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Abstract Accurate numerical modeling is prerequisite of predicting plasma behavior and
understanding the complex physical and chemical processes in a plasma system. The
evolution of nonequilibrium modeling of arcjet to its current state of development is traced,
and some uncertainties in the way of further progress are discussed. It is demonstrated that
the accuracy of two-temperature plasma transport coefficients can be improved by
adopting more reasonable interatomic potentials. A comparison of the chemical kinetic rate
coefficients for the same kinetic process shows some discrepancies, which further indicates
that there exist some uncertainties on the inelastic cross sections obtained from experi-
mental measurement or theoretic calculation. Application and extension of three-level
atomic model of argon in nonequilibrium modeling are briefly reviewed, and the criteria
required in the choice of chemical kinetic processes are discussed. The elementary pro-
cesses involved in high velocity plasma flow can be investigated by collisional radiative
model (CR model). The method of applying CR model on the analysis of nonequilibrium
plasma processes in arcjet is presented as an example in some detail.

Keywords Thermal plasma flow - Nonequilibrium modeling - Arcjet

Introduction

Arcjet study has passed through a gradual transition stage from primary performance
predication to the investigation of elementary processes involved in plasma flow inside
thrusters over past several decades. Space-related and materials-related needs provided a
strong impetus for improving design, increasing performance and service life of plasma
devices [1-3]. Research specifically geared toward an understanding of the nonequilibrium
physical and chemical processes of high-velocity plasma flow in arcjet thruster. In recent
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years, new detailed physical information is being generated via a new generation of plasma
diagnostics. At the same time, the increase of the amount and quality of fundamental
atomic data available involved in computation of plasma properties and kinetic processes
leads to rapid development of comprehensive models used in description of realistic
plasma processes in such devices.

Over the past several decades, the plasma flow and heat transfer processes have been
mostly modelled based on local thermodynamic equilibrium (LTE) assumption, which
assumes that the plasma is in thermal, chemical, and excitational equilibrium. It has been
found that in most cases, the LTE assumption can be successfully used to predict the main
plasma flow features and arcjet performance. Although equilibrium models are more
convenient in terms of implementation and usage costs, they have important limitations,
apart from their inability to describe nonequilibrium effects, which limit their usefulness
for describing the detailed mechanisms of ionization and recombination process. One
limitation of various LTE models is that a special treatment of the plasma-electrode
interface is needed to allow the passage of current and thus they do not accurately represent
the species transport or chemical activity in the cooler regions of the plasma. Since many
chemical reactions, in particular the excitation, ionization, de-excitation, and recombina-
tion of ionized species, can take place simultaneously in the near-anode region, the effects
of chemical nonequilibrium processes on arc attachment at the anode cannot be examined
in detail according to these methods. Furthermore, as reported in [4], the results obtained
with a LTE model are not capable of reproducing all the flow characteristics observed
experimentally in plasma devices (i.e. observed voltage drop magnitudes, peak frequen-
cies, and size of anode spot). The explanation of these complex experimental phenomena
should be based on the accurate understanding of comprehensive physical and chemical
processes inside these plasma devices.

The aim of this paper is to present several important topics involved in the nonequi-
librium modeling of physical and chemical processes taking place in arcjet thruster. We
will provide a synoptic summary of the controlling physics, examine in more detail some
uncertainties concerning the calculation of two temperature transport coefficients, discuss
the choice of kinetic processes in simplified chemical model, and present an example for
the application of collisional radiative model in high velocity plasma flow of arcjet
thruster. Due to space limitations, this paper cannot cover of course over all the important
and interesting questions which arise in the nonequilibrium modeling. For a discussion of
other topics the reader is referred to other reviews [5-7].
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Fig. 1 Diagram of plasma flow in a low power arcjet
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Nonequilibrium Plasma Flow Characteristics Inside Arcjet Thruster

The key physics of the constricted arc discharge in arcjet are depicted in Fig. 1. An arc is
stuck between the central, conical-tipped cathode and the coaxial, nozzle shaped anode.
Working gas, injected with high swirl velocity near the cathode tip, passes through the
constrictor region and is ohmically heated by the arc. The energy transferred to the gas is
thought to result predominantly from electron—ion or electron—neutral collisions as elec-
trons are the dominant current carriers. Extremely small constrictor size, extremely high
gas velocity at the nozzle exit and operation at relatively low arc current are a few of the
primary features of these kinds of thrusters.

Typical low power arcjets have conical converging—diverging nozzle with constrictor
diameter on the order of 0.5 mm, expansion half angle of 20°, and exit diameter of 3.5 mm
[8—10]. The physical characteristics of the arcjet flow field vary from a nearly fully ionized
plasma with temperature in excess of 20,000 K near the cathode tip to a relatively cold
plasma (1,000-2,000 K) at the anode wall. Moreover, velocities vary from approximately
10 km/s on centerline to zero at the wall. Considering the magnitude of the plasma
parameters gradients involved, it is clear that the arcjet performance depends largely on
nonequilibrium transport process.

