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Resume
Le present travail porte sur 1'etude des caracteristiques d'un jet de plasma genere par une torche
DC commerciale connectee a une chambre de pression controlee. Le gaz plasmagene utilise est
un melange compose d'argon, d'azote et d'hydrogene avec des debits volumiques de 40 , 10 et 1
LPM respectivement. La torche plasma opere a une puissance fixe de 17.5 kW et les pressions
dans la chambre sont de 6.5,13, 26, 53 et 101 kPa.
La spectroscopie optique par emission est utilisee pour mesurer la temperature des electrons et
les profiles de densite des electrons. Les mesures de temperature sont realisees a partir de graphe
de Boltzman de plusieurs spectres isoles d'atome d'argon. La densite des electrons est mesuree a
partir de 1'elargissement de la raie Hg 486.1 nm et du continuum d'emissivite. Des spectres de
bandes moleculaire N2 partiellement resolues sont utilises pour evaluer la temperature de
rotation. L'emission rotationnelle venant de la bande (0,0) du premier systeme negatif est
compare au spectre synthetique pour evaluer la temperature de rotation. Finalement, les mesures
de la temperature cinetique et de la velocite du plasma sont realisees par Ie biais de la technique
de la sonde enthalpique.
Les resultats experimentaux montrent 1'apparition et la position des differentes zones
dynamiques des gaz, c'est-a-dire, expansion supersonique, front du choc stationnaire et la
relaxation subsonique au basse pression ( < 40 kPa). Le jet de plasma est accelere a sa vitesse
maximale a 1'expansion ou il a ete observe que la densite des electrons et la temperature sont au
minimum. Apres 1'expansion, 1'onde de choc stationnaire survient a 4, 8, 12 et 15 mm de la
sortie de la buse a des pressions respectives de 39, 26, 13 et 6.5 kPa. Les profiles de densite

electroniques montrent les variations Ie long de 1'axe du jet de plasma qui comcident avec les
positions des ondes de choc. Une bonne concordance entre les resultats des densites
electroniques obtenues par 1'elargissement de la raie Hp produit par 1'effet Stark et du continuum
d'emissivite a ete obseryee.
Les mesures enthalpiques de la temperature cinetique des gaz et de la velocite du plasma
representent bien les caracteristiques generales d'un jet de plasma a basse pression, c'est-a-dire,
velocite elevee et la presence de longue zone de chaleur d'expansion du plasma avec de plus
basses temperatures. Aussi les mesures comcident bien avec les temperatures de rotation
obtenues par la spectroscopie d'emission.
Les resultats des temperatures obtenus confirment que 1'equilibre thermodynamique local (ETL)
existe sur 1'axe a des pressions de 100 et 53 kPa. On note par contre que les ecarts a 1'equilibre
augmentent plus on s'eloigne de 1'axe et en aval de la tuyere. Cependant, a des pressions plus
basses ou les zones de chocs supersoniques sont formees, 1'echange d'energie tres lent entre les
particules lourdes et legeres contribue de fa9on significative aux ecarts de 1'ETL particulierement
dans la region de choc. Ces considerations peuvent semr au developpement de modeles
mathematiques reposant sur Ie concept de deux temperatures afin de mieux representer les
champs complexes d'ecoulement du jet de plasma entier sur une grande plage de pression
provoquant Ie passage d'un regime subsonique a celui d'un regime supersonique.

Abstract
In this work, the characteristics of plasma jets produced by a commercial DC plasma spray torch
connected to a controlled pressure chamber are investigated. The plasma gas employed is a
mixture ofargon, nitrogen and hydrogen with the initial gas flow rates of 40, 10, and 1 SLPM
respectively. The plasma torch is operated at chamber pressures of 6.5, 13, 26, 39, 53 and 101
kPa and a fixed input power of 17.5 kW.
Optical emission spectroscopy is used to measure the temperatures and electron density profiles.
The measurements of temperature are carried out by means of a Boltzmann plot of several
isolated argon atom spectral lines. The electron density is measured from the Stark broadening of
the Hp line 486.1 nm and the continuum emissivity. Partially resolved spectra of the N2
molecular band are used for the rotational temperature evaluation. The rotational emission from
the (0,0) band of the first negative system is compared to synthetic spectra to evaluate the
rotational temperature within the flow field. Finally, the measurements of the gas kinetic
temperature and the plasma velocity are performed by the enthalpy probe technique.
The experimental results show the occurrence and the position of the different gas dynamics
zones; i.e., supersonic expansion, stationary shock front and subsonic relaxation at low pressures
(less than 40 kPa). The plasma flow is accelerated to its maximum velocity at the expansion
where a minimum in the electron density and temperature is observed. At the end of the
expansion a stationary shock front occurs at 4, 8, 12, and 15 mm downstream from the nozzle
exit at pressures 39, 26, 13 and 6.5 kPa respectively. The electron density profiles show the
variations along the plasma axis that coincide with the position of the shock waves. Good

agreement between the electron density results obtained from the Stark broadening and from the
continuum emissivity is observed.
Enthalpy probe measurements on gas kinetic temperature and plasma velocity reveal the general
features of low pressure plasma jets, i.e., higher flow velocity and longer heating zone of
expanded plasma with lower temperature. The measurements also coincide with the rotational
temperature obtained from emission spectroscopy.
The temperature results confirm that the local thermodynamic equilibrium LTE exists at
pressures of 100 and 53 kPa. However, at lower pressures where the supersonic shock waves are
formed, the slow energy exchange between the heavy and light particles leads to significant
deviations from the LTE specially in the shock region.
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Chapter 1
Introduction

This work deals with the diagnostics of DC plasma jets under atmospheric and lower pressure
conditions. The DC plasma torch investigated is of the type used for the deposition of different
powders. DC plasma jets are characterized by their relatively high electron density and very high
specific energy (of the order of 1022 m'3, and 108 J/kg respectively). Owing to their ability to heat,
melt, and, in some cases, vaporize the material under treatment, DC plasma jets have gained
many practical applications in the field of materials processing such as plasma deposition and
spraying of different materials on various substrates.
At atmospheric pressure, plasma jets are characterized by a near equality between the temperature
of the heavy particles and the electrons. For the purposes of practical applications, in certain
applications materials reactive with oxygen or nitrogen cannot be sprayed by atmospheric plasma
spraying. Compared with such drawbacks of air atmosphere sprayed coatings, relatively better
quality of coatings with higher bond strengths are obtained in low pressure plasma spray jets.
There is much technological interest for low pressure plasma jets, mostly due to the higher
velocity of the sprayed particles and the longer plasma jet plume.
The goal of this work is to study the characteristics of direct current plasma jets "working" at
atmospheric as well as at lower pressures. The experimental work is earned out with the use of a
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DC torch acting as the plasma source connected to a low pressure chamber. The supersonic
plasma jet is created by the expansion of the plasma gas in the reactor maintained at low
pressures (less than 50 kPa). The supersonic expansion of the plasma flow ends in the formation
of a stationary shock with Ma=l. The plasma is subsonic after the stationary shock. The
technological interest in this type of plasma lies in its use for the fast deposition of various layers.
An important aspect of such plasmas is their departure from equilibrium conditions, due to the
weak coupling between the electrons and the heavy particles. Therefore, much attention has been
directed to the study of non-equilibrium effects. In the experimental part of this work, emission
spectroscopy and enthalpy probe techniques have been applied for determining temperature,
velocity, and electron density fields at low pressure as well as in atmospheric plasma jets.
The knowledge of plasma characteristics such as temperature, electron density and flow velocity,
is one of the key parameters required for the applications of plasma spraying and deposition,
plasma spheroidization, and plasma synthesis where the plasma properties can affect the
conversion and the quality of the products. In this regard, plasma diagnostics techniques can play
an important role to control and optimize the processing conditions and consequently, the quality
of the material. Among the various methods for plasma diagnostics, emission spectroscopy and
enthalpy probe methods are generally considered as reliable tecbiiques. In this work, the
diagnostics study based on optical emission spectroscopy includes measurements of absolute
emission coefficients of spectral lines and continuum, stark broadening of Hp line, and molecular
bands. In addition enthalpy probe diagnostics has also been used for temperature and velocity
measurements. The temperature results obtained by these techniques are compared in chapter 6.
In the following paragraphs a brief description of each method is presented.

For the measurements of temperature and electron density distributions in plasma jets, the
spectroscopic techniques are excellent means. Their main advantage is that they are
non-perturbing techniques. The light emitted by the plasma is composed of continuum radiation
due to the interaction between electrons and ions, spectral lines due to atomic and ionic species
and to rotational vibrational bands due to molecules. At low temperatures, the radiation is mainly
due to excited molecules resulting in rotational vibrational spectra. When the temperature
increases, the intensity of the molecular bands reaches a maximum and then vanishes since the
molecules disappear from the plasma by the dissociation. At the same time, atomic lines occur
and reach a maximum of intensity and then decrease as the atoms are ionized. However, the
continuum intensity increases with the temperature. According to the different degrees of freedom
among the energies distributed, the following temperatures may be found:
-the electron temperature Te (mean kinetic energy)
-the excitation temperatures of atoms (the one deduced from the excited levels close to ionization
Tex being different from the levels close to ground state Tgex)
-the vibrational temperature Tvib related to the energy distribution among the vibrational levels
-the rotational temperature Trot related to the energy distribution among the rotational levels
-the kinetic temperature Th of the heavy particles
For determining the excitation temperature, the absolute line intensity (based on the assumption
of local thermodynamic equilibrium LTE) and Boltzmann plot methods have been used. The
Boltzmann plot method does not depend on the LTE and a partial LTE is sufficient. The electron
density has been calculated by the Stark broadening of the Hp line. The measurement of heavy

particle temperature by emission spectroscopy has been studied through the rotational spectra of
the N2+ molecular band. Since collisions with heavy particles only can efficiently change the
rotational energy due to the inertia of the molecules, the rotational temperature value is assumed
to be very close to the heavy particle temperature. The relaxation times between these two
degrees of freedom are very short (of the order of 10'9 sec). Although radiation losses and
gradients in temperature, velocity, or concentration prevent the establishment of complete
thermodynamic equilibrium, if the collisions are sufficiently numerous among the plasma
particles to establish a Maxwellian, Boltzmann, and chemical equilibrium, then the plasma is in a
state of LTE. An LTE plasma can be completely described locally, except for the radiation field,
by just two thermodynamic properties, these being the pressure and temperature. Thus, at a given
pressure, all temperature diagnostic methods should yield the same result within varying
accuracies.

To complete our study on DC plasma jets and to better understand the characteristics of plasmas
at different pressures, the flow velocity and gas kinetic temperature have been measured by the
enthalpy probe method, currently considered as a powerful tool in performing thermal plasma
diagnostics. The technique, which is based on an energy balance performed on cooling water
circulating in the enthalpy probe, enables us to simultaneously measure the plasma temperature
and velocity. The first step in the enthalpy probe diagnostics is the tare measurement of the "heat
load" incident on the probe in the plasma in the absence of gas sampling. The second step is the
measurement of heat load under the plasma gas sampling condition, when a known amount of gas
is extracted from the plasma. The difference between these two cases represents the thermal
energy associated with the sample gas. Measurement of extracted sample gas flow rate and the

relevant circulating water temperatures thus provide for the determination of the sampled gas
enthalpy value.
The complete thesis consists of seven chapters.
Chapter 2 presents a literature review of the spectroscopic diagnostics, study of plasma jets,

thermal equilibrium and the different phenomena contributing to deviations from equilibrium.
The chapter continues with a review of the studies on the molecular bands and the calculation of
plasma composition.
The knowledge of plasma composition is very important in the investigation of deviations from
LTE. Chapter 3 shows the computation of plasma composition under equilibrium and
non-equilbrium conditions. The experimental results are compared with those of LTE model in
the subsequent chapters and the plasma parameters such as temperature and electron density are
then calculated.
Chapter 4 deals with the diagnostics of plasmas and the fundamentals of methods utilized to
investigate plasma parameters. The advantages and limitations of each method together with the
error analysis is explained.
Chapter 5 provides a description of the experimental setup to generate the plasma jet. The
diagnostic techniques employed including the spectrograph and optical system and the enthalpy
probe setup are appropriately described.
Chapter 6 presents the experimental results obtained from the different methods used and the
results obtained at different zones within the plasmas are also presented. The effect of pressure on
important plasma parameters is also discussed.

Finally, chapter 7 includes a summary of the main conclusions of this work and its contributions
to the body of knowledge on low pressure supersonic jets. Finally, the chapter presents a brief
discussion of future work that can be usefully performed on the topic by future researches.

Chapter 2
Literature review
In this chapter, a review of previous studies relevant to this work is presented. A brief discussion
of each article, together with its important results and conclusions, is given. The chapter starts

with a description of and the basic criteria for establishing thermodynamic equilibrium, followed
by description of deviations from LTE. The chapter continues with the study of molecular bands
and a review of the more recent works devoted to low pressure plasma jets. The last part includes
the methods for composition calculation.

2.1. Thermodynamic equilibrium
A laboratory plasma, depending on its interaction with the external medium, the process
conditions, boundary conditions, etc., can be in a state of local thermodynamic equilibrium
(complete or partial equilibrium), or a non-equilibrium state.

Plasma is considered to be at local thermodynamic equilibrium (LTE) if there is an approximate
equality between the electron temperature Te and the heavy particle temperature Th. A plasma in

a LTE state should normally be in kinetic (Te=Th), excitation (Boltzmann distribution),
dissociation (Guldberg-Waag law), and ionization (Saha-Eggert law) equilibria.
A "non-equilibrium" plasma is a system of particles with differing kinetic temperatures
depending on the collisional and radiative energy transfer processes. Non-equilibrium plasmas are
usually characterized by low heavy particle temperatures (Th<Te). Such plasmas can be produced
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in various ways, e.g., in low pressure DC or RF discharges. With decreasing pressure, the electron
temperature near the cold walls of the plasma is considerably higher than the temperature of
heavy particles, ionization of atoms is not balanced by recombination.
Thermal arcs at atmospheric pressure usually obey LTE conditions within the central part of these
discharges. However, strong deviations from LTE can be observed at reduced pressures. These
deviations may be due to kinetic non-equilibrium as well as chemical non-equilibrium conditions.
In the former case, the electron temperature, Te, is substantially higher than the heavy particles'
temperature. Th. This deviation from kinetic equilibrium is mainly due to the poor collisional
coupling between electrons and heavy particles at reduced pressures. Since the frequency of
collisions is proportional to the pressure, the difference between Te and Th should gradually
vanish as the pressure increases. Another frequently observed deviation from LTE in low pressure
arcs is associated with the chemical equilibrium. In such arcs the plasma composition cannot be
derived from the Saha equation because the electron density is relatively low.

2.1.1. Complete thermodynamic equilibrium (CTE)
CTE exists in uniform, homogeneous plasmas if the kinetic and chemical equilibrium conditions
prevail. IfCTE exists in a plasma, the following conditions must be met:
1) the velocity distribution function for particles of every species existing in the plasma, including
the electrons, follows a Maxwell-Boltzmann distribution:

dN(v) 4v2dv ^.^C mv2

~t~ = ~T^T exPl-HfJ (2.1)
nl{f^~)

where v is the velocity of particles, m is their mass, and T is their temperature, which is the same
for every species and is equal to the plasma temperature.
2) The population density of excited states of every species in the plasma follows a Boltzmann
distribution. The number of particles of chemical species r in a quantum state i of energy Er,i is
given by Boltzmann's relation as:

Nr,i

N7~

_^L

Sr,i expl - TTex

~^L

(2.2)

where gr,i is the statistical weight of the state i. The energy Er,i is the excitation energy relative to
the ground state, with Er,ground=0

3) The particle densities (neutrals, electrons, ions) resulting from chemical reactions, are
characterized by a mass action law, which when applied to ionization (A±?A + e'), becomes the
Saha-Eggert equation:

NeNA+ 2QA+^2nmekT'\1 ___^[ EI

~^— = ~QT^ ,,2 ; exPL-T? J (2.3)

where Ne is the electron density, NA+ and NA represent ion and neutral number densities,
respectively, regardless of whether the ions and neutrals are in an excited state or in the ground
state; Qi and Q are the partition functions of the ions and neutrals, respectively, h is Planck's
constant, and E; represents the ionization energy. The law of mass action implies that chemical
equilibrium exists in the plasma. The temperature governing this equilibrium state is identical to
the plasma temperature.

For dissociation-recombination reactions (AB^A+B), the law of mass action takes the form of
the Guldberg-Waage equation:

NA^B _ QAQB (lnkT\~i
'l7tkT\2 (^AmB
1'mA'nB
^ ^ ___[ Ep
NAB ~ QAB

T-J " ^S~)2 expL-^f J (2.4)

4) The radiation from plasma can be described by the blackbody equivalent, with the intensity Bv
as described by the Planck's equation:

2hv3 1

5v

=

e kT -\

^-^7

(2.5)

The temperature of this blackbody radiation is again identical to the plasma temperature.
In order for a plasma to exist in a complete state ofthermodynamic equilibrium, we must be able
to generate a plasma within a closed and thermally isolated box at an absolute temperature, T.
Therefore, complete thermodynamic equilibrium exists in uniform homogeneous plasmas if:
e— -1. h— -1. ex~ J. rad—

Boulos et al (1994) have shown that a plasma that follows the ideal model of CTE must be in a
hypothetical cavity whose walls are maintained at the plasma temperature and the plasma would
be penetrated by blackbody radiation of its own temperature. An actual thermal plasma, of course,
deviates from these ideal conditions. Since most thermal plasmas are optically thin over a wide
wavelength range, the radiation temperature of the plasma is not in equilibrium with the kinetic
temperature of the plasma components. Thus, laboratory plasmas investigated in this work can
not exist in the complete thermodynamic equilibrium state.
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2.1.2. Local thermodynamic equilibrium (LTE)
In many plasmas the presence of concentration and temperature gradients often prevents the
establishment of CTE. The most prevalent form of deviation from CTE is due to loss of energy
from the discharge in the form of radiation that is not reabsorbed within the plasma boundary.
Thus, Plank's radiation law is rarely valid for such plasmas. However, even in non-homogeneous
systems where density gradients are present, the temperature equivalence of the other

distributions can remain locally valid if the velocity distribution of the electrons is Maxwellian. In
contrast to the complete thermodynamic equilibrium state, plasmas in which equilibrium is

maintained for all distributions (except the Planck function) at any spatial point are said to be in
local thermodynamic equilibrium, LTE. In the LTE concept, the collision processes and not the
radiation processes govern the transitions and reactions in the plasma and thus there is a micro
reversibility among the collision processes, that is, detailing the equilibrium of each collision
process with its reverse process, is necessary. In the literature, many investigations, both
theoretical calculations and experimental measurements are devoted to the establishment of a
criterion for electron density range to satisfy the LTE requirements. However, their applicability
is mostly limited to the plasma conditions (pressure, temperature, etc.).

