the charged particle is
transport of heat by them through heat conduction by virtue of its temperature gradient

and it can be written as,
U, =%k8 (ivr) (7.21)

d. Radiation loss (Ug)

It is very difficult to derive an exact theoretical expression for the volumetric heat
loss through radiation because of the associated processes such as emission,
absorption and very high temperature gradient. In this study we have used the
experimental data by Krey and Morris [106] to include the effect of radiation loss.

Appropriate extrapolations have been used where data was not available. The
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estimated radiation loss as a function of temperature of nitrogen plasma as obtained by

Krey and Morris is presented in Fig.7.2.
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Fig. 7.2 Variation of radiation loss with temperature in nitrogen plasma

e. Rate of change of energy due to chemical reaction: (Uc)

This quantity depends on particular nature of the reactive gases, and can be assumed

to be zero for most of the inert gases in high enthalpy arc plasma devices.

f. Rate of volumetric heat loss or gain due to collisional exchange (Ux)

Plasma contains various species of particles including electron, atom, and ions. In
plasma at higher pressure, collisions among the particles play important role in energy
transport. For collision among electron and a given species of particles S, the average
energy loss by an electron per unit time depends on collision cross-section X, relative

speed between electron and heavy particles v, and average energy loss of an electron
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per collision with heavy particle. Hence the rate of volumetric energy loss of electron

is given as

X =n Zna Ves

am, 3 V(T -T))

s e s o es

(7.22)

Where, kg is the Boltzmann constant, m,, n. and 7, represents the mass, number
density and temperature of electrons respectively. my, n; are the mass and number
density of particle of species s respectively. T}, is the heavy particle temperature. The
average energy loss of an electron per collision is than given by the following

expression.

m, 2 (7.23)

Hence the rate of volumetric heat loss by electrons per unit time is given as the

following.

2m, 3 8k, T
UX = Zm_eEkBanxne[ mBﬂ:‘—‘ j(Te _Th)

s N e

(7.24)

From the above expression it is quite evident that, when the plasma is in

thermodynamic equilibrium there is no such energy transfer occurs.

So the final form of the energy equation can be obtained by adding the different
contribution to the energy equation. Hence as written earlier, the complete energy

equation can be written as,
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Uy=H,+ W,+ Up+ Ugr+ Uc+ Ux

Substituting the different contribution in the above equation we obtain,

2B ¢ or) - pVi)+ro+U,-U, +U, +U,
dr (7.25)
According to the equation of continuity we have,
dp =
2 =
o + p ( v ) 0
Substituting in equation (7.25), we obtain
i{E+£} Lown L P Yoy, v, +u.+U, ]
il plop podrp (7.26)
Since, enthalpy of the gas per unit mass is given as h= E + P/p, we can write,
dh_dp _ 5.(k§T)+q>+UP ~U, +U,.+U,
dt dt (7.27)

In plasma, enthalpy /4 includes the kinetic energy of electrons, that of heavy particles,
and ionization energy of different particles also. For LTE plasma, the exchange term
do not appear. When convective losses are included for an nonreactive LTE plasma,
the above equation appears under steady state as:

5k,

V.(pih) = V.(kVT) o (GVT)+ 0B +E2+ EY-U,
e

7.2.4. Final form of governing equations:

This study presents a steady state, two dimensional, axis symmetric model for

simulation of nitrogen plasma. Hence the unsteady term is not present in the equation.
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Being axis symmetric, the model is two dimensional. The equation (7.1) for general

form of the conservation equations in steady state reduces to:
Vi ,ve)=v.Csve )+ s, (728)

where, ¢ is the quantity conserved, py is the mass density of fluid f for momentum

equation and mass density times specific heat for temperature equations, /4 is the

corresponding diffusion coefficient and S, is the associated source term. v is the
velocity vector having axial, radial and azimuthal components, v, v, and vy
respectively. The final form of the governing equations used for the simulation is
given table-7.1. In the table, ¢ is the electric potential, p is the pressure. j. and j, are
the radial and axial components of current density. v, o and c,, are, respectively,
viscosity, electrical conductivity and specific heat of heavy particles. Viscous
dissipation is neglected in electron energy equation. Since the flow is assumed to be
laminar, so no turbulent equation has been included in this study. k., and k; are,
respectively, effective thermal conductivity of electrons and heavy particles. The self

induced magnetic field (By ) at radial location r is computed by integrating j,:

B,(r)="] j.ydy
"% (7.29)