Several forms of nonequilibrium processes may occur in arcjet thruster. In constrictor
region, the existence of nonequilibrium phenomena is mainly due to steep gradients of
temperature or species concentration, such as the fringes of plasma arcs, where time scales
for energy or species transport become comparable to those for chemical or thermal
relaxation. For example, electrons diffuse faster radially than heavy species even if this
diffusion is slowed down by the electric field created between ions and electrons. When
diffusion processes are faster than ionization by electron impact, the Saha balance is no
longer satisfied. In low-pressure region of arcjet thruster, any excess energy which the
electrons may have or acquired in the recombination process, such as three-body recom-
bination, cannot be readily transferred to the heavy species, because of the relatively poor
collisional coupling between the electrons and the heavy particles at reduced pressures.
Therefore, it is anticipated that the electron temperature will be elevated over the tem-
perature of the heavy species. Analogous consideration can also be applied to the popu-
lations of excited electronic states of atoms and ions in the plasma. Departures from
excitation equilibrium may be expected to occur when the time scales for collisional and
radiative transitions between excited states are comparable to those for convection and
diffusion in the plasma.

Essentially, collisional processes which distribute the energy and momentum of the
particles, tend to move the system toward equilibrium. While the gradients in various
physical properties, the finite rates of various physical and chemical processes, radiation
losses, and external field can prevent equilibrium. Systematic description of nonequilib-
rium plasmas is quite difficult, which stems from many reasons. On the one hand, the
deviations from equilibrium in the various physical processes are generally interrelated.
Thus a factor which causes a deviation from equilibrium for a certain process can indirectly
cause a deviation for some other processes. For example, the line emission from a plasma
may affect not only a nonequilibrium distribution of excited states but also a nonequi-
librium degree of ionization and a disruption of the Maxwell distribution [11]. On the other
hand, the investigation of nonequilibrium process must use the method of physical kinetics.
While in a noneqilibrium plasma there are actually dozens of neutral components which
are converting back and forth into each other and different in ionization energy, the cross
sections for different processes, and other physical characteristics. This leads to the fact
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that a large amount of fundamental atomic data is needed in plasma modeling, which is
quite difficult to gather a complete set of data in most situations. And further a significant
amount of time and effort have to be expended in order to augment large amounts of data
so that they can be incorporated into a consistent modeling calculation.

Transport Coefficients Calculation in Nonequilibrium Plasma Modeling

1. The choice of potential functions in calculation of transport coefficients

The transport coefficients of high temperature gases and gas mixtures are important inputs
in numerical modeling of plasma phenomena. The reliability of the modeling results
strongly depends on the accurate values of the physical properties used in calculation. The
thermodynamic properties, such as enthalpy, specific heat, and density are in general well
defined, and the fundamental data upon which the calculations are based are accurately
known. However, some uncertainties remain in the values of the transport coefficients,
such as viscosity, thermal conductivity, electrical conductivity, and diffusion coefficient.
This is mainly due to two reasons. One reason is that there exist uncertainties in the values
of the intermolecular potentials, from which the transport coefficients are derived. The
other reason is that there still exist some discrepancies in the calculation methods of two
temperature plasma transport coefficients, such as the simplified theory developed by
Devoto [12], complete theory proposed by Rat et al. [13], and a new improved method
presented by Zhang et al. [14].

The transport coefficients can be calculated using the well-known Chapman—Enskog
method [15]. In this method, the transport coefficients are fundamentally dependent on the
collision integrals, which are averages over a Maxwellian distribution of the collision cross
sections for each pair of species. The collision integrals for interactions between species i
and j are defined by

wr ' T
ij.’d) — ( ) /exp(fyz)yz““ijl)dy (1)
0

2mpy;

where yz = ,u,-,-g2/2kT, w;; being the reduced mass of the species i and j, g is their relative
speed, and QE,I-) is the gas kinetic cross section which is given by
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here b is the impact parameter, and y is the deflection angle, which is function of b, g, and
the intermolecular potential V(r), where r is the separation between the interacting parti-
cles. The reflection angle is further given by

o0

y=T— 2b/ dr/(rz\/l —2V(r)/p;g* — bz/rz) (3)

Tm

Here, the problem is reduced to the evaluation of the triple integral represented by
Egs. (1)-(3). Difficulties arise because of certain singularities on or near the interval of
integration in Egs. (2) and (3), and the main difficulty is the calculation of the cross section
Q,(j'-'). The singularities can be eliminated by changes of variable and evaluated the resulting
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well behaved integrals using the Clenshaw—Curtis method. A number of successful
methods for solving these collision integrals have been described in the literature [16—18].
In some cases, tabulations of collision integrals have been published, these could be used
directly. Some interactions, including those between electrons and neutral particles, are
treated by numerical integration of experimental data for the momentum-transfer cross
section Q,(JD using Eq. (1). In most cases, we have to calculate the collision integrals from
published intermolecular potential V(r) using Egs. (1)-(3).

A knowledge of intermolecular forces can be obtained from both experimental obser-
vation and theoretical consideration. The theory suggests the functional form of the
potential of interaction, and experimental data are often used to determine empirically the
adjustable parameters in the potential functions. It should be noted that many different
potential functions presented in literature can be used to describe the interaction between
the same types of particles. The desirability of choosing a function that realistically rep-
resents the interaction in a given problem is obvious, but in many cases the accurate
potential function for a certain problem is not available. Therefore, the procedure is usually
begun with choosing a classical potential function for a particular particle. Using this
classical potential function, transport properties of certain plasma gas can be calculated.
This method does provide a mean of estimating physical properties of the plasma forming
gas for which no experimental information is available, and it is frequently used in this way
today.