2.2. Deviations from LTE
Many investigations have been performed to study the deviations from equilibrium in plasmas. In
some of these studies, the emphasis has been on non-equilibrium effects found in plasmas
containing atomic species, in which two deviations from LTE can be considered. Firstly, the
electron temperature Te may deviate from the heavy particle temperature Th (the ion and neutral
temperature) and secondly the ionization composition may deviate from the Saha-equilibrium.
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For the latter, the PLSE (partial local Saha equilibrium) assumption can usually be used, in which
only the ground states of the neutrals deviate from Saha-Boltzmann equilibrium with the
continuum at the prevailing temperature. Similarly, in plasmas containing molecular species, the
density of molecules, radicals and atoms may deviate with respect to the equilibrium
composition.

Raaijmakers et al. (1983) have outlined two approaches to describe the partial-LTE regime. In
spectrochemical work, P-LTE may be described using two temperatures; the excitation
temperature (Texc) describes the excitation equilibrium between excited states, and the ionization
temperature (Ti) describes the ionization equilibrium between the atom and the ion ground levels.
Alternatively, for a plasma physical description, in addition to the electron density (Ne) or the
exp

n-p

electron temperature (Te) an additional parameter, °p = ~^sa^ , is introduced. This parameter is

used to describe the overpopulated (bp>l) or underpopulated (bp<l) ground level relative to LTE
condition. Raaijmakers et al. (1983), have noted that the general domain of validity for P-LTE is
approximately 10 > bp > 0.1. When bp is outside these bounds, it is convenient to discuss
non-LTE using other, more sophisticated models. These models dispense with the
Saha-Boltzmann analogies.
Schram et al. (1996) attempted to take non-equilibrium effects into account. In this contribution,
they introduced two parameters 5b and §6 that describe the deviations from Saha-Boltzmann and

thermal equilibria respectively in the following equation;

5bp =bp- 1 = -^r - 1 , J^ = -^ (2.6)
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in which bp is the so-called overpopulation of the neutral ground state at the actual values of Ne
and Te. PLSE implies that all excited states are in Saha equilibrium with the continuum, i.e., the
overpopulation factors bp=l for main quantum numbers p>2. The other non-equilibrium
parameter is §Q=l-Th/Te that describes the deviation from thermal equilibrium between electron
and heavy particles.
For the most simple case, i.e., an atomic plasma in a noble gas, the electron temperature may
deviate from the heavy particle temperature and the ion (and electron) density is not in
equilibrium with the neutral ground state. Schram et al., however, assumed that the excited states
are in equilibrium with the continuum, i.e., the PLSE state exists in plasma. Since the variation of
electron density was much greater than that of electron temperature (of the order of 100 and 3 for
Ne and T, respectively), the electron density proved to be the best thermodynamic quantity to
compare models with experimental data. Another important aspect of their work was to
distinguish active (ionizing) and passive (recombining) plasmas. In the active part of the plasma
the power is dissipated. The passive part of the plasma is governed by particle and heat diffusion
and usually the contribution ofionization is small in this zone.
From their various experimental works, Schram et al. have shown that for the current range used
(40-200 A in a 5 mm cascaded arc) the plasma was maintained in the ionizing phase up to close
proximity to the wall. From the experimental results, they proposed that a non-equilibrium state
can be defined by the following approximate relation:

6bp

=

Ci
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+

^

(2.7)

The general form of this relation can be explained by the two loss contributions to the mass
balance: one from (radiative) recombination (Ci) and one from diffusive losses (C2/Ne). The
authors proposed this simple relation as a first approximation. However, it holds approximately
well for experimental results at 1 atm, and is rather independent of the radial position and on arc
conditions.
Huang et al. (1992) studied the effects of power settings, and the addition of an aqueous aerosol
on the electron temperature, electron density, and gas kinetic temperature in an inductively
coupled plasma. The study was based on spatially resolved Thomson and Rayleigh scattering.
They showed that Te, Ne, and Th all increase throughout the plasma as the rf power is raised,
with the electron density increasing most rapidly. They concluded, in general, that Te increased
with rf power increase more rapidly than did Th. Moreover, the results showed that Te was
substantially higher than Th in the upper plasma part but the two parameters approached each
other on increasing the axial position value. An interesting feature of that work is related to the
effect of water addition on the Te and Th. It might initially seem surprising that the gas and
electron temperatures converge with the increase of Z axis and reach values substantially lower
than the LTE temperature that would be predicted from the S aha equation and the measured
electron densities. However, they mentioned that such an LTE temperature is actually related to
the argon ionization. In fact the results reflect the fact that there are more electrons in most zones
of the plasma than would be predicted from either the electron or the gas temperature. This may
be essentially ascribed to the fact that Ne is overpopulated mainly because of the relatively slow
electron-ion recombination kinetics in the plasma. In contrast, the equilibrium between the
electrons and the heavy particles (principally argon atoms) occurs more rapidly (thermal

equilibrium).
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In thermal plasmas the non-reversible mechanisms, i.e., radiation and diffusion, may induce
important departures from LTE. Large density gradients cause a strong particle flux. In most
cases, the highly excited particles will be in equilibrium with the free electrons. However, the
population density of the ground state at the same point may deviate from the static population
density due to diffusion.

S. Vacquie (1995) performed studies on the departures from LTE due to diffusive transfer of
particles in thermal arcs and proved that ambipolar diffusion due to a large gradient of charged
particles could result in the non-validity of the Saha equilibrium. In this case the electron density,
in addition to the electron temperature, depends on different factors. The calculation of the actual
composition of plasmas, containing elements of different atomic weights and ionization energies,
is difficult because of the occurrence of a diffusive separation or demixing of the gaseous species
due to the large temperature gradients. As a result the concentration ratio within the arc column is
non-uniform and may be very different from that of the cold gas mixture and its initial
stoichiometric ratio of the gaseous compound.
Vacquie(1994) in his investigation also considered the transfer of translational motion from an
electron gas at temperature Te to atoms at temperature Th. The energy is transferred into the
discharge by means of the electric field that accelerates the electrons which then, during the
collisions, transmit part of their energy to the heavy particles. The large difference between the
masses of electrons and heavy particles may hinder the transfer of energy from the electrons to
atoms, a situation that is responsible for the widening gap between the heavy and light particle
temperatures in low pressure discharges. He mentioned that a current of about 30 A was required

15

to create the conditions in which the difference between electron and heavy particle temperature
be no longer detectable.
At thermodynamic equilibrium, all direct processes are balanced by their reverse processes. When
the pressure is sufficient, the collision processes dominate over the radiative processes, leading to
the establishment ofLTE. S. Vacquie (1994) showed that at pressures lower than 0.5 atm., the
radiative transitions could no longer be ignored with respect to the collisional transitions and the
experimental results are far from LTE predictions. However, he proved that for pressures as high
as 0.5 atm and higher, a partial LTE was reached. At thermodynamic equilibrium, the diffusion
term, which introduces another loss term, is nil (in addition to radiation). However, when
associated with the radiative processes, they can cause departures from the Boltzmann
distribution and the Saha and Guldberg-Waage equilibrium relations. When large temperature
and particle density gradients exist in the plasma, e.g., in wall stabilized arcs, intense fluxes of
neutral particles occur from the edge of the discharge towards the centre with an opposite flux of
charged particles from the centre to the plasma edges (ambipolar flux). With respect to LTE, it
follows that in the central region an overpopulation of neutral atoms and an underpopulation of
electrons and charged particles occurs, with the reverse situation at the edges. Thus, the diffusion
rate for helium is much more pronounced than argon owing to its lighter mass.
The densities of the atoms on the various excited states, with respect to the ground state, follow
the Boltzmann distribution at equilibrium. The decrease in the electron density by ambipolar
diffusion associated with diffusion of the neutral species towards the axis, leads to a decrease of
inelastic excitation collisions giving rise to a depopulation of the ground state of the atom.
Therefore, the upper excited levels appear to be underpopulated with respect to equilibrium
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conditions. However, it should be noted that although these excited atoms are not in equilibrium
with the ground state, they can be in excitation equilibrium with the electron population and
partial LTE is still a valid concept and state.
Chen et al. (1994) studied the diagnostics of a thermal plasma jet. Optical emission spectroscopy
and enthalpy probe diagnostics were applied for the determination of the temperature, velocity,
and electron density fields in the turbulent argon-helium plasma jets working at atmospheric
pressure. Electron temperature was measured using the absolute line intensity method based on
the assumption of LTE. Stark broadening of the Hp line was used for electron density
determination. For extending the temperature profiles to lower temperature levels and measuring
the gas velocity, they applied the enthalpy probe technique. Three regimes were identified in
terms of the spatial location and mechanism for deviation from LTE as a laminar regime (with the
axial position Z<20 mm) where the plasma jet has a bright and stable core, a turbulent regime
(Z>50) where the isotherms and velocity isocontours spread out, demonstrating the turbulent
characteristics of Ar/He plasma jets, and a transition regime between these two zones. The
experimental results for Ne showed that the discrepencies between the electron densities derived
from the Stark broadening and those derived from LTE temperatures increase with increasing
radial and axial distance from the nozzle exit of the plasma torch. These results indicated that
substantial deviations from LTE occur in various regimes of the jet plume except in the regions
very close to the jet axis near the nozzle exit where LTE seemed to exist. Since the Stark
broadening method does not rely on assumptions about the thermodynamic state of the plasma,
comparisons of the electron density data derived from Stark broadening with those derived under
LTE assumptions would provide an indication of the non-equilibrium effects in the plasma. Chen
et al. (1994) discussed on the following phenomena as the dominant physical effects causing

17

deviations from LTE in Ar/He plasma jets, i.e. diffusion, chemically frozen flow, and cold gas
entrainment effects. Let's look at each type of effect briefly.

2.2.1. Diffusion effects
As the plasma jet exits the anode nozzle, it encounters steep radial gradients in the fringes (Chen
et al. 1994). The jet appears to have a stable laminar core. The steep radial gradients for electron
densities in the region very close to the nozzle exit (up to dne/dr=1.6xl0 cm ) induce diffusion
of high-energy electrons from the core towards the jet fhnges. Collisional excitations of
high-energy electrons in the fhnges will cause higher population densities of the excited states of
the argon atoms. Consequently, these higher populations will lead to an overestimation of
temperatures derived from line intensities.

Another possible mechanism which may contribute to the higher population densities of excited
states in the fringes of plasma jets may be absorption of resonance radiation by argon atoms.
Resonance radiation emitted from the hot core of the plasma jet may be reabsorbed over relatively
short distances by argon atoms in the jet fhnges which are essentially in the ground state. They
mentioned that this situation of reabsorption of resonance radiation may also occur in the outer
fringes of argon/helium plasma jets (r>2 mm) where electron densities drop below 10 cm and
temperatures below 9000 K. Electron diffusion, however, will be important around the jet center
(r<2 mm) where electron densities exceed 1016 cm'3 and temperatures exceed 10000 K. Besides
electron diffusion, diffusion of heavy species and the associated demixing effects may play
important roles in Ar/He plasmas. Chen et al. indicated that a significant demixing effect, i.e. the

population of He atoms in the center of the jet due to diffusion was substantially higher than the
corresponding equilibrium value, occurred in the region very close to the jet axis near the nozzle
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exit. In contrast, diffusion exerts only a small effect on the concentration of argon atoms in this
regime. The reason is that argon and helium gases have different ionization potentials. While
electrons and ions diffuse towards the fhnges, both argon and helium atoms diffuse towards the
centers. Under the specified temperature condition ofTcenter-15000 K, the concentration ofhelium
atoms near the center increases almost entirely due to diffusion, because the ionization of helium
can be neglected. The concentration of argon atoms near the center would increase due to
diffusion of argon atoms from the fhnges, but depletion of argon atoms due to ionization
overcompensates for this effect.

2.2.2. Chemically frozen flow effect
At the jet centerline near the nozzle exit, the velocity of the plasma flow exceeds 1000 m/s. Due
to this high jet velocity, the travel time of a plasma volume element from the nozzle exit to a
location d>30 mm downstream is of the same order of magnitude as the relaxation time (-10 [is).
Therefore, Chen et al. concluded from their experimental results that a chemically frozen flow
situation may be approached up to a distance ofd=30 mm (Ne=5.3xl016 cm'3) which is located
between the laminar and the fully turbulent regimes. This partially frozen chemistry will maintain
higher electron densities in this regime, i.e., the electron density derived from Stark broadening at

d=30 mm will be substantially higher that that derived from LTE. The higher electron densities
due to frozen flow effects will lead to higher population densities of excited states by
electron-atom collisions. This, in turn, will give rise to higher temperatures derived from
emission spectroscopy. Chen et al. (1994) pointed out, however, that enthalpy probe
measurements would be little affected by the higher population densities of excited states,
because their contribution to the enthalpy was negligible. Therefore, enthalpy probe
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measurements resulted in temperatures up to 20% lower than those derived from emission
spectroscopy ofAr/He plasma at atmospheric pressure.

2.2.3. Cold gas entrainment effect
The engulfment (i.e. enclosed flow) of cold gas eddies into the plasma plume in the transitional
and fully turbulent regime results in strong discrepancies between spectroscopy and enthalpy
probe data. Obviously, spectroscopic measurements record only radiation from the
high-temperature plasma and disregard the cold gas entrained into the plasma plume, whereas
enthalpy probe measures average temperatures resulting from contributions of both hot and cold
gases.

2.3. Study of molecular bands
The emitted light by molecules can be analyzed by optical emission spectroscopy and information
on the relative populations of the excited species in the plasma can thereby be obtained. For the
case of molecules, excitation in a given electronic state is spread over the rotational and
vibrational levels. When the rotational-vibrational populations are distributed according to the
Boltzmann distribution, rotational and vibrational temperatures can be determined. It should be
noted that, in non-equilibrium plasmas, these temperatures are generally different from the
electron temperature and can also be different from each other. Since collisions between the
neutral and excited molecules are very effective, the rotational temperature tends to equilibrate
with the kinetic temperature of the heavy species. Therefore, the rotational temperature, measured
on the (0,0) band of the first negative system of N2+, can be used to estimate the kinetic
temperature of a gas into which nitrogen has been introduced as an impurity (Lefebvre and Ricard
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1975). Among the methods for measuring the rotational and vibrational temperatures the most
widely used is that of the Boltzmann plot. This procedure needs a very high resolution
spectrograph to completely resolve the vibrational-rotational lines. Other methods, however, are
based on comparison between experimentally measured lines and the theoretical or simulated
band for different temperatures.
One of the molecules radiating from sources containing nitrogen is the Ni+ ion. A strong spectmm
of the so called B2 2^ -X2 2^ can be observed in N2 discharge tubes at very low pressure or at
moderate pressure, in plasma jets, arcs, and high frequency discharges. The (0,0) band of this
system has a single head at 391.44 nm. The band head is formed by P lines. The rotational lines
are only partially resolved as a result of the overlapping of some P lines and R lines such as
Kp=KR+27, K being the rotational quantum number. Since the distance between close lines is very
small, one needs a very high resolution spectrometer to resolve the rotational structure of the
band. The measurement of temperature based on the WB2 S^ -X2 2^(0,0) band emission has
been the subject of several investigations (e.g., Baronnet, 1971, Coudert et. al, 1987,
Czemichowski, 1987, etc.).
Baronnet et al. (1971) used a high-resolving power monochromator to measure the rotational
temperature in a nitrogen plasma jet (12 kW) from the intensity ratios of several so-called global

(unresolved) lines: (P78+R51)/(P30+R3), (P74+R47)/(P32+R5), (P78+R51)/(P34+R7),
(P74+R47)/(P36+R9), and (P70+R43)/(P38+R11) of the (0,0) band. The measured temperature
varied from 6000 K to 12000 K within 10% accuracy.
A very high practical resolution power monochromator (X 300,000) was used by Coudert et al.
(1983) to determine the rotational temperature for a 200 A atmospheric pressure nitrogen plasma
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jet from the intensity ratios of the well-resolved total lines (each of them containing one P line

superposed to one R line, from P27+RO to P36+R9) with respect to the band head intensity (the
integrated intensity of the first 26 P lines).
Czemichowski (1987) in his early research on rotational temperature determination used the
N2+(0,0) first negative system. He proposed a simple method of temperature determination based
on the observation of a partially resolved molecular band obtained by using a medium-resolution
power spectrograph. He suggested that a comparison of relative intensities of only a few
rotational lines emitted from the source with those observed in the simulated spectmm would
provide a simple temperature evaluation formula that should be easy to use. In this way, the band
was simulated for large temperatures and apparatus width ranges, and six local peaks on the
simulated spectmm were found to be quite sensitive to the temperature evolution: they were
composed of the complex lines P28+R1, P30+R3, P32+R5, P34+R7, and P36+R9. These local
intensity maxima were compared to the band head peak and a practical formula that took into
account the band head shape was proposed for the temperature range of 2000-7000 K. The
accuracy on the temperature evaluation was about 6% near 7000 K when the relative peak
intensities were within 3% error.

Nassar and Czemichowski (1993) proposed a numerical method for the rotational temperature
evaluation using the spectra of the N2+(0,0) molecular band. The method is a "point to point"
comparison of the experimental spectra with the computer simulated molecular band. The
simulated intensities for molecular transitions at a temperature T were convoluted with a
Gaussian apparatus function. They normalized both real and simulated spectra with respect to the
bandhead amplitude and then superposed and compared "point-by-point" the simulated spectrum
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with real spectra. The rotational temperature is estimated by minimizing the function E(T)
defined as:

£(D=^E^-/f)2]t (2.8)
Iir and I;' are the intensities of the real and simulated i-th pixel of the spectmm containing the N
points. The relative error on the rotational temperature for a noise/signal ratio of 20% was about
18.6% at Trot=6000 K. For an atmospheric nitrogen plasma jet of 20 1/min nitrogen flow and 35
kW power, the observed rotational temperature was 7900 K 40 mm from the nozzle exit on the
jet axis.