Where, L, is permeability of vacuum.
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Table 7.1 Terms of the general governing equation (7.28)

Conservation | ¢ | T, S,
of
Mass 1 |0 0
Axial Ve a_p+li . oV, +i(v a&j
momentum Vv, dz  ror LAY oz L ¥ 9z
2 — -
-—v,, —\Vv )+ j,B
3 7 9z ( ) JrZo
Radial v, | vy dgp 10 (avr d ( avzj
momentum e e oo Ve 30
or r or or 0z 0z
L2, 2
2v,, —— IV 5, Vv)+ p—4%-j B,
Azimuthal Vo | Vi V.V, Vg
momentum TP Ve
Potential ¢ | o 0
HeaVy T;: kh + Cphklh aV ? av ? V2
particle 2v, ( rj +( Zj + 3
temperature or oz !
o dv, dv, 2+ vy vy 2+ vy ’
T 0z or or r oz
-\ AN
— =V (V.v) - p(V.v)+ E,
Electron T, | k, ji+jl Sky(.oT, . oT
temperature pu - +E?B( o Iy j_‘mUr_Eéh

E., in Table -7.9 is the rate of energy transfer from electrons to heavy particles and

can be presented as given in the equation 7.30.

E, = Z %kB (Te -7, )ne(Zme ]\jeh
h

(7.30)
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n. and ny, are, respectively, number density of electrons and heavy particles. m, and m;,

are their respective masses. Ve, is the average volumetric collision frequency between

electrons and heavy particles and it is calculated as given in equation (7.31).

Vet = Cem Q. (7.31)

Where, Q,, is the collision cross-section between electrons and heavy particles, and c.

is the average thermal speed of electrons.
7.3. Method of Solution:

For solution of the governing equations, two codes are used in unison. The first one is
a fluid dynamic solver and the second one is a property routine. The property routine
works as explained in the chapter for thermodynamic and transport properties. In the
fluid dynamic solver, the solution of the governing equations are performed starting
with an initial guess for potential, electron temperature, heavy particle temperature,
pressure and velocity inside the computational domain. A SIMPLE like algorithm of
Patankar[107] is used to solve the equations under a finite volume discretization
technique. The computer code FAST-2D [108], an extension of the program originally
developed by Majumdar [109], has been appropriately modified to adopt flexible grid
and include additional equations for electron temperature, heavy species temperature,
joule heating, radiation loss, electromagnetic body force and collisional exchange
term. Updated values of the solved quantities in the CFD solver is passed to the
kinetic equations to obtain the updated distribution of number densities in each
iteration. The updated number density distributions and associated temperature

profiles are then used by the property routine to recalculate the properties for use in
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the next iteration. Iteration continues until the solution of the quantities reach a steady
state. The finite volume grid used in the study is presented in Fig.7.3. Obtained steady

state results are checked for grid invariance.

nM L K
i e,
= D
[ =
B i i i i i
QE) r

Fig. 7.3 Computational domain used in the study

7.4. The Boundary Conditions

The computational domain used for the study is shown in figure 7.3. It includes the
cathode, anode. ABCDEA is the cathode and it is made up of tungsten. It has a conical
tip with cone angle of 24°. AB is the base of the cathode and DE is the tip of the
cathode. The dimensions of AB and DE are 5.0 and 3.5 mm respectively. Cubic
profile is used for the current density. The diameter of current emitting region is 1/3 of
the original diameter of the cathode. The torch used for the study is a non-transferred
arc DC segmented plasma torch consisting of seven segments including cathode. The
anode and the segments between cathode and anode form the nozzle. RF is the torch
nozzle exit and its diameter 10 mm. MNHRKM forms the anode, and it is made up of
copper. The wall temperature for the anode is 600 K. The current connection is
considered to be diffused. BN is the gas inlet. The plasma gas injection point is
located at some upstream location. The pressure at the upstream point is 2 atm. The
orifice diameter is 2 mm. The gas injection process is swirl injection and the gas

enters the torch through an orifice which makes an angle of 20° with the axis. The
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axial, radial and azimuthal velocity computed from gas flow rate and orifice diameter
are 20.6, 0.0, 6.77 m/s respectively. The details of the employed boundary conditions
are given in Table 7.2. The potential along the line DE is updated in every iteration to
@ = @;, a profile which is self consistent with the assumed current density profile over
the cathode surface. Since the nozzle is conducting, for the solution of the nozzle has
been included in the computational domain and a boundary condition is applied in on
MLK and RK boundaries. Since the torch is operating in non-transferred arc mode,

the boundary condition d¢/dz =0 is appropriate which means a constant potential at

these boundaries.