One of the most frequently used potential functions is the Lennard-Jones (6-12)
potential

V(r) = 4|(o/r)*~(o/r)"] 4)

where r is the separation distance, while the parameters ¢ and ¢ are characteristic constant
of the colliding particles. At large separations (» > o), the inverse sixth-power attractive
component is dominant, while at small separations (r < ¢), the inverse twelfth-power
repulsive component is dominant. The attractive component of the function is theoretically
based on the dispersion energy contribution, but the form of the repulsive term has no
theoretical justification. This function gives a fairly simple and realistic representation for
spherical non-polar molecules. Many calculations have been made for this potential
function. While, it should be borne in mind that this potential function is just an ideali-
zation of the true energy of interaction. For example, it is found that the Lennard-Jones (12,
6) potentials used for many interactions should be accurate at low temperatures, since the
parameters of the potential are generally calculated to fit properties measured at temper-
atures below 1,000 K. It is likely, however, that they overestimate the strength of the
repulsion at small interatomic separations [19].

In recent years, a series of fitted simple functional forms of the Hartree—Fock-dispersion
varieties (HFD-B and HFD-C) used to predict properties of noble gas have been developed
by Aziz et al. [20]. The form of the HFD-B potential is

V(r)=¢eV'(x) (5)
where

* * % s« C C C
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with
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F(x)—exp[—(g—l)z},x<D, F(x)=1,x>D,x=r/ry (7)

This potential represents a combination of an ab initio calculation of the self-consistent
field Hartree—Fock repulsion between closed shell systems, an empirical estimate of the
correlation energy and semiempirically determined dispersion coefficients Cg, Cg, and Cyg
to determine intermolecular potentials for different gases. The parameters used in Egs. (5)—
(7) which are listed in Table 1 for calculating the HFD-B potentials of argon, krypton and
xenon are taken from the Refs. [21] and [22]. The parameters A*, «* appeared in the short-
range repulsive component of Eq. (6) are obtained by fitting the function to the SCF
repulsive data [23], while the parameters Cs, Cg, and Cy appeared in long-range attractive
component of Eq. (6) are dispersion coefficients, which are evaluated by semi-empirical
method [24]. In this method, the one-term approximation of the dynamic polarizability is
used to calculate dispersion coefficients. The data necessary to construct this approxima-
tion consists of the static polarizability, the lowest allowed transition energy, and sum rules
which are taken from Hartree—Fock—Slater calculations [25, 26]. The other parameters ¢,
B, D, ry, listed in Table 1 for HFD-B potential are fully adjustable parameters [21, 22].

The viscosity and thermal conductivity presented in Figs. 2, 3 and 4 for argon, krypton
and xenon are calculated according to the first order Chapman—Cowling approximation. In
this method, the viscosity and thermal conductivity are given by the following expression
(27]

= (5/16)(ksmT /)" /(> Q>2)(T7))™! (3)

)= (75/64) (k3T /mm)'? ) (*Q>2) (17)) ! 9)
where kg is the Boltzmann’s constant, T is the absolute temperature,
T  =kT/e (10)

is the reduced temperature, Q22 (T*) is the reduced collision integral, ¢ is the diameter of
rigid spheres. The calculated values of transport coefficients of argon, krypton, and xenon
based on HFD-B potentials in temperature range from 300 to 3,000 K at 1 atm are shown
respectively in Figs. 2, 3 and 4. For comparison, the calculated values of viscosity and
thermal conductivities of argon, krypton, and xenon based on Lennard-Jones (12, 6)
potentials are also plotted in these figures and compared with those presented by other

Table 1 Parameters for the

HFD-B of Ar-Ar, Kr-Kr, Xe-Xe Ar-Ar Kr-Kr Xe-Xe
potentials [21, 22] A* 22621 x 10° 1.1015 x 10° 2.1058 x 10*

o 10.7787 9.3949 5.4164

I3 ~1.8122 ~23261 —4.9486

Cs 1.1078 1.0882 1.0287

Cy 0.5607 0.5391 0.5766

Cro 0.3460 0.4217 04318

D 1.36 1.28 1.45

r (R) 3.7565 4.008 43627

el (K) 143.224 2012 282.29
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researchers. Excellent agreement is found with the calculated values based on HFD-B
potentials for all properties of Ar, Kr and Xe. It is noted that generally good agreement is
found below 1,000 K with the values of viscosity and thermal conductivity calculated from
Lennard-Jones (12, 6) potentials. However, above about 1,000 K, these values are slightly
lower than the previous published data and the results obtained from HFD-B potentials.
The research progresses of a series of HFD potentials attract new interests in calculating
plasma properties, in particular the transport coefficients of noble gas. For example,
Murphy et al. [19, 32] introduced the HFDTCS2 potential to calculate transport coeffi-
cients of argon plasma due to the fact that this potential developed by Aziz and Slaman
[20] matches beam measurements and transport property measurements quite well.
Moreover, in recent paper of Murphy et al. [33], the HFD-B2 potential is used to calculate
transport properties of Kr and Xe. It was found that there are somewhat differences of
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transport coefficients in low temperature compared to other previous published data, which
can be attributed to the application of HFD-B2 potential. While it is believed that this
potential is more reasonable and the corresponding collision integrals are expected to be
more accurate.