Chelouah and co-workers (1994) proposed a method for evaluating the rotational and vibrational
temperatures of a non-equilibrium nitrogen plasma. This method, however, does not require a
high spectral resolution spectrograph. The temperature evaluation is performed by comparing
experimental and simulated spectra for the first negative system of the N2+ (0,0) band. In order to
estimate the rotational temperature, they proposed minimizing the surface delimited between the
experimental and simulated spectra. The error associated with this method, for a 5% inaccuracy in
the measured emissivity of the molecular spectra, was determined to be about 10% near 3000 K
by the authors. They applied this technique to discharges in air and obtained rotational
temperatures ranging from 300 to 3000 K.

Beulens and co-workers (1994) studied the d (0,0) Swan band and the CH (0,0), (1,1), and (2,2)
bands for rotational and vibrational temperature determination in an argon/methane supersonic
expanding cascaded arc plasma. Since the rotational lines for both systems were not isolated, they
could not use the Boltzmann plot for rotational temperature determination. So the only correct
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way to determine rotational and vibrational temperatures was to compare the experimental results
with simulations of the spectra. The method employed by them for €2 and CH bands is similar to
that used by Nassar for Ni+. The rotational temperature for both systems varied between 2000 and
4000 K along the axial position at 1 mbar pressure. However, for vibrational temperature the
variation was much less, with an average value of about 3000 K being estimated.
Lange et al. (1999), more recently, studied the Swan band of €2 radicals in the carbon arc
discharge under conditions in which the fullerenes and carbon nanotubes were known to be
formed. The work consisted of temperature and €2 population density calculations based on the
spectra of the d3F[g,v'=0 ™ a F[u,v"=0 transitions and subsequent comparison with the
experimental spectra for the case of an optically non-thin plasma. To take into account non-thin
effects, they considered the self-absorption in the case of molecular spectra emitted by the
plasma. Previous research work by Huczko et al. (1995) on an carbon arc in helium with traces of
N2 had shown that rotational and vibrational temperatures of C2(d3FL) and also CN(B2S+) radicals
were very close to each other. To estimate the density and temperature they used direct fitting of
measured to simulated spectra. In this way, a set of normalized intensity distributions for the
temperature interval between 2750 and 8375 K with an increment of 125 K, and for 20 values of
column densities between 1012 and 1016 cm'2 for each temperature was calculated. Lange et al.,
however, pointed out that the temperatures, estimated by Boltzmann plot using some sufficiently
resolved rotational lines of the P(0,0) branch and simulated spectra, were also within satisfactory
agreement. At an arc current of 100 A, the temperature varied between 4000 and 7000 K.
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2.4. Study ofsupersonic plasma jets
Since the expansion of hot plasma gas into a low pressure chamber results in the conversion of a
considerable part of the torch input power to the kinetic energy of the thermal plasma, low
pressure plasmas are characterized by lower gas temperature, higher velocity, and lower density
compared with the atmospheric pressure plasmas. In this part of chapter 2, some experimental
work devoted to the investigation of low pressure plasmas is reviewed.
Szymanski et al. (1997) investigated a low pressure supersonic plasma jet using the spectroscopic
measurement method. The plasma was generated by a continuous wave C02 laser maintained in
the stream of argon gas. The plasma was then expanded through the supersonic nozzle into a
vacuum chamber. The pressure, at 1 bar prior to the nozzle, reached values of 0.75, 0.065, 0.04
bar, in the throat, 10 and 20 mm downstream from the throat and 0.013 bar in the vacuum
chamber respectively. Electron temperature and density were measured by the relative intensities
and Stark broadening of the argon lines. The results for electron density estimates showed that
electron density values initially from 2x10 cm'3 after the convergent nozzle, were reduced to
4xl016, IxlO15, and 6xl014 cm'3 at 15, 25, and 85 mm downstream. Electron temperatures
(determined from the relative intensities ofArI lines) at these axial positions were 16500, 10000,
8000, and 6000 K respectively. At the throat, the calculated temperature using the thermal

equilibrium and Saha equation method was about 11000 K (Te=Th because the characteristic
time for electron-heavy particle energy exchange was ~10'7 s, whereas the characteristic time
related to the flow was about 10'5 s) .
Robin and co-workers (1994) studied a supersonic nitrogen arc plasma jet expanded in a
low-pressure chamber (the pressure held in the plasma chamber was 0.8 torr). The plasma source

25

was a DC arc jet. The plasma stream was supersonic with a shock located at 38 mm downstream
from the nozzle exit. They perfomied systematic investigations for electron and heavy particle
temperatures, electron and heavy particle population densities, and Mach number measurements
in the expanding jet region over various downstream sections from the nozzle exit. Spectral scans
in the 250-860 nm range showed that the Ns+ first negative system emission was the more intense
molecular system. The rotationally resolved emission spectmm from the (0,0) band of the N2+
first negative system (B2 2^ -> X2 2^) was analyzed and compared to synthetic spectra to evaluate
the rotational temperature within the flow field. The experimental results showed that from the
nozzle exit the flow field was accelerated up to a maximum value ofMach number Ma= 1.25 at
Z=38 mm, where a minimum in electron density and in both the electron and heavy particle
temperatures was located. The heavy particle temperature decreased along the axis, from 5500 K
at the nozzle exit to 2500 K at Z=38 mm downstream from the nozzle exit (at the shock) and then
reached a maximum value of 3800 K at Z=60 mm, these effects being ascribed to the Mach
compression, and then gradually decreased to 2500 K at Z=200 mm. On the other hand, the
electron temperature reduced from 8500 K at Z=20 mm, to 5000 K at Z=200 mm after the shock.

Kim and Hong (1995) investigated argon-hydrogen thermal plasma jets at atmospheric and low
pressures. They used optical emission spectroscopy to measure both argon atom excitation
temperature as well as a Langmuir probe to measure the electron density and temperature. The ion
temperature was found to decrease at low pressure. Experimental results indicated that decreases
in ambient pressure caused increases in plasma flow velocity, due to the conversion of the torch
input power into the gas species kinetic energy. The velocity in the low pressure plasma was

varied from 1500 to 3000 m/s, which was about three times higher than velocity values in
atmospheric pressure. Electron density profiles indicated that adiabatically expanded plasma from

26

the torch exit experienced compression near the region z=15 mm downstream from the torch exit,
where a sudden deceleration of the flow velocity and the thermal cooling of the plasma occurred.
These phenomena are attributed to the oblique shock wave features which have been observed in
the form of shock diamond in low pressure flows. Kim and Hong concluded from their
experimental results that the deviation from the LTE condition was considerable at 13.3 kPa.

Tahara et al. (1994, 1996, 1998) widely studied the different parameters in an arc jet engine with
an expansion nozzle. The spectroscopic measurements conducted on a 10 kW arc jet generator
with a supersonic expansion (1998) showed that the NHs and N2+H2 plasmas were in the thermal
equilibrium condition in the constrictor. The electron temperature in the constrictor was almost
equal to the N2+ vibrational temperature near the axis. The electron temperature and density in the
constrictor were about 10000 K and 3xl016 cm'3 for an input power level of 11 kW respectively.
Collisional mean free paths of electrons and molecules were estimated to be of the order of 10'1
and 10'2 mm from the measured temperature and density in the constrictor, and they were small in
comparison to the constrictor diameter of 6 mm. They concluded from their studies that the
thermal equilibrium in the constrictor may be explained by this effect. The axial variations of the
vibrational temperature in the constrictor had a nearly constant value of about 8000-9000 K. On
the other hand, the plasmas in the expansion nozzle were in thermodynamic non-equilibrium state
because the electron density rapidly decreased downstream. The rotational temperature was
considered to drastically decrease from 10000 K in the constrictor to 2000 K downstream from
the nozzle exit.
Tahara and co-workers, from empirical formulas in which the relaxation times are related
inversely proportional to ambient pressure, obtained the relaxation times of vibrational and
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rotational excitation modes in the expansion of the order of 10'3-10'4 and 10~8 sec respectively.
The characteristic flow time in the nozzle is on the order of 10'6 sec. This proves that a strong
coupling between the rotational temperature and the translational temperature exists in the
expansion nozzle, resulting in drastic decreases in the translational and rotational temperatures
due to supersonic expansion, although the vibrational temperature was hardly influenced by the
translational and rotational temperatures.

2.5. Plasma composition calculations
Knowledge of the composition is fundamental to the study of thermal plasmas. Two widely used
methods for determining thermodynamic equilibrium at constant pressure and temperature
(assuming a unique temperature) are:
-either, by using the law of mass action for the different possible chemical reactions taking into
account the elementary species conservation and the electrical neutrality and then solving the
resulting non-linear system,
-or, by minimizing the system Gibbs free energy, with species conservation and electrical
neutrality equations, using Lagrange's multipliers
Several researches have been carried out in order to compute the compositions of plasmas at
complete thermal equilibrium. Pateyron et al. (1992), for example, calculated the compositions
and transport properties of argon/hydrogen and argon/helium plasmas, by minimizing the Gibbs
free energy, with mass conservation and electrical neutrality equations being taken into account.
The assumption of the existence of a "unique temperature" is not always the case in thermal
plasmas, e.g., at the fringes or walls of the plasma. In such cases, the plasma is not in thermal
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equilibrium, and several temperatures can be defined. To compute the composition, these
temperatures must be taken into account in the Saha equation and Guldberg's law. Several
authors have studied two and more temperature models so as to include the non-equilibrium
effects in plasmas. It is then assumed that the mean kinetic energy of free electrons is higher than

that of heavy species, both following Maxwellian distributions. This allows for the definition of
the two temperature values, Te and Th, resulting from elastic collisions (Aubreton et al., 1998).
The ratio 6=Te/Th strongly depending on the position within the plasma, is then defined. Boulos
et al. (1994), however, have pointed out that these methods are valid only for a small
disequilibrium. To be rigorous, such calculations should be performed using a kinetic model.
However, the kinetic coefficients are often unknown and it is not possible to calculate the plasma
composition. Aubreton (1985) used kinetic model to calculate the composition of an AifHz
plasma, taking into account 24 different reactions. He then compared the results of these
calculations to those of a two-temperature model. He found that up to 9=3, the results for the two
methods were similar.
Andre and coworkers (1996) developed the calculation of concentrations in a argon/ hydrogen
plasma by taking into account non-equilibrium parameter 9. They used the minimization ofGibbs
free energy to calculate the concentration and thermodynamic properties in an Ar-H2 mixture for
different temperature non-equilibria.
When the plasma is not in thermal equilibrium, several temperatures can be defined from

Boltzmann's distribution (Andre et al, 1997):
*Atoms have two temperatures, excitation and translational.
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*In thermal plasmas having non-equilibrium regions, molecules excited essentially by collisions
with other particles can get high rotation and vibration energies and emit electromagnetic
radiation. If the coupling between the rotation and vibration levels is neglected, the intensity
distribution of vibration and rotation correspond to a vibrational temperature Tvib and a
rotational temperature Trot. Consequently, a molecular excitation temperature can be defined. All
these temperatures must be taken into account in the Saha equation and Guldberg's law.
Andre et al. (1997) presented a multi-temperature model to compute the composition and the
thermodynamic properties for a nitrogen plasma using both mass action law and minimization of
Gibbs free energy. They proposed the following assumptions: the heavy particle translational
temperature is relaxed to a Maxwellian distribution at identical temperature Th; the electrons are
assumed to be relaxed to a Maxwellian distribution at temperature Te; with regards to the internal
temperature, they supposed that: Trot=Th; Tvib=^Th; Te=Tex=Q Th where 6 was varied between
1 and 2. The obtained results for both methods were identical since the two methods have the
same physical roots.
Two-temperature models are often not sufficient to define precisely the plasma state. Besides the
elastic collisions that allow the kinetic temperatures Th and Te to be defined, inelastic collisions
can play an important role in thermal plasmas. It is then customary to relate populations of
excited states resulting from these collisions to temperatures such as rotational temperature Trot,
vibrational temperature Tvib, and excitation temperature Texc (for atomic excited states). Andre
et al. (1996, 1997) have thus considered multi-temperature plasmas with four temperatures, i.e.,
Te (assuming Te=Texc), Th, Trot, and Tvib. They transformed the internal partition functions by
separating artificially the excitation, rotational, and vibrational energies. It has allowed them to

30

express the internal partition function of molecules as a product and its logarithm as a sum.
However, at equilibrium, this modified internal partition function is lower than the exact partition
function and the difference increasing with the temperature.
More recently, Aubreton et al. (1998) developed numerical methods to determine partition
functions of the different species, and therefore computed the plasma composition, and its
transport properties. They applied the calculations for two and three temperature plasmas (heavy
species Th ; electrons Te; and vibrational Tvib temperatures) by using the Gibbs free energy
minimization method. The ratio 6=Te/Th was varied between 1 and 2 as well as 9vib=Tvib/Th
for a nitrogen plasma.

Summary
In this chapter recent studies on different methods for measurement of temperature, density, and
other characteristics of plasmas are reviewed. Since the knowledge of plasma composition is a
prerequisite for studying the plasmas, a two-temperature model is developed to quantitatively
describe the composition of plasmas. These calculations usually are carried out by either the
minimization ofGibbs free energy or the resolution of the Saha equation and Guldberg's law. The
standard thermodynamic tables usually give the required information for the low temperature
ranges (e.g., the JANAF thermodynamics table is limited to 6000 K that is much less than
temperature range of this investigation). The computation of plasma composition for the
temperature range of 2000 to 15000 K is carried out by taking into account the law of mass action
for different chemical reactions. Chapter 3 presents the composition results for different pressures
studied in this work.
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In addition to theoretical arguments, this work presents a comprehensive experimental study for
diagnosing plasma jets. Characterization of such plasmas includes the measurement of electron
density, temperature and velocity distribution. Our diagnostic capabilities based on optical
emission spectroscopy include measurements of electron density and temperature by the Stark
broadening and the Boltzmann plot respectively. It should be noted here that the calculation of
plasma temperature and density from the line emission coefflcient based on LTE requires the
precise measurements of pressure in the plasma flow. In fact the pressure difference between the
plasma jet and that of the chamber especially in the region close to the torch exit, may produce
great errors in the estimation of density and less importantly, the measurement of temperature
field using the LTE calculation.
Since non-equilibrium effects are present at low pressures, it is important to consider both the
electron and heavy particles temperatures. Under the conditions of this work, the heavy particles
temperature can be measured from the Nz+ molecular spectra. As explained in subsection 2.3, the
rotational temperature is to be calculated by comparing the experimental spectra with the
simulated band. The comparison technique is based on the work ofCoudert et al. (1983). Chapter
4 presents the emission spectra of molecules and the basic criteria for temperature calculation by
molecular spectra.
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Chapter 3
Plasma composition calculation

tn this chapter, the plasma composition calculation based on the solution of the mass action law is
presented. The chapter begins with a brief discussion of the development of the mass action law
to compute the concentrations for the various species in a uniform temperature plasma. The
method is then extended to study multi-temperature plasmas. The calculations have been limited
to two temperatures; that of the heavy species Th, and the electrons Te. The non-equilibrium
parameter 6=Te/Th is varied between 1 and 2 for different pressures in the Ar/Ni/H^ system.

3.1. General relationships
The following species: Ar, Ar+, N2, N, N+, N2+, Hi, H, H+, H', e' were considered for the Ar/Ni/H^
system. We have based our development on the work ofAubreton 1985. In the equation for the
mass action law, we have the partition functions related to the various species under consideration
that depend on both the heavy particles' temperature and the electron temperature. So, in the

following analysis it will be assumed that:
-the partition function for atoms and ions Z(Th,Te) « Z(Te)
This assumption seems quite reasonable in view of the fact that, for the calculation of these
partition functions at high temperature, the main contributions are due to the highly excited levels

(the contribution of which is weighted by 2n2, n being the principal quantum number), with an
excitation temperature close to that of the electron temperature
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-the partition function for molecules and their associated ions Z(Th,Te) ^ Z(Th)
This assumption is mainly due to the fact that the vibration-rotation levels, mainly contributing to
the partition function, have a temperature closer to the kinetic temperature (heavy particle
temperature) than to the electron temperature.
The chemical potentials for the electrons and heavy particles are:

fZe=fi°e+ kT. In-^ = -^ ln[-t^(^71)2 ] - AJe ln2 +kTe In(^) +£g, (3.1)

^,=^+^ln-^=-^ln^(2^z:'L)2]-fcT*lnZ(T,)+min(^)+^,

(3.2)

where P, and P refer to the partial and total pressures respectively and E^ refer to the energy of
the chemical species i in its ground state related to an absolute reference state. At chemical
equilibrium, the following relation is always applicable to any chemical reaction: £^ ^;v; = 0
where v; are the stoichiometric coefficients of the reactions. For the plasma under consideration,
the following listed reactions have been taken into account:
l)Ar^Ar++e-;

^(Te) ^^y k T,] (^^)? k T,

> -ri^ _ ~L""' v"'^ p 1 "' "j ^ A2 ^ ""' ^r.^'

KP\e^Ar)
= pe~l
^~ I = ~—~—~—^— exPl
~ 7Ar(T\('l^n^^-\i ^T. v^kTe.

'int\J-e^\ h2 } l^-lh (3.3)

2 z^w p^)7 A r, _(-E^'
~z^) explT77.