Table: - 7.2 Boundary conditions used in the simulation

Boundary | p V, Ve Vo Te(K) Th(K) d)
BN 474  |u 0 —utan(20) | 300 300 9 _,
atm P
RF - 0 =0
avz:() aﬁ:() aTe:() ai:() /
0z oz oz 0z
EF i avz:() 0 aﬁ:o aTe:() ai:() %:0
or or or or or
NOHR |- 0 0 0 or, _, | 600 -
or
BCDG - 0 0 0 1000 1000 -
GE - 0 0 0 3000 | 3000 6=9,
MLK - - - - - - 9 _,
on
RK - - - - - - 9 _,
0z
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7.5. Results and discussion:

Temperature distribution:

The distribution of plasma temperature within the plasma torch for four values of
electrical current including 170A, 180A, 200A, 210A is presented in figure 7.4. It can
be seen that, the zone of high temperature zone gradually extends from cathode to
anode as current increases. The axial temperature between the cathode and anode for
electrical currents below 200 A is found to drop because the arc is more constricted
near the cathode. This causes thermal expansion of the heated gas in the vicinity of the
cathode which in turn reduces the temperature in the downstream location. Axial
temperature near the anode further increases as the arc is constricted again in this
region in the downstream. Observed two lobes in the temperature distribution is a
result of this. Significant change in the temperature distribution pattern is observed as

one goes from 170A to 180A.

1=170 A  Pure N2 Plasma (a) 1=180 A Pure N2 Plasma (b)

Radial Direction(mm)
Radial Direction(mm)

20 ! ! { { . |
§ 40 60 80 100
80 100 Axial Direction (mm)

~“Fo 20 40 60
Axial Direction (mm)

1=200 A Pure N2 Plasma (c) 1=210A Pure N2 Plasma (d)

Radial Direction(mm)
Radial Direction(mm)

1 1 1
20} 2|O il ! ! ! 205 20

! |
40 6 80 100

40 < 60 80 100 Axial Direction (mm)
Axial Direction (mm)

Fig. 7.4 Nitrogen plasma temperature distribution inside the plasma torch
for different currents, (a) 170A, (b) 180A, (c) 200A and (d) 210A. Flow
17.5 slpm N,
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However, the axial temperature distribution pattern does not change much as
the current goes 200 A and above. The plot of axial temperature profiles and the radial
temperature profiles at the nozzle exit are given in figure 7.5 (a) and (b) respectively.
Significant jump in the temperature distribution as current switches from 180A to
200A are observed in Figure 7.5. Spectroscopic measurements of plasma temperature
at the nozzle exit under the said operating conditions also exhibit similar features as

presented in the next section.

1600000 () Pure N2 Plasma 18900599 (b) m
12000.00 il
.00+ \ e 180 —
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£ 8000.00- — 180 5 210—
© — 200 g 220 —
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F —250 F
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Fig. 7.5 Axial and radial plasma temperature profile of nitrogen plasma. (a)
axial temperature profile, (b) radial temperature profile.

1=170 A Pure N2 Plasma 3 1=180 A Pure N2 Plasma

1=200 A Pure N2 Plasma 1=210A Pure N2 Plasma iy

Fig. 7.6 Potential distribution inside the torch at different currents, (a)
170A, (b) 180A, (c) 200A and (d) 210A.
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Potential distribution:

The distribution of potential inside the plasma torch for the four current values
is presented in figure 7.6. A potential drop exceeding 150V is observed. While nearly
similar nature of potential distribution is observed at the considered arc currents, the
equipotential zone near the cathode shrinks as current increases. Obtained variation in
the potential along the torch axis is shown in figure 7.7. Except near the cathode,
almost a linear variation in the potential is observed for all currents. Significant
variation in the potential distribution as current changes from 180A to 200A may be
noted. Since voltage drop across the arc is an easily measurable quantity, obtained

results are verified experimentally in the next section.

R Pure N2 Plasma
-40.00
-80.00
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Axial Potential Drop(V)
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Axial Distance (mm)

Fig. 7.7 Variation of axial potential for different current values in the
plasma column

Velocity distribution:

The distribution of velocity inside the plasma torch is shown in figure 7.8. As
the plasma channel is long enough, nearly a fully developed flow is observed.
Maximum velocity observed at the exit is around 380 m/s. Overall radial distribution

of axial velocity is nearly parabolic. Step like features originate from the sharp
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transitions between current carrying and non-current carrying zones in the plasma jet.
The current carrying region includes ohmic source terms while non-current regions do

not have any.