In additional to the neutral-neutral interactions, the ion—neutral interactions, electron—
neutral interactions, and collisions between pairs of charged particles have to be included
in the calculation of plasma transport coefficients. Since the accuracy of the transport
coefficients strongly depends on the values of intermolecular potential, the choice of these
potentials should be very careful. Comparison of the results of transport coefficients
obtained from different potential energy functions with the corresponding experimental
data is the most important assessment method of various potentials.

2. The development of calculation methods for two-temperature plasma transport
coefficients
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Fig. 4 Comparison of xenon 200
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The calculation of transport coefficients of plasma in the LTE state can be achieved by
solving the Boltzmann equations using the well-known Chapman—Enskog method. This
approach has been successfully applied to calculate different plasma forming gases, and a
large amount of reliable values of transport coefficients of most plasma gases of interest
have been published over the last 25 years. While, the direct application of this approach to
the calculation of transport coefficients of nonequilibrium plasma suffers from two defects.
Firstly, this theory only applies to equilibrium system with a single temperature for all
species and secondly, the results do not incorporate the simplifications associated with the
small mass of the electron.

Devoto [12, 34] has derived the transport coefficients in a two-temperature plasma
starting from a simplified kinetic approach which is developed by making two reasonable
assumptions. These assumptions are based on the fact that, in an electron-neutral or
electron—ion two body collision, only the momentum of the electron is appreciably altered;
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the electron speed, and the momentum and speed of the much heavier particles stay close
to their original values. Thus, it is expected electron heavy encounters have little effect
on the distribution of heavy species. Similarly, it is expected that the change of the
perturbation to the equilibrium heavy distribution function during such a collision would
be small compared to the change in the perturbation to the equilibrium electron distri-
bution. Therefore, the electron heavy collision terms can be neglected in deriving
expressions for the ion and atom transport properties and the change in the heavy
perturbation term during a collision can also be neglected in obtaining expressions for
the electron transport properties. And then the simplified expressions for different fluxes
of mass, momentum, and energy were obtained, which allowed to separate the calcu-
lation of transport coefficients of electrons and heavy species. However, Aubreton and
Bonefoi [35] have shown that the definition of driving force given by Devoto did not

check the closure relationship Zivzl d; =0 in the description of the two-temperature
plasma. He has developed an adapted formalism to this alternate definition, but stays in
the simplified approach.

Subsequently Rat et al. [36, 37] presented a complete theory of transport coefficients
without the assumption of decoupling between electrons and heavy species and redefined
the two temperature driving force in order to maintain the coupling between electrons and
heavy species. And thus, the diffusion coefficients satisfy the symmetry conditions. The
results showed that the two-temperature simplified theory of Devoto underestimated the
electron thermal conductivity. Colombo et al. [38] compared the computation results of
two-temperature properties both from the simplified method of Devoto and non-simplified
method of Rat et al. The results have shown that there are some discrepancies in ordinary
diffusion coefficients of the type D,._,, whereas there is good agreement for ordinary
diffusion coefficients of the type Dj_j; also as already stated by Rat et al. for viscosity.
There are no relevant discrepancies in total thermal conductivity and electrical conduc-
tivity, even if they depend on ordinary diffusion coefficient.

In a recent paper, a new simplified theory of the transport properties of two temperature
plasma system is proposed by Zhang et al. [14] based on the solution of the Boltzmann
equations using a modified Chapman—Enskog method. The major progress of this theory is
the employment of both the physical fact m./m; < 1 and the inclusion of the coupling
between the electron and heavy species system. According to this method, the diffusion
coefficients calculated from the theory satisfy the mass conservation law in the plasma
system, and the corresponding combined diffusion coefficients in a two-temperature gas
mixture plasma system can also be calculated. There is no increase in the complexity of the
expression for the transport coefficients, and in particular no increase in the number of
collision integrals required. While, no examples have been presented for transport coef-
ficients calculated using the new theory derived in their paper, the accuracy of property
calculated by this approach should be validated in the future.

Furthermore, it should be noted that throughout these studies presented in previous
section, the inelastic collisions have not been involved. It is evident that many such
collisions must occur in a partially ionized gas, since excitation, de-excitation, ionization,
and recombination are continually taking place. However, the gas kinetic theory which
takes such processes into account is still in progress. In previous studies, it is assumed that
the inelastic collisions have little effect on the transport properties. This assumption
appears reasonable for the monatomic gases since the excitation and ionization cross
sections are very much smaller than those for elastic collisions, and the overwhelming
majority of collisions will be elastic.
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Chemical Kinetics in Nonequilibrium Plasma Modeling

As described above, the essential principle of nonequilibrium behavior in high velocity
plasma flow largely resides in the relative time scales of the various competing physical
and chemical processes, including fluid dynamic effects such as convection and diffusion
as well as ionization and excitation processes. When plasma conditions change rapidly, for
example, in a time varying plasma or in the rapid expansion of a plasma through a nozzle,
departures from the Saha equation can result from finite ionization and recombination
rates. Moreover, departures from the excitation equilibrium will lead to that the popula-
tions of excited atomic energy levels do not follow the Boltzmann distribution. Unfortu-
nately, the dependence of the reaction rate coefficients on a set of inelastic cross sections
for the plasma is less readily achieved. In spite of many attempts made over the past
several decades, the phenomena of ionization, recombination, excitation, and de-excitation
are still poorly understood due to their complex nature and the lack of information on
effective collision cross sections for excitation and ionization. In the following section, we
will examine the uncertainties of reaction rate coefficients, especially taking the excitation
of argon atom from ground state to low energy excited state as an example. And we then
discuss the criteria which should be met for certain purpose in choosing a chemical kinetic
model.