^.ia"w;"L,^
2 TIM »r k Ti

2)N^2N; iv''2-^~ ^._.r'."..,"»^._
'2nm., kTt.\-7
CAP^*r^ (3.4)
•Inm^kTi,^

2^)|--^—P^

,/V..L 2Z^)p^)T^ __,Y-£/3^

3) N ^ N++ e-; Kp^ =tfe^^ ° = z^)exP^TT:J (3.5)
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,^v:^ ^
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^_^
2Z,W(—)-^ ^^

4) N2 <± N2++ e- ; KP4 = re{~^^ ° = z^)exP^T77'
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1 urn u k Ti, ~\ T

, ZL _ r"""^ *2 ; ~"J ^f^:
3
5)H,^2H; ^5-^-^\r-"^;|i,-7CA^"t;
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^T,)\—^—YkT,

^(T\(l1t'"ekTc'\~2

<:P/L-^ - lZ^,(Te)\——)--kT, ^J^_

6) H ^ H++ e-; KP^ = ^e{~^~^e = i^H)QXP^TT7J (3.8)

^ -(--^i = z^(r-) pYnF-SL'

7) H+e-^ H- ; ^ = KW = , p,^ ^ exPlT^J (3.9)
where Ei and ED refer to the ionization and dissociation energies respectively. Th and Te the heavy
and electron temperatures, m; and Z' the mass and the internal partition function of particle i, Kp
are the partial pressure equilibrium constants and k is the Boltzmann's constant (1.38xl0'23 J/K
part). To solve these equations, we need to involve four more equations in the process, i.e., the
conservation of chemical elements and the principle of electrical neutrality, together with
Dalton's law to permit the solution of the set of equations to be derived.
A special programming language, Mathematica, was used in the plasma composition calculations.
This language, operating interactively, is capable of sophisticated numerical, symbolic
(algebraic), and graphical computations. Its interactive and graphical components work well on
the PC. A computer code in Mathematica has been developed to compute the set of non-linear
equations necessary to develop the solution.

3.2. Results and discussion
Figures 3.1 through 3.7 present the plots of plasma composition number density versus
temperature for various pressures. The plasma is assumed to be in thermal equilibrium, i.e. Te=Th.
For argon atoms, as the temperature increases, the number density decreases The ionization
progressively increases with increased temperature. At 4000 K, it can be seen from these figures
that the Ar+ number density is about 9 orders of magnitude lower than that of the neutral species.
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Then, only at about 14000 K does the number density of the Ar+ ions become greater than that of
the Ar atoms. Since the concentration of the doubly ionized argon atoms is very small compared
to the singly ionized argon atoms at these temperatures (e.g., for pure argon plasma, the ratio is of
the order of 10 ), the double ionization reactions are neglected for the purposes of plasma
composition calculation within the temperature range covered by this study.
The behaviour of the molecular species present is different since they have to be initially
dissociated. The dissociation energy for hydrogen gas is about half that of nitrogen gas. Thus, the
dissociation reaction of hydrogen is complete at between 3500 and 4000 K, before ionization of
atomic hydrogen occurs. However, with nitrogen, the atomic species reaches its maximum
number density at higher temperature (around 7500 K). Then, due to the formation of N+, the
number density of N atom decreases. The number density of the H' ion does not show up in these
figures since its magnitude was too low. The figures also show that the dissociation reactions
occur at increasingly higher temperatures, as the pressure increases.
The effects of the non-equilibrium parameter 0 on the plasma composition for a pressure of 26
kPa is presented in figures 3.8 through to 3.14. 6 was varied between 1 and 2. The dissociation
reactions for nitrogen and hydrogen shift to higher electron temperatures. Since the higher energy
of the electrons induces a higher level ofionization for the N2, the maximum value for Nz+ is also
increased. For example, the maximum N2+ density is 2xl018 and 1.8xl019 in the case where the
non-equilibrium parameter is equal to 1 and 1.5 respectively. The N2+ peak is also shifted to
higher electron temperatures as 9 increases. This is due to the fact that the reaction constants, Kp,
depend on the heavy particles' temperature.
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Figure 3.1. Number density of different species for an Ar (78%), N2 (20%), H2 (2%) plasma at
P=101 kPa, 9=1
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Figure 3.2. Number density of different species for an Ar (78%), N2 (20%), H2 (2%) plasma at
P=53 kPa, 6=1
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Figure 3.3. Number density of different species for an Ar (78%), Nz (20%), H2 (2%) plasma at
P=40 kPa, 9=1
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Figure 3.4. Number density of different species for an Ar (78%), N2 (20%), H2 (2%) plasma at
P=26 kPa, 9=1
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Figure 3.5. Number density of different species for an Ar (78%), Nz (20%), H2 (2%) plasma at
P=13 kPa, 9=1
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Figure 3.6. Number density of different species for an Ar (78%), N2 (20%), H2 (2%) plasma at
P=6.5 kPa, 9-1
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Figure 3.7. Electron density results for an Ar (78%), N2 (20%), N2 (2%) plasma at different
pressures, 9=1
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Figure 3.9 Number density of different species for an Ar (78%), N2 (20%), H2 (2%) plasma at
P=26kPa,9=1.2
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Figure 3.10. Number density of different species for an Ar (78%), N2 (20%), Hz (2%) plasma at
P=26kPa,6=L3
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Figure 3.11. Number density of different species for an Ar (78%), N2 (20%), Hz (2%) plasma at
P=26kPa, 9=1.4
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Figure 3.12. Number density of different species for an Ar (78%), Nz (20%), H2 (2%) plasma at
P=26kPa,e=L5
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3.3. Summary
hi this chapter, compositions for both equilibrium and non equilibrium plasmas have been
presented. The composition of a two-temperature plasma, based on the mass action law, has been
calculated and the translational energy of the electrons and heavy species have been considered.
The calculated plasma compositions for an Ar/N2/H2 plasma are presented. The results show that
as the non-equilibrium parameter varies, the population densities for the different species change
significantly, in the next chapters, experimental work aimed at understanding the different
characteristics of a DC plasma jet will be presented. Provided that the electron or particle
densities and temperature from the experimental measurements are calculated, the comparison
between the composition at equilibrium and the measurements can give us information about the
plasmas. The calculations carried out and presented in this chapter for 9=1 will be used to make
comparison with the experimental results obtained by spectroscopic measurements, to be
discussed in the following chapters.
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Chapter 4
Analysis of optical emission spectroscopy and enthalpy probe
techniques

An important task in the thermal plasma technology is the calculation of the temperature and
electron density distributions. In this present chapter, the different techniques used in this work
for the measurement of temperature and electron densities are described. The chapter starts with
a brief discussion of the excitation and electron temperature and density measurements. It then
progresses to the study of molecular bands and the calculation of the rotational temperature.
Problems associated with application of emission spectroscopy, e.g., the Abel inversion and
apparatus function, will also be discussed briefly. The chapter finally presents a brief description
of the enthalpy probe system. The experimental methods to be discussed in this chapter have all
been directly used by this author to study the characteristics of DC plasma jets.

4.1. Excitation temperature measurements
The intensity of an atomic, ionic or molecular line is proportional to the population of the upper
level, to the transition probability and to the energy of the photons, according to:
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s^ = J s, d). = TnAul' M,« ^v«/ (4,1)

where h is the Planck's constant, Ni,u the population density of the atoms or ions i in the excited
state u, hVu] the energy of emitted photons, and Aui the corresponding transition probability. The
integration is performed over the width of the line. If the populations of the different species can
be calculated by the Boltzmann distribution, we can obtain:

e, = J s, d}. = -^Ani hv^g^ exp(-^) (4.2)
where Eu is the energy of the upper excited state, N{ the population of the chemical species i, Zj
the partition function of the chemical species i, and g;,u the statistical weight of the upper excited
state u of the chemical species i. The lines for temperature measurement must be chosen
carefully. Atomic lines generated between approximately 6000 and 15000 K are useful and ionic
lines (first ionization) generated between 16000 and 25000 K, also. The relative error occurring
in temperature measurements from the study of atomic or ionic lines can be written in the
following form:

AT _ FAe_ . ^Aul 1 AT

T=L-^+~CJf7

(4.3)

In this relationship a factor, -^- « 1 appears, which enables us to obtain high accuracy for T,
even with significant error present in E and A. For example, by taking T- = 0.3, ^— =0.3,
Eu=10 ev and kT=l ev, the relative error will only be: ~f = 6%

For the considered species present in the partial LTE state, the excitation temperature can be
obtained by measuring a number of spectral lines and using a Boltzmann plot as follows:
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ln(^Si:)=-^:+^l (4.4)
eul__ ^ \ AU

where Ki=ln(hN,/47iZi). All the parameters in Ki are independent of the observed lines.
Therefore, if the emission coefficients s and transition probabilities of several lines are known, a
plot of ln(Sui/VuiAuigu) versus Eu gives a straight line whose slope 1/kT allows us to determine the
excitation temperature. The error for the Boltzmann plot method includes the intensity
measurement error, an uncertainty caused by the Abel inversion, and data analysis procedure. For
temperatures of about 10000 K, the relative error is 8.6%.

4.2. Line broadening
In this section the broadening effect due to the natural, Doppler and Stark effects is described.
The examination of plasma radiation by a spectrometer shows that the spectral line has a definite
width 5^ around ^.ui that depends on the properties of the light emitting gas and the resolution of
spectrometer. The spectral lines emitted by a discharge are found to be narrow at low gas
pressure (Griem, 1974). At higher pressures and correspondingly higher densities of atoms, ions,
and electrons in the source, there will be more frequent collisions among the radiating atoms, and
the resulting effects are described as pressure broadening, hi addition, these effects may result in
a displacement of the intensity maximum of the lines, known as the line shift.
When the pressure is progressively reduced, collision and Stark broadening are also reduced and
the line width asymptotically approaches a temperature-dependent finite value. The remaining
width of the line is due to random motion of the radiating atoms and is described as the Doppler

effect. When the Doppler width is reduced to negligible values (by reducing the thermal
velocities of the radiating atoms), the remaining width is known as the natural width and is
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associated with the interactions of the atoms. This natural width is generally much narrower than
the Doppler broadening. In general the wavelength distributions of emission can be described by
a shape factor P(?^-?io) such that:

Jl:PO-2o)^=l

(4.5)

Figure 4.1 shows the characteristics of a line profile: 25 is the width at half of the maximum
intensity and ^o is the central wavelength of the line.

The natural line width is due to the "hypothetical" situation of a motionless atom, shielded from
both electric and magnetic fields. For thermal plasmas this line broadening is negligible
compared to the Stark and Doppler broadening effects.
The random motion of the atoms in an emission source causes the spectral lines emitted by these
atoms to be broadened. If the velocity distribution is Maxwellian, the resulting line profile is:

^
Figure 4.1. Line profile and the line broadening
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^

PoW = —Exp[-{^y} (4.6)
A/.p n 2

where:

A^=2o©T

(4.7)

and m is the mass of the emitting atom. The line width at half the line maximum intensity is

given by:

IS D = 2A2p(ln2)T = 7.16Z10-72o^ (4.8)
where M is the atomic mass in g. In thermal plasmas the Doppler effect usually results in a small
contribution to the line broadening. For example, at T=l 0,000 K, 2§D=0.00788 run for the argon
atomic line at 696.5 mn. For the experimental conditions of this work and at 15000 K, the
Doppler broadening is equal to 2§D=0.007 nm for the Hp line of 486.1 nm.

When charged particles are present in significant quantities, they generate electric microflelds
that perturb the normal energy levels via Stark broadening of the spectral lines. The Stark effect
becomes predominant as soon as the rate ofionization exceeds 1%. (Boulos et al., 1994). Griem
(1974) has given expressions for the half-line Stark width as a function of the electron density
and several parameters which are tabulated for different lines, temperatures, and electron
densities resulting in a Lorenzian line profile. In thermal plasmas, the line profile represented by

a Voigt profile is the convolution of the Doppler (Gaussian) and Stark (Lorenzian) profiles.
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4.3. Electron density measurement

4.3.1. Stark broadening method
Stark broadening is an appropriate method for the direct measurement of electron density in
thermal plasmas. Its main advantage lies in the fact that it does not rely on the assumption of the
existence ofLTE in the plasma. The interactions between atoms, electrons and ions in the plasma
result in the spectral line broadening. The Stark broadening is caused by the interactions between
electrons and ions. Stark broadening of the hydrogen line is often used for electron density
measurements in thermal plasmas, since its broadening is very large compared with the
contributions from other line broadening effects (Doppler, apparatus function, etc.). The
hydrogen Hp line is especially sensitive to the linear Stark effect and its broadening is a strong
function of the electron density and a rather weak function of the plasma temperature. Based on

the early work ofGriem (1964), Hill (1967) proposed a useful formula to calculate the electron
density:

4.ml3
Ne =AA2,
T,)A2t;dOI3 (4.9)

where f(AX,Te) is a rather simple empirical expression given by (Hill, 1967):

AA;., r.) = C,(D + S^i C,(D(ln A2)" (4.io)
The values for the electron density can be calculated directly using the above equations if the half
width of the Stark broadening is known. The broadening phenomena due to the Doppler effect
and the apparatus function were found to be negligible under the operating conditions used in this
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work (e.g., the error caused by the apparatus function and Doppler broadening was less than 2%
forNe^l022m-3).

The total error in determining the electron density from the Stark broadening, including the
intensity measurement, the uncertainty caused by the Abel inversion and the uncertainty
introduced into the data analysis, is less than 10%.
Once the electron density has been measured, it is possible to calculate the electron temperature

by combining the Saha equation for ionization equilibrium with the electrical neutrality and mass
conservation law for the various species (discussed in Chapter 3).

4.3.2. Continuum emission
This section deals with the measurement of the continuum emission of plasma jets. Let us first
look at the origin of the continuum emission. Continuum radiation for a plasma originates from
interactions of free electrons with atoms and ions. The three different mechanisms responsible
for continuum radiation are 1) recombination or free-bound interactions by electron-ion
interactions, 2) free-free interactions between electrons and ions, and 3) free-free interactions
between electrons and atoms. If a free electron is captured by an ion then we speak about
free-bound radiation or recombination radiation. If only the momentum of the electron is changed
by the interaction with an atom or ion then the radiation is called free-free radiation. Depending
on the pairs of interacting particles (electrons with ions or atoms), it is possible to distinguish
between the free-free of ei and the free-free of ea types. The emission coefficient of the
continuum radiation is the sum of the contributions of each process:

Scant = Sfb +sff+ 8 ff (4.11)
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where sj^ is the continuum contribution due to two particle recombination, s^ the emission
coefficient related to free-free interaction between an electron and an ion and Sr? is related to the
electron-atom interactions. For quantitative approximation of £^, £^, and s^ the following
expressions, given by Cabannes and Chapelle (1971), can be used:

4 = C'7T^[1 - e^] S.^^O, Te) (4.12)
4 = C, Tr^e^ Z, N^^i, Te) (4.13)

ej? = C2l-r?[[l +^] + l]e^ iNf^ (4.14)
In these expressions ^ and ^ are the fi-ee-bound and free-free Biberman factors, Qf the
electronic partition function of species i, ~Gea lhe cross section for the free-neutral interaction, Ci
and €2 constants (L632xl0-43 Wm4Kl/2Sr-1 and 1.026xl0-34 Wm2K3/2sr-1 respectively) and ^ the
wavelength of the emissivity. These relationships that are basically correct for singly ionized
plasmas, show that the continuum emissivity is a strong function of electron density and a weak
function of electron temperature. In general, for thermal plasmas with temperatures higher than
8000 K, two particle recombination processes ee^ contribute more importantly to the continuum
radiation. For electron temperatures higher than 10,000 K, the free-free electron-atom emissivity
is very small compared to the free-bound plus free-free electron-ion emissivity, and decreases
rapidly with increasing temperature. For an argon plasma at atmospheric pressure, the
contributions of free-bound electron-ion, free-free electron-ion and free-free electron-atom to the
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total continuum emissivity at T=10000 K are 99%, 0.9% and 0.1% respectively (Boulos et al.

1994).
A computer program has been written to calculate electron density for an argon, hydrogen,
nitrogen mixture for given electron temperature (assumed to be equal to the excitation
temperature) and continuum emissivity. The constants given in reference 47 (Lochte-Holtgreven,
1968) are used for the electron density calculations. In the continuum emission, the influence of
double ionized atoms, and negative and molecular ions is neglected.

4.4. Molecular spectroscopy
In contrast to atoms, molecules emit rather complex spectra. Excitation of vibrational and
rotational energy states results in the emission of vibrational-rotational spectra. Since the
rotational lines are very close to each other, study of rotational spectra requires a highly
dispersive monochromator.
For thermal plasmas where nitrogen is used as the plasma gas the spectra of diatomic nitrogen
can be used to measure the kinetic temperature Th.
The total energy associated with a molecule is the sum of the contributions of electronic Ee,
vibrational Ev, and rotational Er energies:

E=Ee+Ev+Er

(4.15)

The equation can be expressed in spectral terms (unit cm ) with Te=Ee/hc, G=Ev/hc, and F=Er/hc:

E = he [Te + Ge(y) +Fv(X)] (4.16)
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where Te, Ge, and Fv are electronic, vibrational, and rotational terms respectively, v and K refer to
the vibrational and rotational quantum numbers respectively.
The electronic term, Te is obtained from the tables published by Hezberg. Ge and Fv depend on
the vibrational and rotational states of a molecule. The energy associated with vibration Ge for a
diatomic molecule is:

Ge(v) = 0)e(v + y) - COe Xe(v + j)2 + a^(v +1)3 (4.17)
where C0e, o)e Xe, Oe ye are the vibrational constants for the considered electronic state.

The rotational term Fv(K) for a diatomic molecule is given by:

F.(K) =B,K(K+l)-D.{K(K+l)}2 (4.18)
where By and Dv are rotational constants for a given vibrational level v.

The wave numbers of spectral lines corresponding to transitions between two electronic states are

given by:

I

11

I

II

<J=(T,-T,)+(G,-G,)+(F'-F") (4.19)
•'/ T-^H

where the single-primed letters refer to the upper state and double-primed letters to the lower
state.

The population density of the rotational level following a Boltzmann distribution is:

N(T) ^ ^ ^, ^_^-hCTe+G(v)+Fy(J).

N(n, v, K, J) = -^^ (2 J+ 1) exp[-f-———rl] (4.20)
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where N(T) is the total density of molecules, Qmi(T) is the internal partition function and (j) is a
factor depending on the nuclear spin. K and J are the designation of rotational states without and
with the spin respectively. The relationship between the rotational quantum numbers K and J is:
J.