1=200 A Pure N2 Plasma

Fig.7.8 Velocity distribution inside the plasma torch

Validation of the simulation result:

The total arc voltage drop and plasma temperature at the nozzle exit are
measured through experiments and compared with the above simulation results under
similar operating conditions. Results are presented in Figure 7.9. An excellent
agreement between the measured and the simulated voltage drop is observed. It can
be seen that, as the current varies from 170A to 180A, the arc voltage maintains
almost a constant value both theoretically and experimentally. Similar behaviour is
observed as arc current changes from 200A to 220A. However, experimentally
observed distinct change in the potential for transition from 180A to 200A is slightly

smeared out in the simulation results.

Comparison of experimental and simulated plasma temperature at the nozzle

exit is presented in Fig.7.10. Apart from the results at 180A, the observed agreements

203



are good. Since theoretically it is found that around 180A a transition zone exits, the
experimental system may exhibit significant change in behaviour for slight change in
experimental condition. Observed mismatch between experimental and theoretical

results at 180A might have originated from this.

Nice agreement between the theoretical and the experimental results suggests

that the proposed model of the nitrogen plasma torch is reasonably accurate.
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7.6. Conclusions

This chapter of the thesis presents a steady state two-dimensional laminar model of
DC non-transferred arc nitrogen plasma torch. The torch is modelled in terms of usual
Navier Stokes equations modified by appropriate source terms originating from the
current currying nature of the plasma fluid. Associated conservation equations for
mass, momentum and energy are solved using SIMPLER like algorithm under finite
volume formalism. A modified version of the code FAST-2D is used as solver.
Results of the simulation study are presented in terms of temperature, velocity and
potential distribution. It has been observed that under the chosen operating conditions
there exists a distinct change in the temperature distribution inside the plasma torch
for currents less than 200A and that above 200A. Similar feature is observed for the
axial potential distribution also. The potential distribution inside the plasma torch
remains almost similar for all values of current. However, the voltage drop in the
plasma for current more than 200 A is more than that for values of current below
200A. Nearly parabolic velocity distributions with tiny step like features are observed
at the torch exit. Reasons for observed behaviour are explained. Obtained
temperatures at the nozzle exit and total arc voltage drops are compared with
experimental data. Overall very good agreements between experimental and

simulation results support correctness of the used model.
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CHAPTER-8: Conclusions

Outline of the Chapter

8.1 Summary and Conclusions

8.2 Scope for Future Work
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Chapter: 8

Conclusions

8.1 Summary and Conclusions

DC plasma torches serve as highly concentrated high enthalpy heat sources for
numerous processing applications. Nano-synthesis, waste treatment, spraying,
welding, cutting, material processing are few examples. Processes like plasma
spraying and synthesis of nano-particles of very high melting point materials demand
melting or complete evaporation of the injected particles. Such processes require
higher power of the plasma jets together with long enough dwell time of the injected
particles inside the plasma under high heat flux. A longer plasma jet with uniform heat
flux profile may offer easier control over the melting or evaporation process through
proper management of the particle residence time inside the plasma. Although,
Nitrogen is long known for its higher arc voltage compared to Argon and its ability to
work with common thoriated tungsten cathodes, very few works are reported on
thermal and fluid dynamic features of nitrogen plasma jet under different operating
conditions. The present study targets this problem and develops a specially designed
tungsten cathode segmented electrode plasma torch with nozzle diameter 10 mm for
generation of long uniform plasma jet of nitrogen plasma at low and moderate power
levels(<50kW). The same torch is suitable for operation with Argon as well. The torch
may cater to a range of applications including nano-synthesis and efficient spray
coating of refractory ceramics. The thermal, electrical and fluid dynamic behaviour of
generated nitrogen plasma jet is investigated through experiments, modelling and

simulation under different operating conditions. For comparison purpose similar
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studies are made on argon plasma with the same torch. The results are directly
relevant to associated application areas.

For heat flux study of argon and nitrogen plasma jets, a double calorimeter
device is designed and developed. The plasma jet is characterized by the achieved
heat flux profile and temperature distribution. Emission spectroscopic studies are
made to determine jet temperature. The instabilities in nitrogen and argon arcs under
different operating conditions are analyzed through study of their behaviour in phase
and frequency space. The thermodynamic and transport properties needed in the CFD
simulation are calculated from ab-initio theoretical calculation. The calculated
properties are used to perform CFD simulation of the nitrogen arc to obtain
distribution of temperature, velocity, potential and current density inside the nitrogen
plasma torch.