1. The chemical reaction rate coefficients and cross sections

Elementary collision processes can be generally subdivided into two classes, elastic and
inelastic. Most inelastic collisions, like ionization, result in energy transfer from the kinetic
energy of colliding partners into internal energy. The elementary processes can be
described in terms of six major collision parameters: cross section, probability, mean free
path, interaction frequency, reaction rate, and finally reaction rate coefficient. The most
fundamental characteristics of all elementary processes is the cross section. A large amount
of cross section information available at the present time, is still a small fraction of what
would be used for the chemical nonequilibrium modeling. In general the accuracy of
calculation is uncertain, and one is usually better off using experimental data. For pro-
cesses for which no experimental information is available, the results of calculation
combined with related data may frequently be used to obtain useful extrapolation. The
reaction rate coefficient and collision cross section are related as follows

k= /0 vy (v )f (v )dv, (1)

where f(v,)dv, is the fraction of encounters in which the relative velocity lies v, and
v, + dv,. Similar to the transport coefficients of plasma, precise knowledge of the cross
sections and/or the rate coefficients for the kinetics processes are required in numerical
modeling of nonequilibrium plasma phenomena.

Previous studies have shown that the low energy excited argon atoms play an important
role in the ionization process of argon [39]. The low energy excited argon atoms consist of
metastable and resonance states. The 1s5 and 1s5 levels of argon atom which cannot relate
to the ground state by emission transitions are called metastable while the 1s, and 1s4
levels which can be radiatively coupled to the ground state, are called resonance states. It
has been suggested that electron collision mixing between these levels can be an important
population transfer processes. Many processes, such as stepwise excitation and ionization,
Penning ionization, occur via the metastable states. Furthermore, in some situations, the
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lowest energy excited states of argon have populations that are comparable to the electron
density. Therefore, the reasonability and accuracy of the reaction rate coefficients con-
cerning these levels are quite important in successful modeling of nonequilibrium pro-
cesses of high velocity plasma flow. The excitation of argon atoms from ground state to
these low energy excited states can be expressed as

e+Ar — e+ Ar* (12)

Figure 5 compares electron temperature dependence of the reaction rate coefficients
presented by different authors for the same process (12). Generally reasonable trend is
found among the values of reaction rate coefficients presented by Zhu [40], Baeva [41],
and Gudmundsson [42]. However, the reaction rate coefficients presented by different
authors show increasing differences with increase of electron temperature, especially for
the reaction rate coefficient given by Shon [43], which is two orders smaller than those
from other authors. It is interesting to note that the reaction rate coefficients plotted in
Fig. 5 are actually calculated or measured by different methods. The reaction rate coef-
ficient given by Zhu [40] is calculated from the measurement of cross section given by
Khakoo [44] according to Eq. (11) as a function of mean electron energy in the Max-
wellian distribution. The electron impact cross sections presented by Khakoo [44] were
obtained using a conventional high resolution electron spectrometer. The reaction rate
coefficient given by Gudmundsson [42] was taken from the experimental results using a
drift-tube technique [45]. The reaction rate coefficient provided by Shon [43] in Fig. 5, is
actually taken from theoretical calculation results using the Bethe approximation presented
by Heer et al. [46]. As for reaction rate coefficient presented by Baeva [41] is calculated
according to a set of simple analytical formulas in which the available experimental and
theoretical data are combined in a semiempirical way by Virens et al. [47].

From foregoing discussion, it has been found that information on cross sections is
scattered in the scientific literature. The quality of cross sections from experimental
measurement or theoretical calculation varies over a wide range. All values of cross
sections, however, have limited range of validity and there are somewhat discrepancies
among them. In order to validate accuracy of the experimental results, Khakoo further
compared these with the theoretical prediction results using the R-matrix method, the
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unitarized first-order many-body theory, the semi-relativistic distorted-wave Born
approximation, and the relativistic distorted-wave method. The results showed that general
good agreement is found, while there are still remain disagreements between theory and
experiment, especially at low energies [44]. Some calculations are based on classical
mechanics in which several assumptions have to be made in obtaining the final results, and
so to some extent these results may be viewed as semi-empirical approach [47]. Estimate
of accuracy is probably best inferred from the differences in the results of independent
investigations. Kieffer stated that uncertainties in the values of the maxima of electron
impact ionization and excitation cross sections ranged respectively between about 15 %
and factors 2 or 3 and between 35 % and factors of 10 [48].

Similar discrepancies also have been found in other reaction rate coefficients, such as
ionization process of hydrogen atom impacted by electron, recombination process of argon
molecular ion presented by different authors, and so on, which have also been examined,
while, not presented here as a separated figure. It is important for researchers to have a
general appreciation of the processes for which reaction rate coefficient and cross section
data are available, for the limited range of magnitudes of these cross sections, and for
uncertainties that may exist. It has been with this objective in mind that the reaction rate
coefficient and cross section data used in the chemical kinetic model should be carefully
selected.