:r: ~1

The emission coefflcient of molecular lines is expressed as:

s = I^N(n', v',KI,J1) An'//^,<j (4.21)

I'.V'JC' J'

A'ljv^^, jii represents the transition probability between rotational levels and is written as
follows:

tn',vl,K'^ _ ,n',v' ,K'^

ln",v",K"^" = ^n",v" ^ K" f (4.22)

where:

in ,v
//

,/c/,y

in',v' 647:3 _, sn"." ,K1^ V/
"

„/

./

°

..II

.11

{n",v" = ~^h~ °"' (2^o,A)(25'+l) ' A^/;// = '(25^7 (4.23)

; / J^l jl

where S'lj'i\i,
and S^,m are the band force and the Holn-London factor respectively.
n" ,v" ~~~ ~A"V
Hence, the total emissivity of the molecular band can be written as:

-/ ../ I// r/

16^c _4
M7)±. "^/;>yy
.4 1^1/
•" A 'J __,-AC^+^(V/)+^(J/)
——r-^<- - ""- v •'" v
£ = ~~— °"^0^^(2^o,A)(25/+l) exPL~r—~r J (4.24)
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4.4.1. Apparatus function of the measurement system
The relationship between the intensity of the radiation source and the power leaving the
monochromator can be written as a function of the apparatus profile A(X) and input intensity

iw:

E(i)=^I(X)A(l-^)di (4.25)
where A(A-) is the normalized apparatus function:

fl^(2-2o)^=l

(4^26)

A(X) the convolution product of the entrance and exit slit function can be approximated by a
Gaussian or Lorenzian profile. For the simulation, the following Gaussian apparatus function has
been used:

^-Ao)=^i/¥exp[-41n2(^)'] (4.27)
where A^- represents the width at the half height in the wavelength space to be determined from
very narrow lines radiated by a low pressure mercury lamp.
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Figure 4.2. Apparatus function for the spectroscopy system measured with a low pressure
mercury lamp, entrance and exit slits are 30 ^im.

4.4.2. Simulation of the partially resolved molecular band of N2
Consider the (1') system ofN2+, which is often observed in plasmas with nitrogen gas. Due to the
simplicity of molecular system N2+(l'), only two branches exist for this system and its spectra are
frequently employed for measurement ofrotational temperatures. In this system transitions occur
between the electronically excited state B2 2^ and the fundamental state X2 ^Lg. L-i order to
identify a rotational line, the energy corresponding to each spectral term in a given transition
should be calculated precisely. The origin and the position of rotational bands can be calculated
as:

<To=(r.-r.)+(G,-G,)

(4.28)
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ap(K)^ao-(B,+B,)K+(B,-B, -D, +D,)K\K= 1,2,3,

(4.29)

and
/

11

(T,(K) = ao + (25, - 4Z),) + (3B,-B, - 12D,)K+ (B, -B, - 13Z), +D,)

(4.30)

^=0,1,2,3,...

The absolute intensity of a rotational line is given by:

e^T) = C(T) <f,(Kp) a\Kp)Kp Exp{-^(Kp -1)}
hC r-.'

hC

(4.3 la)

/

e^(7) = C(7) ^,) <74(^) (KK + 1) £^{-i-F.(^ + 1)}

(4.3 Ib)

where:

C(7) = f7T3 C ^5:<,, Exp{-^ + G:)}

(4.32)

(|> is equal to 2/3 when Kp or Kp is even and 1/3 when Kp or KR is odd, Snivji is the band strength,
/ /

N is the concentration of molecular ion N2+ and Q is the internal partition function (Snn^n and

Q(T) are given in Coudertl).
Table 4.1. Electronic, Vibrational, and Rotational Constants of the states ofN2+ B2 S^ -> X2 S^

State

-ff2S;

x1^

Te

co

(cm-0

(cm-')

25461,5

0

Ote

De

(cm-')

(cm-')

2,083

0,0195

6,28E-06

1,9328

0,0208

5,75E-06

(DeXe

COeYe

Be

(cm-1)

(cm-')

2419,84

23,19

-0,5375

2207,19

16,14

-0,04

(cm-')
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Figure 4.3. Rotational transitions for the P and R branches of the transition B2 S^ ->-X2 l^g of
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4.4.3. Results and discussion
The Fortrat diagram is represented by plotting the wave number a of each line for P and R
branches along the X axis and the corresponding K value along the Y axis in the figure 4.3. The
band head is formed by the lines of the same branch running together. The figure shows that for
Ni+ system, the first 26 lines of the P branch form the band head. Figures 4.4 through 4.7 show
the simulated spectra for the bandhead and lines P2?+Ro to P3s+Rn at 2500, 5000, and 7500 and
10,000 K respectively. The molecular spectra are normalized with respect to the bandhead. The
rotational lines are convoluted with a Gaussian apparatus function of 0.47 °A corresponding to
the experimental value presented in the figure 4.2.
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According to the resolution used for the band simulation, the molecular spectmm consists of an
unresolved band head including the first 26 P lines, and partially resolved global lines, each of
these includes a P and R overlapping lines. The first peak of the band head is the integral of the
first 17 P lines.
Figures 4.9 to 4.11 represent the simulated molecular band at different apparatus functions for
T=5000K. At very high resolution where the apparatus function is A?Li/2=0.12 °A, the P and R
branch lines are fairly resolved. However, as the apparatus function increases, the overlapping of
the P and R branches occurs. Figure 4.11 shows the simulation results for a Gaussian apparatus
function with A^i/2=0.71°A. At this resolution, the rotational lines are overlapped and the
accuracy for calculation ofrotational temperature is relatively low.
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Figure 4.8. Simulated spectra ofN2+ (B2 £;,v/ = 0 ^^ ^,v" = 0),T=10000K,A?ii/2 =0.47°A
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Figure 4.9. Simulated spectra ofN2+ (B2 S;,v/ = 0 -^ ^ 2^, v// = 0), T=5000K, AXi/2 =0.24°A
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Figure 4.10. Simulated spectra ofN2+ (B2 S;, v/ = 0 -^ £;, v// = 0), T=5000K, A?ii/2 =0.12°A
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Figure 4.11. Simulated spectra ofN2+ (B2 £;,v/ = 0 ->^ 2^,v// = 0), T=5000K, A^ =0.71°A

4.4.4. Rotational temperature calculation
An analysis of the simulated spectra indicates that the local maxima and shapes of the global
lines depend on the temperature and on the apparatus function, whereas the head shape is mostly
dependent on the apparatus function and is little influenced by the temperature.
For determination of the rotational temperature, firstly the simulated spectra under the same
conditions as used experimentally are to be computed. The emission coefficients of rotational
lines for the temperature range of 2000 to 10000 K with an interval of 100K are calculated. The
wavelength range for our simulation was 3900 to 3920 °A that covers the lines Ro+P2? to Rn+Pss
with an interval of0.01°A. The rotational temperature is calculated by comparing the simulated
spectra to those that were "previously" measured.
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The simulation spectra of molecular bands show that the temperature can be determined using
several global lines (overlapped P and R lines). The lines selected for temperature calculations
are P27+Ro to Pss+Rn. The method used in this work is based on the earlier work ofCoudert et al.
(1983). In order to calculate rotational temperatures, a comparison is made between the simulated
spectra and the Abel inverted experimental results of the surface (or the integral) of a few global

lines (e^_;) with respect to that of the bandhead(fi^).
,exp
!Xp _ G/(ne-i . T.vim/T\ o/me-(

(4.33)

;• — ^exp ^ , -If \^ ) — ^sim
•head
'lead

The temperature then is evaluated as the parameter that minimizes the following function:

£(7)=^{££,(^p-7f""(D)2}T (4.34)
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Figure 4.12. A typical example of a rotational temperature estimation, P=13 kPa, Z=30 mm,
A?Li/2=0.47 °A
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where N is the number of the global (P+R) lines under analysis.
The concentration of N2+ can be calculated by the emission coefflcient of the band head. The

band head emissivity is a function of the population of the B £^, V = 0 noted as NB(0):
-4

s^,c.^(T) = 1.248 X 10-23^ S^i Kp<t,(Kp)a\Kp)Exp[=^F^Kp -1)] (4.35)
The population density ofN2+ and NB(0) are related as:
J^l^r-^/7-' ^/Y\i ^(°)

(4.36)

Q(T) ^F\. kT \M e -I- Y-'v)l - 2Qrot(.T)

kTr,

with the rotational partition function approximated as: ^/rot^ ) ^ 2hCB
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(4.37)

4.5. Enthalpy probe system
The enthalpy probe is a useful diagnostic tool in the temperature range from 2000 to 11,000 K.
This diagnostic technique allows measurements of temperature, velocity, and in some cases,
composition in plasma jets to be made. The local enthalpies of the plasma can be derived from an
energy balance applied to the cooling water flowing through the probe and the gas sample
continuously extracted from the plasma. To determine the "external" heat transfer to the probe, a
"tare" measurement, i.e., heat flux without gas flow, is required. The temperature increase is
measured; a) without sample gas flow and b) with sample gas flow from the plasma through the
probe respectively. The experimental setup for enthalpy probe system will be described in
chapter 5.

nighi
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cooling water
Figure 4.14. Schematic of enthalpy probe
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The value of the local specific enthalpy of the plasma flow can be derived from an energy
balance on the cooling water circuit by the equation:

hi - he = -^-Cp (AT'sampling - AT^e) (4.38)

where he is the specific enthalpy of the sampled plasma gas at the probe exit; mw and mg are the
mass flow rates of the cooling water and the sampled plasma gas, respectively; Cp is the specific
heat of water, and AT is the increase in the cooling water temperature. The subscripts "tare" and
"sampling" refer respectively to the temperature measurements made during the tare
measurement and under sampling conditions. Having obtained the gas enthalpy value, the
temperature can be calculated using tabulated enthalpy data for pure gases as a function of
temperature. For gas mixtures, the specific enthalpy has to be computed using standard mixing
rules for each specific gas mixture as: nmix^) = ^i=\ Xitli^l) where Xj is the mass fraction of
each species of the mixture.
During the tare measurement, the probe may be used as a water cooled Pitot tube for stagnation
pressure (Po) measurement. At low Mach numbers (Ma<0.3), the flow may be considered to be
incompressible and the axial velocity (U) is deduced from the Bemoulli's equation:

' 2(Pp-P,)

u=

V—^T'

(4.39)

where Pa is the ambient pressure in the chamber and p(T) is the density of the plasma gas at its
local sampling temperature. If the Mach number is high (Ma>0.3), the flow is considered
compressible, and the kinetic energy of the plasma can not be neglected compared with its
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enthalpy. In this case, the free stream enthalpy (h), axial velocity (U), and Mach number (Ma) are
determined through iterative solution of the following equations:

uL

lv,=ni-~2~

(4.40)

U=Ma^yRgT^

(4.41)

^=(l+^Ma2)^ (4.42)
where y is the specific heat ratio and Rg is the composition dependent gas constant.

Using standard error analysis techniques, the uncertainty in the measured enthalpy can be
estimated as follows:

^6h±\1 _ r^L\1, <^^2 . ( ST >\2

0^} =^} +l^Tj +LAT^-AT^J (4.43)
where 5 represents the limit of uncertainty associated with each of the primary measurements of
the coolant flow rate (me) , sample gas flow rate (mg), and coolant temperature (T). The quantity
(AT'sampling - ^Ttare) can be simplified as:

tore ) \1 sampling 1 w,i} ~ \1 tare ~ -i \v,i) \^- sampling ~ ^ tare) V+-

The error associated with the measurement of the cooling water mass flow rate is 2.5%. The
mass flow controller is able to provide the gas mass flow rate with an accuracy of 0.1% while
temperatures of the cooling water flow rate are measured within ±0.15 °C. Thus the absolute
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error on the term (AT'sampling ~ ^-Tiare) ls 0.6 °C. The value of this quantity is typically in the
range of 6 to 10 °C. The uncertainty in the measured plasma enthalpy is estimated to be 7.4%.

4.6. Summary

The diagnostics of DC plasma jets is a very delicate task and requires several techniques of
characterization to be chosen carefully. In this chapter, a theoretical analysis of emission
spectroscopy and the enthalpy probe has been presented. The methods of calculation for
temperature and electron density are explained. The errors associated with measurements,
together with their limitations, have been analyzed.
In the following chapter, the experimental setups for the plasma torch and its associated reactor
chamber and the plasma diagnostic techniques will be presented.

70

Chapter 5
Experimental

This chapter deals mainly with the experimental setups and conditions. In the first part of the
chapter, the experimental setup to generate the plasma jet will be presented. Then the diagnostics
apparatus will be discussed with typical examples of its use in spectroscopy and enthalpy probe
measurements. The operating conditions and a brief discussion of plasma jets will be presented.
The last part of the chapter deals with the continuum emission results obtained for the plasma jets
along the plasma axis. The continuum radiation for the plasma can provide insight into and
characterization of the plasma. An analysis for the plasma expansion and compression zones
based on the continuum radiation measurements is set-out, the position of shock fronts is
discussed and experimental results based on the analysis are presented.

5.1. The DC plasma torch
A schematic diagram of the plasma torch is shown in Figure 5.1. A DC plasma spray torch, with a
standard electrode configuration designed and fabricated by Tekna Inc., was used as the plasma
generator. The torch was mounted on a part of a water-cooled measurement chamber, fitted with
a pressure controlling system. The DC plasma torch could be operated over a wide range of
currents (up to 500 A) and chamber pressures (a few kPa to atmospheric pressure). The electron
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densities are high (1021 - 1024 m ) while electron temperatures are up to 15,000 K. The electric arc
is initiated in the plasma torch between the tip of the cone-shaped thoriated tungsten cathode and
the water-cooled annular copper anode (shown in figure 5.2) by a short period high frequency
discharge.
Figure 5.3 presents the experimental setup for the plasma source. The static pressure in the test
chamber was varied between 6.5 kPa to 101 kPa, the pressure being measured by means of a
manometer installed on the plasma chamber.

Thoriated Tungsten cathode

Pi
Copper anode

Pc
Plasma Chamber

Figure 5.1. Schematic of the plasma torch/ test chamber
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The plasma jet then discharges into the pressure controlled chamber. The torch power was set at
17.25 kW. The torch operated at input voltage and current of 75 V and 230 A respectively. The
primary and secondary gases for the plasma jet were argon and nitrogen, with flow rates of 40
SLPM and 10 SLPM, respectively. For measuring the spectral line profiles of Hp, hydrogen gas
with a flow rate of 1 SLPM was added to the Ar/N2 stream.
An important characteristic of the conventional direct current plasma torches is their thermal
efficiency defined in terms of the proportion of input electrical power transferred to the plasma
jet. Under the operating conditions used in the present experimental runs, the thermal efficiency
of plasma torch varied between 55% for atmospheric pressure and 58% for 6.5 kPa chamber
pressure.

34.5mm

-\1

-^0

Figure 5.2. Schematic of copper anode
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5.2 Plasma diagnostics
A schematic diagram of the diagnostic techniques used for studying the plasma jets is shown in
Figure 5.4. The setup consists of an optical and spectrometric arrangement, an optical
multichannel analyzer (OMA), a photomultiplier, an enthalpy probe measurement system, and a
data acquisition and control system including two IBM PCs' interfaced with the measurement
systems.

5.2.1. Emission spectroscopy
A 6:4 reduced image of the plasma jet in side-on observation is projected on to the entrance slit of
a spectrometer. The 1 m monochromator (JY/HR-1000) is fitted with a holographic grating of
1200 grooves/mm. It was equipped with adjustable, vertical and horizontal entrance and exit slits.
The linear dispersion of the monochromator grating operating in the first order is 7.8 °A/mm. The
output spectmm is connected either to the OMA (from Princeton Instruments Inc., having a

photodiode matrix of 1024 x 256) or to a photomultiplier (Hamamatsu model R928) . The OMA
detector is installed in the exit focal plane of the spectrometer. The horizontal scanning of the
OMA was assigned to the wavelength of the plasma radiation and the different tracks correspond
to the location in the plasma.
The optical system consists of horizontal and vertical motors controlled by an interface connected
to the PC computer. The axial position along the plasma jet was controlled by proper positioning
of optical components which are driven by stepping motors which, in turn, were energized by the
controller.
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Figure 5.4. Experimental setup for plasma diagnostics

The absolute values of the measured intensities were obtained by calibration of the optical setup.
The calibration was carried out with a standard tungsten filament lamp. The optical system was
precisely aligned with a low power He/Ne laser beam.
Evolution of the arc intensities versus axial positions are obtained by moving the optical system.
The emission spectmm is recorded in the 380-860 nm spectral range.

5.2.2. Abel's Inversion
At a fixed axial position from the torch nozzle exit, the optical setup spatially integrates the
monochromatic light emission, denoted by I(x). Figure 5.5 shows that the plasma is imaged onto
the entrance slit of the spectrometer and the portion ofspectmm falling onto the exit plane is then
detected by the OMA detector. As it can be seen from the figure, what is observed is the intensity

of light integrated along the line of sight.

s(r)

^I(X)

Figure 5.5. Abel inversion for an optically thin plasma
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Since the plasma is an inhomogeneous medium, it is necessary to determine local emission
coefficients from the integrated measurements. The side-on radiation intensity of a spectral line
Hy) includes contributions from layers having different emission coefficients SL(r).

I(x)=2^e(r)dy=2^e(r)^ (5.i)
where:

y=^^

,

dy=^

(5.2)

The inversion of this equation is known as the Abel inversion and is given by:

^=^Ra^^

(5.3)

where x is the lateral coordinate, r represents the radial distance of the location for which the
emission coefficient is to be found and R is the radius of the plasma. Thus e(r) may be determined
from the measurements of I(x) at a number of positions across the plasma. In order to solve this
equation, the following method proposed by Tahara et al. (1996) is used.
First let R, the plasma radius, be divided into N portions each with an equal length a; ka and Na
being equal to r and R, respectively. Then the following algorithm is used for the numerical
integration:

S(r) = -^ £^ Bk,nln (5.4)

78

Bk,n = -Ak,n , (^ = k)

where:

Bk,n =Ak,n-\ -Ak,n, (72^+1)
Ak,n =

(5.5)

[(n+l)2_^2]T_^2^2]t
2n+l

5.2.3. Calibration of the optical system
The light intensity obtained by the detectors are recorded in an arbitrary unit (current). The
absolute values of I(x) is measured by comparing it with the intensity of a standard source. A
standard tungsten lamp is used to calibrate the optical system. The intensity of the standard source
is calculated using Planck's equation:

2hC2
1=/.5{&MAF?]-

(5.6)

1}

where T and ^ are the temperature (3000 K) and the wavelength for each spectral region.
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5.3. Atomic spectroscopy

5.3.1. Boltzmann plot
The measurements of the emission coefficients of argon neutral lines were used to obtain the
excitation temperature of the atoms by the Boltzmann plot method. The lines 415.9, 425.9, 426.6,
427.2, 430.0, 677.99, 727.3, 738.4, 810.3, 840.8, and 842.4 nm were chosen for this study
(Sabsabi et al, 1992 and Ming et al., 1997). A typical Boltzmann plot is shown in figure 5.6. An
average uncertainty of 8.6% was estimated for the Boltzmann temperature calculation of
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Figure 5.6. Typical Boltzmaim diagram for argon neutral lines generated in the torch exit with a
discharge power of 17.5 kW, P=6.5 kPa
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5.3.2. Absolute line measurement
Absolute emission coefficients of the atomic lines can be used to calculate the population
temperature at the thermodynamic equilibrium. The measurements were made on the line 738.39
nm (3p5 4p-3p5 4s) of the argon atom.