Variations in heat flux profile for argon and nitrogen plasma are investigated
over a wide range of power level and axial distance. For Argon plasma, the power is
varied from 6.6 kW to 52 kW and for Nitrogen plasma the same is varied from 31.98
to 51.03 kW. Obtained heat flux profiles under various operating conditions at
different axial distances are characterized in terms of profile width R, and peak heat

flux @y. Obtained results are compared with the results reported in literature.

The axial variations of temperature in argon and nitrogen plasma jets under
different operating conditions are determined using Boltzman plot technique. Atomic
line spectra are used to determine the temperature of plasma in both the cases.
Temperature at the torch exit as a function of arc current and axial variations of
plasma temperature are investigated. It has been observed that nitrogen plasma jet

possesses higher average temperature compared to argon for similar currents due to
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higher supported power through higher arc voltage. One important finding is
oscillating variation of axial temperature along the jet axis of the torch for both
nitrogen and argon. The fact is explained through mutual interaction among jet
current, self magnetic field and aerodynamic flow field. As arc current increases the
oscillating region moves away from the nozzle exit and usual exponential drop in
temperature prevails near the nozzle. As thermal history of particles depend on the
temperature profile, the observed oscillation will play significant role in important
processing works like plasma spraying, nanostructure synthesis, spheroidization etc.
Another important finding is much longer (nearly ten times) plasma jet in nitrogen
compared to argon under same current and gas flow rate for the chosen operating
conditions. Obtained results are expected to contribute significantly in the process

optimization in different applications.

Inherent instabilities in the developed torch for argon and nitrogen plasma are
investigated through phase space and frequency space behaviour under different
operating conditions. In both the cases, either random or chaotic dynamics are
observed at higher currents and higher flow rates. However, the dynamics exhibit a
number of interesting periodic behaviour at lower currents and lower flow rates.
Highly periodic behaviour in argon at low flow rate (up to 25 slpm) and doubly
periodic behaviour in nitrogen at lower current (at 125A and 200A) are some of the
interesting features. From application point of view it is important to know the kind of
instabilities exist in a torch under various operating regime. Obtained results may
therefore serve as important inputs for parameter optimization in different process

needs.
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The thermodynamic and transport coefficients serve as indispensable input for
numerical simulation. The thesis determines these properties for nitrogen plasma over
a wide range of temperature, pressure, thermal and chemical non-equilibrium using
Chapmann-Enskog approach. Use of a newly proposed definition of charge-charge
collision integral and inclusion of thermal and chemical con-equilibrium are novelty
of the study. Variation of species densities, mass densities, specific heat, enthalpy,
viscosity, thermal conductivity, collision frequency and electrical conductivity are
computed as a function of temperature, pressure and different degree of temperature
non-equilibrium. Temperature included in the study range from 300 K to 45,000 K,
the ratio of electron temperature (T.) to the heavy particle temperature (T}) ranges
from 1 to 30 and the pressure ranges from 0.1 to 7 atmospheres. An extensive
comparison of the results with the published experimental and theoretical results

under similar conditions is provided. An excellent overall agreement is observed.

For a theoretical support of the observed thermal and fluid dynamic behaviour
a steady state two-dimensional laminar LTE model of the addressed DC non-
transferred arc nitrogen plasma torch is developed. Usual Navier-Stokes equations
with appropriately modified source terms are solved using SIMPLER like algorithm
under finite volume approach. Distribution of temperature, velocity and potential
inside the torch are obtained and compared with experimental data. Both
experimentally and theoretically, a distinct change in the temperature and potential
distribution inside the plasma torch are observed for the transition from 180A to
200A. Except for this transition region, an overall good agreement is observed

between the experimental and theoretical data.
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8.2 Scope for future work

e Study of heat flux under normal and oblique incidence for different types of

nozzle designs, gases and gas mixtures.

e Study of axial and radial temperature profile for different nozzle designs, gases

and gas mixtures.

e Study of time synchronized behaviour of voltage, optical and acoustic

instabilities in arcs of different gasses and their nonlinear dynamical analysis.

* Direct probing of the arc instabilities through fast photography.

e Study of thermodynamic properties and transport coefficient for different

gases and gas mixtures and modelling corresponding device behaviour.
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