2. The simplified approach of chemical kinetic model

In order to examine chemical processes involved in high velocity plasma flow, it is
desirable to include detailed ionization, recombination, excitation, and de-excitation
mechanisms in the kinetic model used in the modeling. While unfortunately, even in a
simple plasma system, the reaction mechanisms involved are usually more than several
hundreds. A self-consistent solution for the excited level populations and degree of ioni-
zation in a high velocity plasma flow requires the simultaneous solution of the rate
equations for the excited level populations, momentum and energy equations. Since all
equations are coupled, the solution of the complete set is a formidable problem. Therefore,
it is essential to choose a proper kinetic model which includes the important ionization,
recombination, excitation and de-excitation processes and meets the following criteria: (1)
quantitatively accurate (reasonable error range), (2) simple to use, (3) consistent within the
certain condition and useful for a wide range of temperatures and pressures.

For argon plasma system, Braun and Kunc developed a three level atomic model (the
ground state, one excited level, and the ion), which actually is a simple approximation to a
complicated atomic system [49, 50]. In this model, four lower excited states (1s,, 1s4, 153
and 1ss) separated by very small energy gaps are lumped together and treated as a single
excited state Ar*. All higher excited states are neglected. The following reactions are
included in this model

e+Ar, & e+ Ar* (13)
et+Ary s ete+Art (14)
e+ Arf S etet+Art (15)

Ar* — Ars + h (16)
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e+Art & Arg+hy (17)
e+ Art & Arf +h (18)

The first three reactions represent collision transitions and ionization/recombination
processes by electron impact, and the remaining three represent the net radiative decay and
recombination of excited and ionized species. Other collisional radiative processes in
plasma system are neglected. And thus, this model eliminates the need for cross sections
involving the upper excited states which may be not reliably known for argon. This model
is simple enough to couple into a set of equations, which allows its easy use and gives more
physical insight into the plasma mechanism. The three level atomic model has been suc-
cessfully applied in the numerical modeling of nonequilibrium effects in an argon plasma
jet [51]. It has been found the electrons and ions were essentially in partial local ther-
modynamic equilibrium with the excited state at the electron temperature in the jet core,
even though the ionized and excited states were no longer in equilibrium with the ground
state. Departures from partial local thermodynamic equilibrium were observed in the outer
fringes and far downstream part of jet.

It should be noted that in three level atomic model, the kinetic processes between the
heavy particles are not included. In the low electron density regions, such as fringes of arc
and jet, it is expected the kinetic processes in which heavy particles are involved will be
dominant. Therefore, in a recent paper, Baeva et al. extended the three level atomic model
into the nonequilibrium modeling of transferred arcs [52, 53]. The following kinetic
processes in which heavy particles are involved are added into their kinetic scheme

247" — Art + Ar+e (19)
Ar + Art — 2Ar (20)

The model used in Baeva’s work was aimed at unifying the description of a tungsten
cathode, a flat copper anode, and the arc plasma. It was found that this chemical kinetic
model allows a more reasonable description of the near electrode regions, the current
transfer, and the plasma. In the region which is immediately surrounding the cathode tip,
the electron temperature has values above 20,000 K, while the heavy particle temperature
drops to values of just several 1,000 K. On the anode side, the electron and heavy particle
temperatures differ by about 10,000 K.

The three level atomic model has also been adopted in the simulation of the high
velocity plasma flow in previous studies [39, 54], in which the roles of excited atoms have
been investigated. It is found that the stepwise ionization through the excited argon atoms
is the most important ionization process in the arc centre region, where the electron density
is high. Stepwise ionization is the detailed-balance inverse process of the three-body
recombination of electrons and ions, so electron three-body recombination is the dominant
recombination process along the centre of the thruster nozzle. The role of excited species in
the arc attachment on anode has also been examined. It is found that the presence of the
excited species promotes a diffuse type of attachment, extending the arc root further
downstream. Although the number density of excited species of argon (Ar*) is much lower
than those of other species in the argon plasma, it plays an important role in determining
the arc attachment mode on the anode.

As mentioned previously, the three level atomic model is a simple approximation to a
complicated atomic system. It would be necessary to include more excited states and species
in the chemical kinetic model to predict relationship between the excited state kinetics,
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ionization and recombination mechanisms. For example, the nonequilibrium modeling of
high velocity plasma flow has shown that molecular-ion recombination channels play an
important role in the cooler outer regions of the plasma arc, which implies dissociative
recombination is of importance in determining the arc plasma properties [39]. However, we
should keep in mind that the kinetic process of different excited states and other species
cannot be arbitrarily added into the chemical kinetic model. The reasonability of selected
chemical kinetic process should be examined. On the one hand, the time scales of kinetic
process of selected excited species should be comparable with those of important physical
processes in the plasma. The species distribution obtained by the chemical nonequilibrium
modeling under certain conditions should be consistent with the results obtained from
chemical equilibrium modeling, such as in the arc core. On the other hand, experimental
validation is necessary, though detailed experimental data is difficult to find in most cases.

The Application of Collisional-Radiative Model on the Analysis
of the Nonequilibrium Process of High Velocity Plasma Flow

The study of the elementary processes involved in high velocity plasma flow, such as
collisional excitation and de-excitation, ionization and recombination, and radiative pro-
cesses, requires a detailed and accurate kinetic mechanism. For example, in some situa-
tions, we hope to investigate the population mechanism of excited species and the extent of
the departure from ionization-recombination equilibrium by calculating the behavior of the
various excited levels. This topic can be studied by collisional radiative (CR) models,
which allow the identification of the main processes responsible for the excited atom
concentrations as well as the calculation of the rate coefficients of ionization, recombi-
nation, and dissociation.