5.3.3. Electron density measurement

For measuring the electron density, the Stark broadening of the hydrogen Hp line is. The local
profiles for Hp were obtained by the Abel inversion. The broadening constants reported by Hill
(1971) are also used in this work. Figure 5.7 shows an example of the recorded Hp line for the
pressure of 1 atmosphere.
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Figure 5.7. Typical registered spectra of Hp for P=101 kPa, Ar:40 SLPM, HzilO SLPM
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The line broadening effects due to the apparatus function and the Doppler broadening were very
small and are found to be negligible (the error due to these effects is less than 2% of the
calculated electron density).

5.4. Molecular spectroscopy

The experimental emission of the Ni+ (D~ ^u ~^A~Z^) transition is analyzed to determine the
rotational temperature, denoted by Trot. By scanning the monochromator grating, the rotational
lines emissions for the ^ ^u ~>" X ^g transition, whose bandhead is located at 3914.4 °A are
recorded. The intensity distributions of the P and R branches are recorded from the bandhead to
the Kp=36 P-line. The radial emissivities are computed from the intensity signal by Abel's
inversion. For the rotational temperature measurement, a comparison between an observed N2+
emission spectrum and a simulated one is carried out. The simulation procedure together with
rotational temperature calculation have been described in chapter 4.

5.5. Enthalpy probe diagnostics
The theory of the enthalpy probe system was explained in chapter 4. The system used in this
study was designed and manufactured by Tekna Inc. The enthalpy probe measurement system
consists of a water-cooled-enthalpy probe, a probe cooling system, a gas sampling line, a probe
traversing mechanism, and a data acquisition and control unit. The gas sampling line is equipped
with a mass flow controller that measures and controls the gas sample flow rate. A vacuum pump
provides for the circulation of the gas inside the sampling line. In order to prevent water boiling
within the probe, the probe cooling system is pressurized by a high pressure pump at 6 MPa. The
enthalpy probes are made from three concentric tubes with outer and inner diameters of 4.78 and
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1.27 mm, respectively. The probe is made of stainless steel and built in the CRTP. Two
thermocouples are located in the coolant channel outlet and inlet for measuring the cooling water
temperature increase. The third thermocouple is installed at the end of the gas suction port of the
probe for measuring the gas sample temperature. The values of the local enthalpies in the plasma
can be derived from an energy balance applied to the cooling water flow through the probe and
the continuous gas sample extracted from the plasma. External heat transfer to the probe is
determined with a "tare" measurement, i.e., heat flux without gas flow. Water temperature
increases were measured with and without sample gas flow from the plasma through the probe.

The data acquisition and control unit is entirely controlled by an IBM PC through the Lab View
software.

5.6. Plasma jet structure
The adiabatic expansion of the plasma to the chamber has been studied by Chou and Talbot

(1967) and Jenkin (1971). The supersonic flow of a gas through a nozzle with the diameter of Do
as shown in figure 5.8, ends in the formation of a shock front where the Mach number is equal to
unit Ma=l. The structure of the flow, and the Mach disk position depends strongly on the
pressure ratio Pi/Pc, where Pi is the stagnation pressure of the gas and Pc is the background
pressure in the chamber. Above certain pressure ratios more than one shock front can be found
due to the reflection of the expansion waves at the jet boundary. In this case, the shock is called
oblique. In the region behind the shock front, the plasma expands further subsonically. Chou and

Talbot (1967) and Jenkins (1971) considered a source flow model including
ionization-recombination phenomena. The results of their work show that the effect of
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recombination on the ion and neutral particle densities and on the heavy particle temperature is
small, i.e., the expansion of the heavy particles is nearly adiabatic

Jet boundary

Mach; disk
Figure 5.8. A typical supersonic plasma jet
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Figure 5.9 presents the variation of the pressure inside the torch Pi versus the chamber pressure
Pc. As the expansion chamber pressure is reduced from atmospheric to 6.5 kPa, the pressure in the
torch decreases from 150 kPa to a limiting pressure of 126 kPa. The characteristics revealed by
this figure show that the plasma torch behaves as a classical expansion nozzle indicating the
condition where the flow is said to be 'choked' at 51.5 kPa. Below this pressure, the flow inside
the torch is not affected by the chamber pressure and sonic velocity is achieved at the nozzle. This
means that any background pressure above 51.5 kPa will yield a subsonic plasma jet expansion
while any chamber pressure set below the 'choking' pressure will exhibit supersonic flow
behaviour.
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Figure 5.9. Variation of stagnation pressure versus chamber pressure

85

5.7. Continuum radiation results
This section deals with the continuum emissivity results on the plasma axis. As discussed in
chapter 4, three mechanisms contributing to the continuum radiation include recombination or
free-bound interactions between electrons and ions, free-free interactions between electrons and
ions and free-free interactions between electrons and atoms. Since the free-bound electron-ion
interactions contribute more significantly to the total continuum emissivity (e.g., for an argon
plasma at Te=10000 K its ratio to the total continuum is 99%), the continuum radiation is
controlled mainly by the two-particle (radiative) recombination according to the reaction:
A++ e-^Ap + hv

For a pure argon plasma, the continuum emissivity can be approximated by:

Ne2

8cont=^l^fW

(5-7)

Provided the continuum emissivity of the plasmas is available, the radiation recombination
processes and thus the electron density can be analyzed to characterize different regions of
plasmas; e.g., expansion and compression zones ofsupersonic plasma jets.
Figure 5.10 shows the continuum intensity along the plasma central axis at both atmospheric
pressure and at 53 kPa. The greater values for the continuum intensity at atmospheric pressure
induces a higher electron density at the nozzle exit. The continuum emissivity diminishes with the
axial position, Z. The continuum intensity gradients and thus the electron density gradients are
more pronounced for atmospheric pressure case. The figure does not reveal any shock structure
on the plasma axis under these pressure conditions. As may be seen from figure 5.9, the
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formation of a shock wave in the plasma is observed at chamber pressures below 51 kPa under
the conditions of this work.
Figure 5.11 presents the intensity of the continuum for low pressures where the plasma flow is
supersonic. A reduction in the chamber pressure lengthens the plasma jets. The continuum
radiation as seen from the above analysis is directly related to the radiative recombination. At 39
kPa, the plasma expands into the arc chamber where a minimum continuum intensity is reached
at an axial distance of Z=2 mm. Two shock waves are observed for this chamber pressure
occurring at the axial distances ofZ=5 and 10 mm, indicating the oblique shock behavior for 39.
The same behavior is observed for 26 kPa chamber pressure. However, for 6.5 kPa background
pressure only one shock structure is observed at Z= 15 mm indicating the shock is normal.

P=101 kPa
P=53 kPa

0.8 +

0.6 +

0.4 +

0.2 +

0.0

40

Figure 5.10. Continuum emissivity in the plasma axis versus axial position
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The figure shows the transition from the oblique to normal shocks occurs at a chamber pressure
equal to 13 kPa. Below this pressure (6.5 kPa), a normal shock structure is formed under the
operating conditions of this study. The continuum intensity and thus the electron density are
weak in the expansion zone. Two possible mechanisms to explain the diminishing electron
density are the expansion of the plasma jet and the recombination phenomena. The effect of
ionization-recombination phenomena on the flow properties of a partially ionized gas expanded
into a chamber at very low pressures (a few tenths of a kPa) was first studied by Jenkins (1971),
and Goldfmch (1971). This work proved that the effect of recombination on the ion and neutral
particle densities and on the heavy particle temperature is small.
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Figure 5.11. Continuum emissivity along the plasma jet axis versus axial position for supersonic
plasmas

88

Figure 5.11 also shows that the decrease in the continuum intensity downstream from the nozzle
exit to the expansion where the minimum intensity is observed, is much more pronounced as the
pressure is lowered. Robin et al. (1994) observed an acceleration of the flow field downstream
from the nozzle exit to a maximum of Ma=l .25 where the heavy particle temperature was at a
minimum. Figure 5.11 also shows that as the chamber pressure decreases the expansion zone,
where the minimum in the continuum intensity data is observed, becomes elongated. The first
maximum after the nozzle exit in the continuum intensity indicates the compression region.
Following the shock front, the supersonic flow sharply transforms to a subsonic flow. In the
shock front, a considerable part of the kinetic energy is converted into heat in an irreversible
manner; the total entropy is increased after the shock front. The stmcture of the shock front is
generally characterized by the presence of recombination. The figure shows the continuum
intensity at the shock front at 39 kPa is nearly equal to that at the nozzle exit (Z=0). However, for
lower pressures, the maximum intensity diminishes indicating a lower electron density.
The flow of plasma at the jet centerline in the expansion zone is supersonic, i.e., the Mach
number is greater than one. For an ideal gas, the sound velocity is equal to:

hRT

3=l=V~w~

(5.8)

where R is the ideal gas constant and M is the molar mass of the gas in kg. For T=7000 K, the
sound velocity for our plasmas is U " 1430 m/s. The "travel" time for a plasma volume element
to traverse from the nozzle exit to a point at the distance of Z=10 mm is equal to 7x10 s.
Kafrouni (1979) calculated, for an argon plasma at atmospheric pressure, the relaxation time for
recombination and ionization reactions at the fundamental level is about 4x10 s; a value much
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higher than the residence time for the plasma particles. A greater value for relaxation time
compared to the time of the process induces a "chemically frozen" flow at the supersonic
expansion zone (Chen et al., 1994).

The plasma flow axial position where Ma=l is called the Mach disk and the distance from the
torch exit to the Mach disk is denoted as ZM. The structure of Mach disk depends strongly on the
ratio of stagnation pressure in the torch and the background pressure in the chamber; i.e.,
stag/ ^ back-

Several authors have determined that the position of the stationary shock front after the
supersonic expansion of a free jet is a function of the ratio Psiag/Pback. Ashkenas et al. (1966)
obtained an empirical relation between ZM and Psiag/Pback:

ZM ^,[ pstag ~| 7

~D-=L-L~P^J

(5.9)

where D is the nozzle diameter and the constant C is equal to 0.67.

Young (1975) derived the position of the Mach disk by an entropy balance method and obtained
the same relation as indicated in the above equation but with a different constant that depends on

y to be calculated from the following relationship:

J_.4y
. ^2(7-1)
. —
'Y+^W^C

C(y) = 0.674Ly(y + 1)J2 (^} ^' [j^) ~" " (5.10)
Figure 5.12 shows the comparison between the experimental results for the axial position of
compression zone where the continuum intensity has its maximum and the Mach disk position
predicted by Young's expression. It will be seen that the agreement between the experimental
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results and Young's expression results is good for low pressure conditions (high ratios of
Psiag/Pback). However, for background pressures higher than 26 kPa, considerable and increasing
discrepancy is observed.

10.0

• experimental results
— fitted data
Young's model

N1

1.0 +

0.1

5 6 7 8 910

20

stag' A back

Figure 5.12. The position of shock front versus the ratio of stagnation to background pressure,
stag/ ->- c
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The analysis presented by Young is adapted for a neutral gas and does not take into account the
irreversible phenomena such as ionic recombination and heating due to viscous effects that can be
increasingly important as the background pressure increases. Another source of inaccuracy is
related to the determination of the "true" shock front position and the error resulting from the
shock wave "thickness". The factor C in Young's equation model can also be calculated by a
linear fit of the experimental results. This suggests an approximate value of C=0.45 for our
conditions, a value that is smaller than that calculated using equation 5.13.
Behind the shock front, the plasma velocity decreases. This leads to an increase of the residence
time. The axial gradient for the continuum radiation in this region is less important.

5.5. Summary

The diagnostics of plasma jets involves many parameters and careful study of these requires
measurements involving the various diagnostics methods. In this chapter the experimental
procedures for the study of DC plasma jets have been presented commencing with the plasma
source generation and the experimental study conditions. The experimental setups employed,
including the plasma torch/ jet expansion chamber and the associated diagnostic techniques are
described. Spectroscopic methods for the measurement of electron density and temperature, and
heavy particle temperatures are explained and their calculation, with some computed results, are
briefly discussed. A description of the enthalpy probe technique that enables us to measure local
enthalpies and flow properties has also been presented. The plasma temperature and density can
then be computed from the combination of these measurements.
In the chapter second part, an analysis ofsupersonic plasma jets is presented. The measurement of
stagnation pressure in the torch revealed that at low background pressures (below 51 kPa) the
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flow inside the torch is not affected by the chamber pressure and the flow is choked. For this case,
the plasma flow is characterized by the supersonic flow.
The jet shock region which is characterized by supersonic flow and high plasma flow velocities is
discussed. The position of the shock front along the plasma axis, identified by Ma=l, is then
estimated from the continuum intensity results. Since for background pressures 13 kPa and
higher, due to the reflections from the first shock, more than one shock is observed, the shock is
called "oblique". However, for 6.5 kPa and lower chamber pressure values, the supersonic flow
of plasma creates a normal shock in the expansion chamber.
The effect of pressure on the axial position of the Mach disk is demonstrated. A review of the
literature revealed that the shock front position can be calculated based on an entropy balance.
The results of this work have indicated that Young's formula is a good approximation to reality
for low pressure plasma jets.
In the following chapter, results of the diagnostic study of subsonic and supersonic plasma jets
will be presented. These results, based on our observation of the continuum emission, will be
discussed.

93

Chapter 6
Results and discussion
In this chapter, the results obtained by the application of diagnostic methods to the study of
plasma jets will be discussed. Many of the results from the spectroscopic measurements are
included in this chapter. Table 6.1 summarises the applied experimental conditions and the
measurements made on plasma jets. As discussed in chapter five, an important characteristic of
supersonic plasma jets is the fact that the plasma expands supersonically into a low pressure
background space. After traversing several millimeters, the plasma forms a shock front, resulting
in increased gas densities and temperature. Behind the shock front, the plasma flows
subsonically. In this work. various parts of plasma jets have been investigated by the
spectroscopy tecbiique. As previously observed in chapter 5, the structure of the plasma jets has
been identified from our observations of the continuum emissivity data. A considerable part of
this chapter has been dedicated to the plasma temperatures. While the temperature determination
methods found in the literature are often based on line emissivities which in turn rely on LTE,
this present study of plasma jets has been extended by also taking into account the
non-equilibrium effects. The results of excitation and rotational temperature profiles are
presented and compared at different pressures. The electron density profiles will be presented
first and the results will be compared for different pressures. The effect of pressure on the
temperature and density profiles will be discussed. Since there is a large "gap" in the
understanding of the characteristics of low pressure plasma jets, an attempt has been made to
study the non-equilibrium effects at different pressures by studying the electron and heavy
particle temperatures. To complete the study on plasma jets, the temperature and velocity
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distributions are measured by the enthalpy probe technique. The results for the plasma velocity
are discussed in the latter part of the chapter.
Table 6.1. Plasma diagnostic techniques and chamber pressures used in the experimental work

Pressure, kPa

101

53

39
13
6.5

Spectroscopy measurements

Enthalpy probe measurements

Electron density and Texc
Electron density, Texc and Trot

//
//
//

//
//
//

//
//
//

Th and plasma velocity

// //
// //
// //

6.1. Subsonic flow

The electron density profiles, derived from the Stark broadening of the Hp spectral line at
different radial and axial positions for the atmospheric pressure and 53 kPa plasma jet are shown
in figures 6.1-2 and 6.3-4 respectively. The position Z=0 corresponds to the exit of the DC
plasma torch. The electron density measured at the torch exit is approximately equal to 1017 cm'3.
Table 6.2 compares the results of this work (Ar/N2) with those of Sabsabi et al., 1992 (AifHz)-

For similar operating conditions but higher torch input power (30 kW) at Z=4 mm from the torch
exit, it shows, quite higher values for electron densities and for the temperatures.

As the plasma jet exits from the anode nozzle, it encounters steep gradients both in the radial and
the axial directions. Radial gradients are about 4 times greater than axial gradients while both
gradients are doubled when the pressure changes from 101 kPa to 53 kPa. In the 101 kPa
operation, less pronounced variations in the electron density profiles are observed for Z>:20 mm
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Figure 6.1. Electron density profiles determined from Stark broadening of HR for atmospheric pressure

1.2e+17

l.Oe+17

^

v r=2 //

<'

•
S.Oe+16-1

• T=0
• r=1 mm

r

u 6.0e+16
'

J

r

4.0e+16 -I

v

"~^^

^"^J

2.0e+16 -\

0.0

's^

10

15 20

25

30

Z, mm

Figure 6.2. Electron density results as function ofaxial position for atmospheric pressure
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while this location is for Z ^10 mm in the 53 kPa operations. The steep radial gradients of the
electron densities in the region close to the nozzle exit induce the migratory diffusion of the high
energy electrons from the jet core towards the jet fringes and may be a major cause of local
thermodynamic equilibrium deviations.

Table 6.2. Characteristics ofAr/Ni and AifH.2 plasmas
Ar/N2atZ=0
P,kPa

101
53

Ne, cm'3

l.lxlO17
8.2xl016

Ar/H2atZ=4mm

Texc, K

12400
11950

Texc,K

Ne, cm'3

13800
13700

1.25xl017
8.2xl016
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Figure 6.3. Electron density profiles determined from Stark broadening ofHR for P=53 kPa
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The total uncertainty in detemiining the electron density from the Stark broadening in the axial
region is found to be less than the estimated value of 10%. However in the plasma fringes,
intensity measurements and more importantly the Abel inversion introduces greater levels of
relative errors.

The excitation temperature profiles at various axial and radial positions for the atmospheric
pressure and the 53 kPa operations are shown respectively in Figures 6.5, 6.6, 6.7, and 6.8. Both
pressure cases have similar temperature fields. The excitation temperatures at the nozzle exit do
not differ significantly (see table 6.2). The average temperature drop for 0 <: Z ^25 to 30 mm in
the interval 0 < r ^ 4.0 mm is about 7000 K (Figs. 6.5 and 6.7). The average temperature gradient

in the same radial interval is about 9500 K at the nozzle exit which then falls to about 7500 K at
5 mm downstream (Figures 6.6 and 6.8).
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Figure 6.4. Electron density results as function ofaxial position for P=53 kPa
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Figure 6.5. Excitation temperature profiles for atmospheric pressure

A certain anomaly is observed in both the density (Fig.6.4) and the temperature (Fig. 6.8) and
profiles in the vicinity of the jet axis (for r > 1 mm) at about 10 mm downstream from the nozzle

exit for the 53 kPa run. This perturbation is also distinguishable by its flatter radial density (Fig.
6.3) and temperature (Fig. 6.5) profiles compared to surrounding ones. As seen in figure 6.9, the
noted variations exceed the experimental error. Maximal values of temperature and density both
occur at 10 mm from the nozzle exit while a remarkable coincidence for both plasma properties
is seen for z > 5 mm. Recalling that this operating pressure is conducted near the 'choking'
pressure, the axial profiles of figure 6.8 suggest that the excitation temperature is sensitive to
possible hydrodynamic instabilities in the radial cross section of the plasma jet, these oscillations
gradually reduce further downstream.
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Trend curves for the temperature are drawn for the 101 kPa runs (figure 6.6) for various radial
positions. Maximum values are achieved at around 10 mm downstream starting from the 1 mm
radial profile. This barely perceptible tendency observed at 101 kPa becomes more evident for
the 53 kPa case where the downstream peaking is clearly seen, especially for the 2-mm radial
profile of figure 6.8. Similar observations are made on the axial profiles of the 430.5 nm
continuum intensity where maximal values are reached at 10 mm downstream of the nozzle exit,
starting from the 2.5-mm radial profile. The 738.4 nm argon neutral line also exhibits this
particular behavior. As will be seen in the next section dealing with the supersonic DC operation,
these fluctuations or oscillations observed on the axis starting immediately from the nozzle exit
are attributed to shock wave formation giving rise to more complex plasma jet structure.
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In the present work, the results of figure 6.9 are probably caused by fringe oscillatory turbulence
whose period diminishes as the fully developed supersonic regime sets in as the chamber
pressure in reduced below the choking pressure. Another possible cause of these hydrodynamic
perturbations, which are also perceptible even for the atmospheric operation, may be due to the
nozzle design which have a strong incident on the plasma jet structure. (Cao et al. 1997)
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Figure 6.7. Excitation temperature profiles for P=53 kPa
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It should be mentioned here that the relative error in the value of the Boltzmann temperature is
about 8.6% for values near 10000 K and reduces to about 5.2% at 6000 K. The estimated
uncertainty in the measurement of the absolute emissivity was taken as 10%. However, in the
plasma jet fringes, the errors involved in the temperature estimation may increase dramatically,
due to the uncertainty in the line intensity measurement, data treatment, and of course, Abel's
inversion. The reproducibility of the radial temperature profile is better than 2%. The error bars
shown in all the figures, represent the maximum possible error determination.

Some typical plasma temperature radial profiles, derived from emission spectroscopy and
enthalpy probe methods for P=53 kPa at various axial positions, are shown in figure 6.10. The
figure presents the excitation temperature, Texc, determined from the Boltzmann graph ( 0 < Z :<
4.0 mm) at Z =0, 10 and 30 mm, the heavy particles temperatures. Trot, derived from molecular
spectra at Z=30 mm where the average temperature on the axis is 6700 ± 500 K for 15 ^ Z < 40
mm, in addition to gas temperature, Tp, as measured by the enthalpy probe technique ( 55 ^ Z <,
65 mm) at Z = 60 where the average temperature on the axis is 3000 ± 500 K. An "expected"
result observed is the gradual decrease in the temperature gradients as the distance from the jet
nozzle increases. The plasma jet, with axial temperatures reaching approximately 12000 K,
commences initially with steep temperature gradients which downstream flatten out appreciably,
e.g. to an average temperature of 3000 K at Z = 60 mm. In the plasma region where the excitation
and rotational temperatures could be measured together, important differences are noted in the
core region (0 ^ r < 2), while farther away from the jet axis, e.g. up to 2 mm both temperatures
merge.
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Figure 6.10. Excitation, rotational and enthalpy probe temperature profiles for P=53 kPa

Figures 6.11 and 6.12, in which all three temperature measurement techniques are presented,
focuses on the 0-mm and 2-mm radial profiles respectively where interesting features are
revealed. It is understood that the continuous lines of both figures are extrapolations between
temperatures measured using different techniques and are not derived from modelling results.
The merging tendency of temperatures deduced from both methods is emphasized by the
continuous line drawn on figures 6.11 and 6.12. In the core region close to the nozzle exit (for z
< 30 of figure 6.11), the difference between the excitation temperature, which may be considered
to be closer to the electron temperature, differs significantly from the rotational temperature,
which may be considered as the measure of the heavy particle temperature. Similarly, as depicted
in figure 6.9, the core region shows important deviations from LTE where the temperature profile
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of the excitation temperature, for example at z = 30 mm, differs from the rotational temperature
beyond the limits of experimental error. The same situation is shown in Figures 6.11 where

gradual heating of the heavy particles occurs over 20 ^ Z ^ 40 mm while the light particles cool
down for 0 < Z <, 30 mm eventually merge with the heavy particle temperature specially for the
2-mm profile. This is an indication of the thermalization of the plasma particles. Furthermore, the
rotational temperature can be considered to be at equilibrium with the kinetic temperature of the
heavy particles since the relaxation time between these two degrees of freedom is very short
(shorter than 10 sec). In the region where the temperature is below 4000 K, the emission of the
plasma is no longer adequate for emission spectroscopy and the enthalpy probe method is used in
this case.
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Figure 6.11. Excitation, rotational, and enthalpy probe temperature results along the plasma axis
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The Boltzmann graphical method provides the electronic temperature when electron collisions
are dominant. In fact, in this case the upper energy levels of the argon atom are intimately linked
to the electron continuum and its population gives an image of the average energy of the
electrons, that is to say, of their temperature. We therefore have here the so called Saha coupling
because the partial Saha relation (relative to an excited level rather than the fundamental level) is
applicable to the plasma electronic temperature. In this case, the Boltzmann diagram yields the
electron temperature. The situation becomes more difficult to formulate as the electron density
weakens further downstream. In the intermediate zone between z = 15 mm and 30 mm, the
electron density weakens. It may be proposed that the electron coupling, where the electron
density is strong, gradually passes to a heavy particle coupling, where heavy particle density
largely exceeds that of the electrons.
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Figure 6.12. Excitation, rotational, and enthalpy probe temperature results versus axial position
at r=2 mm for P=53 kPa
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Bearing in mind that the Boltzmann diagram provides an image of the energy of heavy particles
that provoke excitation, and in the case where electrons no longer play their role, this diagram is
then able to predict the heavy particle temperature. This fact is further corroborated by the
gradual convergence of the rotational temperature with the excitation temperature in this
intermediate zone, to finally become one single value of temperature as explicitly shown in
figure 6.12 of the 53 kPa operation. Although the electron density is quite low to excite the upper
levels, it is nevertheless sufficient to excite the singly ionized nitrogen species to yield a
molecular band from which the rotational temperature can be derived. The convergence of these
two temperatures is the result of the thermalisation phenomena, in which the electrons continue
to deliver their excess energy to the ionic nitrogen molecules and surplus atoms present in this
region.

Figure 6.13 compares the Stark broadening measurements of the electron density, Ne,stark, to the
electron density calculated using the 738.4 nm argon atomic line assuming local thermodynamic
equilibrium, NC,LTE. The results are shown as a function of the radial distance at the nozzle exit
for both pressure operations. The calculations of equilibrium composition were carried out
solving the set of equations of mass action law, neutrality, Dalton and conservation of chemical
species (see chapter 3). The computations were carried out at the chamber pressure. The
measured electron density, which is independent of LTE considerations, is a good indicator of
non-LTE behavior. Based on this method of comparison, LTE exists on the plasma jet axis at the
nozzle exit for these pressure operations.
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Figure 6.13. Comparison between electron density results and LTE calculations at the nozzle exit Z=0
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6.2. Supersonic flow
Figure 6.14 shows the electron density profiles for different chamber pressures at 10 mm
downstream from the nozzle exit. The electron density has its maximum value at the jet
centerline for atmospheric pressure which is reduced as the ambient pressure decreases. Since the
collisions between electrons and heavy particles (atoms and ions) dominate the kinetic processes
of thermal plasmas (ionization and excitation), the high value of electron density in the jet
centerline for atmospheric case (subsonic flow) supports the existence of LTE (Kim and Hong,
1995). The figure shows a strong expansion in the electron density profile for 6.5 kPa at Z= 10
mm which totally corresponds with our observations on the continuum emissivity (figure 5.11).
For 39 kPa, due to the "oblique" shock effect that produces the second shock, a second
compression, with a large electron density gradient, is observed near Z=10 mm.
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Figure 6.14. Electron density profiles 10 mm downstream from the nozzle exit for different
chamber pressures
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In each of the figures 6.15, 6.16, and 6.17, the structures of the electron density and excitation
temperature profiles along the jet axis for supersonic flow are compared for three operating
pressures respectively. In each case, measurements were taken at the three main areas of interest,
as depicted in figure 5.11: a) the nozzle exit, b) at the critical points of the expansion and c)
compression zones, and downstream of the shock wave area. Both the electron density and the
temperature results along the jet axis clearly follow the evolution of the shock wave formation in
the plasma jet.
The expansion of the plasma jet into the reduced pressure environment creates coincident
minima and maxima in the electron density and temperature profiles. The temperature maximum
represents the Mach compression region (Robin et al., 1994). The electron density and the
temperature diminish gradually in the relaxation zone, downstream of the shock wave area. This
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is result of the diffusion of electrons and the three-particle recombination and further expansion
of the plasma. Figure 6.17 shows that the electron density decreases from 4.3xl016 cm"3 at the
nozzle exit to 2.2x1015 cm'3 in the expansion preceding the normal shock front. The dotted lines
are drawn after the shape of the continuum emission profile of Figure 5.11. The normal shock
front position advances away from the nozzle exit on lowering the chamber pressure. These
figures show that a decreasing background pressure leads to increasing shock front thickness and
decreasing particle densities, thus giving rise to larger mean free paths for momentum transfer
(Kim and Hong, 1995, and Robin et al. 1994). After the shock region, both the electron density
and temperature distributions follow the evolution ofasubsonicjet as they slowly decrease along
the plasma axis (Robin et al. 1994).
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Figure 6.17 also shows that the supersonic expansion of the plasma occurs over a greater axial
distance (about 15 mm). The expansion of the plasma is more pronounced at lower pressures,
leading to lower values of electron density at the expansion. Signs of increasing plasma jet
volume and length are seen 30 mm downstream where the temperature increases as the chamber
pressure is reduced.
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Figures 6.18, 6.19 and 6.20 show parameter combinations for different background pressures, the
electron density and excitation temperature results at the nozzle exit, in the expansion and in the
compression zones respectively. As expected, the higher electron density and temperature for 39
kPa. are obtained. In the jet center at the nozzle exit the electron density values are 7.3x1016,
6.1x10 , and 4.3x10 cm'3 for 39, 13, and 6.5 kPa respectively. The expansion, characterized by
low values of temperature and density, becomes more significant as the chamber pressure is
lowered. Radial profiles of electron density and excitation temperature at the nozzle exit are
broadened to the fhnge for 6.5 kPa.
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Figure 6.18. Electron density and excitation temperature profiles ofsupersonic plasma jets at the
nozzle exit (Z=0)
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In the compression zones, which occur 5, 12, and 15 mm downstream from the torch exit for the
39, 13, and 6.5 kPa background pressures respectively, the profiles of electron density and
temperature decrease significantly due to the shock wave phenomena. However, the oblique
shocks create centrally peaked profiles with larger gradients of electron density and temperature
for the 39 kPa background pressure. Steeper radial gradients of temperature and electron density
are observed for the higher pressure operation. Larger plasma volumes are obtained at lower
pressures with flatter profiles. The influence of the shock waves on the radial and axial
distributions of electron density and temperature are now examined, in particular for the 13 kPa
run. Other results from operations at different pressures gave a quite similar characteristic profile
structure.
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Figure 6.19. Electron density and excitation temperature profiles in the expansion zone of
supersonic plasma jets
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Figure 6.20. Electron density and excitation temperature profiles in the compression zone of supersonic

plasma jets

Figure 6.21 and 6.22 show the axial profiles of electron density and temperature for 0 ^ r <, 4
mm. In the nozzle exit plane, the jet exhibits a temperature drop of 6000 K accompanied by a
100% decrease in electron density (see figure 6.18). This is followed by a well pronounced
plasma jet expansion, seen between 4 and 5 mm. A minimum is reached at 7 mm downstream
from the nozzle exit with an almost constant electron density and temperature over the 4 mm
radius (see figure 6.19). The barrel shaped structure is characterized by weak electron density and
temperature gradients extending over a few mm of the radial and axial distance at this pressure.
Along the jet axis, the electron density undergoes drastic changes, it falls from 6x10 cm at the
nozzle exit to its minimum value of 6.5xl0! cm'3 at the expansion (Z = 7 mm) and then climbs
back to 3.9x1016 cm'3 at the compression (Z=12 mm). It is known from modeling work that the
plasma flow is accelerated to its maximum velocity. The general feature of the electron density
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profiles induces the characteristics of a "slightly" under-expanded jet. Therefore, the pressure of
the plasma jet in the expansion becomes greater than the background chamber pressure. This area
is followed by the compression zone in which the jet pressure increases while the velocity
decreases with larger gradients in the electron density and temperature (see Figure 6.20), thus
creating the first shock front at an axial position of about 12 mm. Maximum values of the
electron density and temperature are simultaneously obtained in the shock region. In the
relaxation zone downstream of the shock wave area, the plasma expands further, resulting in a
decrease in the electron density and temperature and its gradients. For the axial position, Z > 20
mm, the axial variations of Ne and Texc, being more intense upstream, decrease slowly along the
axial and radial directions. More uniform electron density and temperature radial profiles are
noted.
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Figure 6.21. Electron density results as function of the axial position for 13 kPa chamber pressure
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Figure 6.22. Excitation temperature results as function of the axial position for 13 kPa
chamber pressure
The temperature results derived from the emission spectroscopy and enthalpy probe techniques
for P=39 kPa, are presented in figures 6.23, 6.24 and 6.25. Figure 6.23 presents the heavy
particles temperatures derived from molecular spectra (Z=l 5-3 5 mm), as well as measured by the
enthalpy probe technique (Z=50-65 mm) along the jet centerline. As has been established from
temperature measurements, the values of the excitation temperatures derived from the Boltzmann
plot method at the nozzle exit of the DC torch operating in the background pressure of 39 kPa, is
approximately equal to 12900K and then drops to 10600 K at the expansion. When the expansion
of the plasma gas occurs, an important part of the initial thermal energy transfers to the gas
kinetic temperature, leading to supersonic flow with Mach numbers greater than unity and a
significant decrease in the gas pressure. Since the plasma jet in the expansion zone is supersonic,
the energy exchange between the electrons and the heavy particles is relatively slow, leading to
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an important difference in the value between the excitation temperature and the rotational
temperature (see also figure 6.27). As the relaxation zone is approached, however, the collision
and recombination mechanisms become increasingly relevant to heavy particle interactions. The
rotational temperature can be considered to be at equilibrium with the kinetic temperature of the
heavy particles since the relaxation time between these two degrees of freedom is very short (less
than 10'9 sec). Figure 6.23 shows that the difference between the rotational temperature and the
Boltzmann distribution temperature existing at the shock front diminishes behind the shock zone
indicating that a more efficient thermalization between heavy and light particles is taking place.
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Figure 6.23. Excitation, rotational and enthalpy probe temperature for 39 kPa chamber pressure
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Figure 6.24 compares the excitation temperature profiles, obtained from emission spectroscopy,
with the heavy particle temperature (or kinetic temperature) profiles derived from enthalpy probe
measurements made at various axial distances. The excitation temperature varies significantly at
the shock region that seems to be related to the flow or the hydrodynamic oscillations produced
by the oblique shock at 39 kPa background pressure. Such oscillations were also observed in the

fhnges of the subsonic jet for the 53 kPa mn (figure 6.8 and 6.9). The figure also indicates that
the excitation temperature field would eventually converge towards the heavy particle
temperature field at the relaxation zone, i.e. a kinetic equilibrium state is achieved downstream
from the shock region where the plasma flow becomes subsonic. For axial distances of greater
than 50 mm, the gas kinetic temperature is measured by the enthalpy probe technique.
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Figure 6.24. Temperature results as function of the axial position for 39 kPa chamber pressure
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As seen from figure 6.25 for two radial positions, good agreement is again observed along the jet
axis where the heavy particle temperatures derived from the molecular spectra of the Ni+ species
may be extended to those measured by the enthalpy probe at the most distant axial positions. The
probe temperature on the jet axis varies from 5200 K at Z=50 mm to 3400 K at Z=65 mm. In the
radial direction, the temperature for position Z==50 mm decreases to only 3400 K at the radial
position r=4 mm. The temperature gradient for Z=65 mm decreases to about 600K over a 4 mm
radial distance where the temperature along the axis was 3350 K for Z=65 mm. At this particular
region, the plasma is not intense enough to be studied, utilizing the emission spectroscopy
measurement technique. It should be mentioned here that the probe measurements were limited
to the more distant axial positions (Z >.50 mm) to avoid any risk of danger to the enthalpy probe
(the maximum acceptable heat flux was 1 kW per m2 of probe surface area).
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Figure 6.25. Rotational and enthalpy probe temperature results as a function of the axial position
for 39 kPa chamber pressure
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The estimated error for temperature measurements derived from the enthalpy balance method is
about 8.4%. An important point in diagnostic techniques application based on direct contact with
plasma is the effect of plasma stream perturbations caused by the presence of the probe that may
change the plasma characteristics, especially for the axial positions close to the torch exit where

the temperature gradient is relatively high. Rahman (1995) studied the influence of the probe's
perturbation on the plasma temperature and observed a 3% reduction in the temperature
compared to that derived from emission spectroscopy for the axial distance of 35 mm.
Figure 6.26 presents the temperature results obtained from two different techniques along the jet
axis for 13 and 39 kPa. The results of the excitation, rotational, and enthalpy probe techniques
cover separate zones of plasmas. At these conditions, the results show that the techniques
employed in this work are complementary and can be applied to characterize the various parts of
plasma columns. This figure also depicts the transition between the oblique supersonic shock
stmcture (39 kPa) and the normal shock wave stmcture obtained at lower pressure. With the 13
kPa mn, a longer plasma jet with higher temperatures is obtained in this particular case, the
coverage of the axial temperature profile being determined using three different diagnostic
methods, each one covering its effective operational range.
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Figure 6.26. Excitation, rotational and enthalpy probe temperature for 13 and 39 kPa
chamber pressures