The basic set-up of numerical CR models is the formation of a number of coupled
differential equations for the densities of excited states [55]:

D) 4 o)V - u, = (a"(p))cﬁ (21)

Dt P\ o

where the n(p) and u,, represent the atom number density of level p, species velocity in
plasma system, respectively. The changes from collisional (C) and radiative (R) processes
are taken into account in the term at the right hand side of Eq. (21). For some typical
situations of excited states in low speed plasma flow, the contribution of populating and
depopulating during collisional radiative processes is very large with respect to the Dn(p)/
Dt and n(p)V-u, term. In this case, the n(p) is only governed by chemical reactions. While
in the case of high velocity plasma flow, such as a high-velocity plasma flow in arcjet
nozzle, the situation is more complicated: the characteristic time associated to the con-
vective derivative D/Dt may decrease sufficiently to give a significant role even for highly
excited species. Although the plasma flow is steady, the chemical reactions source term
(On(p)/0t)c g, may be time dependent [56, 57]. Therefore, the calculation of the temporal
evolution of the population densities in high velocity plasma flow is needed. Then the
Eq. (21) can be replaced by a number of coupled equations
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The set of equations from p = 1 to N can be solved numerically in terms of the ground
state atom density ng, electron density n., the atom temperature 7j, and the electron
temperature 7,. One can introduce them as independent input parameters, or one can either
solve the ground state densities with the aid of Eq. (21) including the transport and time
dependent terms.

In recent years, the CR model is applied to analyze the nonequilibrium degree of an
argon plasma flow through an arcjet nozzle. The ionization and recombination at various
axial locations along the axis of arcjet nozzle are investigated on the basis of numerically
determined profiles of the electron temperature, the electron number density, atom tem-
perature, and pressure which rest on modeling results of water-cooled arcjet thruster
designed by NASA Lewis Research Center obtained under the operating conditions with
the argon mass flow rate of 135 mg/s, arc current of 10 A [39, 54]. The chosen sets of local
values used as input parameters in the present modeling are listed in Table 2. For the case
of plasma flow in the arcjet nozzle, it is found that along the axis of the nozzle expansion
part, the characteristic time of diffusion process is on the order of 107> s, while the
characteristic times of convection and de-excitation processes are on the same order of
107% s. This implies that the diffusion process can be neglected in Eq. (21) due to the
longer relaxation time than those of convection and de-excitation processes. It is noted that
the convection process is still included in the term of left hand side of Eq. (22), while the
excitation, de-excitation, resonance radiation, absorption processes and other kinetic pro-
cesses in plasma can be considered in the term on the right hand side of Eq. (22).
Therefore, using Eq. (22) instead of (21) for the description of the excited states in the
strong nozzle flow is reasonable. In the preliminary study of our group, the plasma system
is assumed to consist of argon atoms in the ground state and in different excited levels,
argon ions in the ground state, and electrons. The computation is based on the argon atom
model of Vlcek [58], however, we only consider 19 discrete effective levels (from the
ground state to 5p levels) in this study. The higher levels are neglected due to the low
densities in this study. The collisional and radiative processes incorporated in the model
are (1) electron induced processes, (2) inelastic atom—atom collisions, (3) radiative
recombination, (4) spontaneous emission processes between all the levels. The cross
sections used in the calculation of reaction rates for electron-impact processes are taken
from [58]. The cross sections used in the calculation of reaction rates for heavy species
involved process are calculated according to the method provided by Bogaerts et al. [59].

Table 2 The local values of the input parameters at the various axial positions inside the arcjet nozzle for
the case with argon mass flow rate of 135 mg/s, arc current of 10 A

Local plasma Axial distance from the gas inlet of arcjet x (mm)

parameters
Case 1 Case 2 Case 3
Arcjet constrictor Expansion part of Exit of arcjet nozzle
x =32 mm arcjet nozzle x =12.0 mm

x = 7.8 mm

T. (K) 20,316 8,800 6,500

Ty (K) 19,090 2,700 1,800

ne (m ™) 2.85 x 107 3.16 x 10*! 1.07 x 10!

ny (m™) 9.36 x 10% 2.74 x 10% 1.31 x 10%

P (Pa) 404,491 1,524 442
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The transition probabilities of spontaneous emission processes and the cross sections of
radiative recombination are calculated according to the methods provided by Zhu and Pu
[40], Bultel et al. [57].

The computed distribution of excited species of argon atoms as a function of the
excitation energy is shown in Fig. 6. The solid line and dash line in this figure represent the
Saha density and Boltzmann density (which are also indicated as Saha line and Boltzmann
line in the following figures), respectively, which are calculated according to the definition
in Ref. [55]. It is noted that Saha density actually represents the excited species distribution
obtained from the ionization and recombination balance, while the Boltzmann density
represents the excited species distribution obtained from excitation and de-excitation
balance. It can be seen in Fig. 6 that although the Boltzmann line is above the Saha line,
the Saha densities have almost the same order to those of Boltzmann. It is also shown from
Fig. 6 that the calculated densities of excited species are almost coincident with the
Boltzmann line which represents the plasma is very close to the local thermal equilibrium
states. This is consistent with the modeling results of previous nonequilibrium modeling of
low power arcjet [39, 54].