Figure 6.27 shows the excitation and rotational temperature results for the 6.5 kPa run. The
radius and length of the plasma jet are significantly expanded. The excitation temperature and the
rotational profiles follow the shock wave structure, as observed and recorded in figure 5.11. The
convergence of these two diagnostic results would eventually occur further downstream as seen
and commented on earlier in figure 6.23. The difference between the two temperatures, the one
representative of the electron temperature and the other approaching the heavy particle
temperature, is an indication of significant departure from thermal equilibrium along the
complete jet axis. The high velocity of the plasma jet flow and lesser rate of collisions between

the heavy and light particles, induces significant deviations from the thermal equilibrium state.
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Figure 6.28 presents electron density results at the nozzle exit on the plasma jet axis as a function
of the chamber pressure. The emission coefficient of the atomic line 738.4 nm was used for the
electron density and temperature determinations, based on the assumption of LTE. The
calculations for equilibrium composition were carried out by simultaneous solving the set of
equations for the mass action law, neutrality, Dalton and conservation of chemical species. The
following species were considered; Ar, Ar+, N2, N, N+, N2+, H, H+, H' and e", for the Ar/Ni/Hi
system (chapter 3).
The local pressure is needed in the LTE calculations. The main characteristic of a supersonic
nozzle is the choking pressure, in this case, 51.5 kPa, that remains constant for any chamber
pressure set below that value. Therefore, the pressure along the axis of the exit nozzle plane
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should be around 51.5 kPa. In fact, measurements are made on a plasma jet plane which is
roughly located at 0 ^ Z ^ 1 mm. It could be reasonably assumed that the "state" of the plasma jet
at the exit plane is that value lying between the choking pressure at Z = 0 mm and the expansion
chamber pressure.
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Figure 6.28. Electron density values at the nozzle exit for different background pressures
The electron density, as determined from the Stark broadening of the Hp line, and which is
independent of LTE considerations, is a good indicator of the presence of nLTE behavior. Figure
6.28 shows that the measured electron density values for subsonic chamber conditions (101 and
53 kPa), although systematically higher, are very close to that of the LTE value. Under
supersonic operating conditions, the electron density values lie within the fan produced by the
LTE calculations based on the two limiting pressures. For the three supersonic condition runs,
the LTE calculations based on the choking pressure provide results that are closer to the
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measured values of the density. In the 39-kPa case, LTE values lie within the error limit for
experimental determination. However, for the two other cases, a significant difference is noted
between the measured and the calculated values. It is known from our modelling work that the
pressure, velocity and temperature all drop drastically within the first few millimeters from the
nozzle exit. Knowing that the density (and temperature) are not able to be measured exactly in
the nozzle exit plane, then the actual local pressure may be quite lower than the choking pressure
(51.5 kPa) as used in the LTE calculations. Then the above noted difference may not be due
entirely to non-LTE behavior but also due to our not knowing the exact local plasma jet pressure.

6.3. Non-equilibrium effects
To estimate the deviations from LTE, Raajmakers et al (1983) introduced the parameters bl that
is a quantitative measure of overpopulation or underpopulation of the ground (ni) levels in a
non-equilibrium plasma defined as:

_"L_. ..saha ^neZ\ h1 13/2 __...^ ^/

bi = -^; n\Ma = -T^^.M-J exp(^) (6.1)

where ni and Te are the population densities of ground state and electron temperature, He and n+
the electron and ion densities, Z+ and Z the ion and atom partition functions, Ei the ionization
energy. In the case of Saha equilibrium, the production of free electrons equals the destruction by
three particle recombination, i.e., bi=l. Figure 6.29 presents the deviation from Saha equilibrium
of the ground state argon atom for 6.5 kPa chamber pressure by the plot of parameter
bi==nieKP/nisaha versus the radial and axial positions.
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Figure 6.29. Non equilibrium parameter bj as a function of the axial position for P=6.5 kPa

The ground state density, ni, is calculated from the heavy particle temperature measured from the
rotational spectra of Ni+ ions and Dalton law for an argon, nitrogen and hydrogen plasma at
P=6.5 kPa pressure.

The non-equilibrium parameter §bi=bi-l is non-zero for the argon ground state indicating
deviations from Saha equilibrium in and behind the shockwave in the relaxation zone where the
plasma flow is subsonic. The values ofbi on the plasma axis are greater than one indicating an
ionizing plasma characterized with the overpopulation of the ground state argon atoms with
respect to the Saha equilibrium. As a consequence, the number ofrecombination reactions is less
than ionization reactions. In the ionizing or active part of plasma, the ionization ratio (ne/ni) is
high dominate. Close to the boundary where the radius is greater than 2 mm, bi decreases to
values less than unity indicating underpopulation of argon ground level characterized with
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recombining or passive plasmas. In the recombining or passive part, electron-neutral collisions
dominate.

6.4 Summary

In this study, different features of subsonic and supersonic DC plasma jets are discussed. The
measurements of electron density, excitation and rotational temperatures, and heavy particle
temperatures were performed by the emission spectroscopy and enthalpy probe techniques. These
measurements were carried out in an Ar/Nz/Hz plasma at various axial and radial positions from
the nozzle exit for a fixed power input of 17.5 kW and for both subsonic (two background
pressures, i.e., 101 and 53 kPa) and supersonic (39, 13, and 6.5 kPa) operations. Full diagnostics
to cover the entire supersonic plasma jet requires the used of several simultaneous diagnostic
techniques and methods. Measurements cover a range of 0 ^ Z <, 65 mm and 0 <, r ^ 4 mm.
Values of electron density mn from IxlO16 to 1.05xl017 cm'3 for the atmospheric pressure
operation and from 2xl016 to 8xl016 cm'3 for the 53 kPa condition mns. Similarly, the
temperature values derived from OES and EPT mns from 12500 K at the nozzle exit for both
pressure operations, and to about 3000 K in the fhnges and the tail region.

The main result of this investigation shows a complex structure of temperature and particle
density, in particular the measured electron number density, as the expansion chamber pressure

approaches the choking pressure for this argon(78%)-nitrogen(20%)-hydrogen(2%) system. The
oblique shock stmcture observed for the supersonic plasma jet at 39 kPa chamber pressure
induces important and closely packed flow fluctuations. However, severe hydrodynamic
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instabilities in the peripheral regions of normal shock plasma jet are reported (background
pressure of 6.5 kPa).

An "a priori" analysis shows significant deviations from local then-nodynamic equilibrium. Two
different diagnostic methods are utilized, the first being based on atomic emission spectral lines
and the second based on the analysis of the N2+ molecular band, and the results show important
differences in the derived temperature values. In the 53 kPa run, this is noted for r >: 2 mm.
Important temperature and composition gradients in the radial and the axial directions favour
these deviations as the expansion chamber pressure is reduced.

To investigate on deviations from LTE, the non-equilibrium parameter bl was computed and
presented for the supersonic expansion and relaxation zones of the supersonic plasma jet at the
background pressure of 6.5 kPa. The results showed that in the axis the plasma was in the
ionizing zone where the ground state was overpopulated with respect to the S aha equilibrium.
However, increased radial position reduced bl towards the recombination or passive zone where
the ground states was undepopulated with respect to Saha equilibrium.
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Chapter 7
Conclusions and Future Work

The study of the diagnostics of plasma jets is a very complex problem and as such it requires the
contributions from several different areas of scientific and engineering research to solve it. There
are growing applications for plasma jets for various technological processing purposes. However,
little substantiated knowledge exists about the characteristics and properties of low pressure
plasma jets in particular. As it can be noticed throughout this thesis, many investigative
techniques are needed to study these non-equilibrium systems and frequently the information
required is not obtainable directly, but it has to be inferred from the measurements performed on
other quantities. That is why this work is just a step in the advance of the understanding of low
pressure supersonic plasma jets. There is much to be gained by more careful work in some of
areas, methods, and or techniques what have only just been glanced at this work. The work helps
decrease the lack of knowledge in low pressure plasma jets where the assumption ofLTE is no
longer valid.
In the following section, the just described work and its main conclusions will be summarized
and then we propose some plans and prospects for future work in this area.

129

7.1. General overview and conclusions

The overall goal of this thesis study has been to carry out a systematic investigation on the
characteristics of DC plasma jets operating at atmospheric and lower pressures and to relate the
effect of the background pressure to the plasma temperatures and electron densities. To do this a
careful diagnostic study which required the use of two widely accepted plasma diagnostics
techniques has been carried out. Different methods of spectroscopy have been tested and applied
to the plasma jets. Additionally, enthalpy probe measurements were carried out to obtain the
heavy particle temperatures and flow velocities. A two-temperature composition model that can
account for the chemical equilibrium in the plasma by varying the ratio of the electron to the
heavy particle temperature has been developed.
In summary the main results and conclusions for each thesis chapter are now set out:
In chapter 2, a relatively thorough literature review of the different aspects of plasma jets is
presented. Equilibrium and non-equilibrium plasmas and their differences are discussed. Two
important criteria for attaining equilibrium, i.e., thermal and chemical equilibria are described
and the deviation from each with the contributing phenomena are explained consequently.
Various methods for plasma diagnostics are analyzed. In addition, the chapter reviews the most
recent work for theoretical analysis of the plasma composition computation. Since measurement
of heavy particles temperature by the Boltzmann plot of several rotational lines requires a very
high resolution spectrograph, the method of comparison between synthesis and experimental
spectra was then selected for this work.
In chapter 3, a two-temperature plasma composition model designed for probing the temperature
and density fields of plasma is developed. The model can account for the thermal
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non-equilibrium through the variable 6 = -^ for each given pressure. A derivation for the
translational temperatures of electrons Te, and heavy particles Th, has been considered. The
non-equilfbrium is found to characterize the deviations from thermal equilibrium. The
calculations performed for argon, nitrogen, hydrogen plasmas show that by increasing the
non-equilibrium parameter 6=Te/Th>l, the number ofN2+ ions increases. For the case ofTe=Th,

the calculations simplified to LTE and are utilized to analyze thermal equilibrium by comparing
the electron densities and temperatures to the experimental results. It should be mentioned that
the plasma composition calculations are strongly dependent on the plasma pressure and much
care should be paid to apply such models on the plasma jets where the jet pressure can be
different from the background pressure. A numerical model that can be used to predict the
pressure fields ofsupersonic plasma jets is currently under investigation in our group . The true
pressure results can be used to investigate the two-temperature models developed in chapter 3 of
this thesis work.
Chapter 4 discusses the techniques of diagnostics for the plasma jets. The emission spectroscopy
is used for determining temperature and density distributions. Both LTE and non-LTE methods
are investigated. An analysis of each method together with its advantages and limitations were
described. Additionally, a precise error analysis for each technique is presented. The simulation
of molecular spectra shows that increasing the apparatus function of measurement decreases the
precision of rotational temperature measurements. Therefore, the rotational temperature
measurements are carried out at the smallest apparatus function of the spectroscopy system. As
shown through the simulation of molecular bands, however, at high temperatures, the
comparison solution underestimates the rotational temperature.
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Chapter 5 describes the experimental work and presents the set-ups of plasma generator and
measurement systems. The ratio of pressures in the torch to that of the chamber is found to
change dramatically with the background pressure for the supersonic plasma jets. However, for
the higher pressures where the plasma flow is still subsonic, this ratio is on the order of 1.5 and is
almost constant. This means that at the torch exit, the pressure can be considerably higher than
that of the chamber and for LTE calculations, this pressure should be taken into account. On the
other hand, the pressure in the torch was found nearly constant (wl26 kPa) for the background
pressures lower than 35 kPa.

Additionally, chapter 5 presents a method for probing the position of the Mach disk of low
pressure plasma jets based on the continuum radiation. As the background pressure changes, the
position of Mach disk varies along the axis. A decrease in the chamber pressure shifts the Mach
disk downstream, towards more distant axial positions. This type of behavior is expected to be
followed by increasing the Mach number in the supersonic jets. There is relatively good
quantitative agreement between the position of the Mach disk determined from the Model of
Young and the experimental results at pressures of lower than 26 kPa.
Chapter 6 presents the results for estimations of temperatures and electron densities of plasma
jets. The measurements are performed for various background pressures. The measurements
clearly show the structure of the supersonic plasma jets; a strong supersonic expansion which
ends in compression by formation of a stationary shock front. After the shock front the plasma
expands subsonically.
The electron density is found to be the more sensitive quantity than the temperature to the
pressure. Two different methods for measuring the electron densities independent of LTE, i.e.,
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the Stark broadening of Hp and the continuum emissivity, are utilized. These methods provide
reliable data for electron densities in various regimes of plasmas. The electron density results
clearly show the occurrence of shock waves by a significant decrease in the electron density. This
decrease, as expected becomes more pronounced as the background pressure is reduced.
Furthermore, the chapter discusses the presence of expansion zones with the effects of reduction
in the static pressure and increasing plasma velocity on the electron density.
Large electron densities at the torch exit result in strong collisional coupling for energy exchange
between electrons and heavy particles. The spectroscopic results strongly indicate that, with
decreasing chamber pressure, deviations of the thermal equilibrium at the expansion zones of the
plasmas dominate the plasma characteristics.
Additionally, chapter 6 presents the temperature results measured by different methods. The
excited temperature measured by the Boltzmann plot method close to the torch exit at relatively
lower axial distances is mainly dominated by the electrons-atoms collisions. Therefore, the
excitation temperature derived by the Boltzmann plot method is directly related to the electron
temperature. However, for higher axial positions where the electron density is relatively low, the
collisions between the heavy particles mostly dominate the excitations of atoms and the
temperature derived from the Boltzmann plot presents the heavy particle temperature. It is shown
that the heavy particles temperature approaches the Boltzmann temperature by increasing the

axial position. Additionally, it is found that the heavy particle temperature derived from the
emission spectroscopy by comparing the rotational spectra of the Nz+ ions to the simulated
spectra are in agreement with the measurements ofenthalpy probe at higher axial positions.
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7.2. Non-equilibrium effects
Both chemical and thermal equilibrium are investigated in this work. Each type is discussed
separately. Comparison of the electron densities derived from the LTE with those obtained from
experimental results clearly demonstrates severe deviation from LTE in the boundary of plasma
jets for atmospheric and 53 kPa pressures. This deviation from chemical or ionization

equilibrium manifests itself by substantially higher electron densities than expected from LTE.
However, on the axis and close to the nozzle exit, the plasma is in chemical equilibrium.
The temperature results also show the thermal equilibrium is achieved along the axis for the
atmospheric and 53 kPa pressures. The Boltzmann temperature is in agreement with the
temperature derived from LTE. For the supersonic plasma jets, the temperature results
demonstrate strong deviations from kinetic (thermal) equilibrium in the various regimes. In the
expansion where the plasma velocity is enhanced, substantial deviations between the heavy
particles and excitation temperatures is observed. The plasma at low pressures achieves
velocities of the order of 2000-3000 m/s.
Chapter 6 introduces a dimensionless parameter bi=niexp/nisaha to quantify departure from Saha
equilibrium. It is found that the plasmas at 6.5 kPa chamber pressure on the jet axis are in the
ionizing zone where the population densities for the ground and excited states are overpopulated
with respect to the Saha equilibrium. However, increasing the radial and axial positions
decreases bi. Close to the jet boundary the plasma is recombination where the ground state is

underpopulated (bi<l).

134

7.3. Future work and ongoing investigation

Both future experimental investigations and theoretical analysis, using the numerical methods
seem exciting route to the uncovering knowledge of the plasma jets. A numerical study of
supersonic argon plasma jets is currently ongoing in our group 66'67. A possible continuation of

this work can be done by applying the findings of the numerical model for the plasma pressure
fields to the two-temperature model developed in chapter 3.
The measurement of heavy particles temperature needs to be studied more thoroughly. More
investigations on the molecular bands that permit the measurement of a larger range ofrotational
temperatures could and should be conducted. These special systems of molecular bands may
make it possible to obtain information from very different regions of plasma jets from what is
now accessible.
Supersonic plasma jets have been investigated from the higher pressure of 39 kPa and to much
low pressures. The study of the Mach disk position has only been performed at these pressures. It
is clearly desirable to extend this work to even lower pressures. A possible continuation of this
project would be to perform simultaneous measurements involving spectroscopy and enthalpy
probe operating under reduced pressure conditions. With identification of different zones of
plasmas, the effects of pressure may then be analyzed. The effects ofrecombination processes on
the electron densities could then be investigated.

Each of the individual analysis presented for the determination of the Mach position and the
isentropic expansion observed in chapter 5 also deserve attention. An immediate outgrowth of
this work could be a numerical study of the fluid flow and energy equations for the low pressure
plasmas. The modeling work should take into account both chemical and kinetic non-equilibrium
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effects. The influence of background pressure on the recombination and ionization processes,
flow velocity, and Mach disk position may thus be tested.
The DC plasma torch studied in this work has long been used for deposition of spray powders
onto the surface of various materials. It is also worthy of future study to measure the velocity and
temperature of the particles to be deposited and to characterize the coating. The effect of pressure
on the properties of particles and coating may also be investigated.
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