Figure 7 presents the variation of excited species of argon atoms with the excitation
energy at the 7.8 mm downstream of arcjet inlet, which corresponds to the middle of
expansion portion of nozzle. It is shown that with respect to Fig. 6, the Boltzmann line is
lower than the Saha line which shows that in recombining plasma the distribution of
population density is mostly determined by the balance of ionization and recombination
processes. It is also noted that the calculated densities of excited species are very close to
the Saha line except for some low energy level species.

The variations of excited species of argon atoms with the excitation energy at the center
of arcjet exit are shown in Fig. 8. The input parameters of CR model at this location are
given by Case 3 listed in Table 2. It is shown that the calculated excited species distri-
bution is closer to Saha line than that of Boltzmann, which shows that the recombination
processes are dominant at exit of the arcjet nozzle, while the deviation from the Saha line
demonstrates the extent of nonequilibrium of the calculated excited species distribution.
This observation can be explained from the fact that the high-lying levels, when their
populations are close to Saha line, are strongly coupled to each other by collisional
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transitions. On the one hand, as shown in Fig. 7, the low-lying level species, when the
population is lower than that of the Saha line, receive additional population flow from the
neighboring higher-lying levels, or it is “pulled” upward toward Saha line. For example, a
certain level p reaches its final value only when de-excitation flow from this level to the
adjacent low-lying level (p — 1) is balanced by the excitation flow from (p — 1) to p. On
the other hand, when the population of a high level is close to the Saha line, it is “pulled”
downward by the lower-lying levels which are still far from Saha line.

These numerical results illustrate the extent of the local ionization and excitation
nonequilibrium along the axis of arcjet thruster, demonstrate the feasibility of applying CR
model in analysis of collisional and radiative processes in high velocity plasma flow. With
the help of the developed numerical method, it is possible to calculate the population
coefficients and determine the populations in all excited effective levels considered. This
further permits study of the mechanism by which the excited levels are populated, and the
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production and disappearance of charged particles under various conditions in a non-
equilibrium plasma.

A set of parameters, such as the electron temperature 7,, the atom temperature 7}, the
electron density 7., and ground state atom density ng, are required as input conditions in
CR model. These parameters can be obtained from the experimental data or from results of
numerical modeling. Perhaps the most convenient way is taking the parameter distributions
from numerical modeling. Therefore, a combination of CR model and the solution of the
whole flow field based on Navier-Stokes code is a good approach to investigate the
nonequilibrium phenomena involved in high velocity plasma flow. The two-dimensional or
three-dimensional modeling can provide the information of the whole plasma field, which
allows for the detailed investigation of kinetic processes for some important regions inside
the plasma device, such as the electrode region, where experimental measurement is
usually difficult due to harsh environment.

Conclusions

Development of numerical modeling has shifted from the prediction of global performance
toward the understanding of plasma behavior and process mechanisms in arcjet. A realistic
arcjet model should include important, competing physical and chemical processes,
including convection, diffusion, ionization and excitation processes. Since transport phe-
nomena have been shown to play a major role in arc development and anode attachment as
well as in the determination of overall performance, reasonably accurate calculation of the
transport coefficients is quite important. Comparison of argon transport coefficients under
low temperature condition based on classical Lennard-Jones (12, 6) potentials and HFD
series of potentials has shown that the accuracy of transport coefficients can be improved
by adopting more reasonable interatomic potentials. Treatment of the coupling of electrons
and heavy species is the main difference between the simplified theory developed by
Devoto [12] and the complete theory presented by Rat et al. [36, 37]. It has shown that
including this coupling led to differences up to 100 % or more, for example in the elec-
trical conductivity for the same plasma composition. Recently, a new simplified theory of
the transport properties of two temperature plasma system is proposed by Zhang et al. [14]
based on the solution of the Boltzmann equations using a modified Chapman—Enskog
method. Since no examples have been presented for transport properties calculated using
the new theory derived in their paper, the accuracy of property calculated by this approach
should be further validated.

Finite rate chemistry models are required to accurately capture the flow field species
distribution. And thus, the uncertainties of the reaction rate coefficients of some important
kinetic processes have been examined. The excitation of argon atoms from ground state to
low energy excited states has been taken as an example. Comparison of the reaction rate
coefficients of the same kinetic process has shown that the significant discrepancies exist
among the data presented by different authors, which further indicates that there exist some
uncertainties on the quality of cross section from experimental measurements or theoretical
calculations.

The finite rate chemical kinetic model chosen for nonequilibrium modeling should be
intended to incorporate the most important processes, while minimizing the number of
species reduces computational effort and complexity. A significant reduction of mathe-
matic effort in dealing with the problem is obtained by using a three level model (the
ground state, one excited level, and the ion). Application and extension of three-level
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atomic model in nonequilibrium modeling of argon plasma system are briefly reviewed,
and the criteria required in the choice of chemical kinetic model are discussed.

The distribution functions of atoms and ions over their excited states and detailed
kinetic processes and mechanisms can be studied in the framework of collision radiative
models. In the case of high velocity plasma flow, the calculation of the temporal evolution
of the population densities is needed. The extent of the ionization-recombination non-
equilibrium within arcjet investigated by CR model is presented as an example. The
detailed parameter distributions obtained from numerical modeling of the plasma flow field
can be used as inputs of the CR model. Therefore, a combination of the CR model and the
solution of the whole flow field based on simplified chemical kinetic model is a good
approach to investigate the nonequilibrium phenomena involved in high velocity plasma
flow.
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