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The Martian-type CO2–N2 plasma flow obtained in the plasma generator of the SR5 arcjet facility has been

simulated using two complementary fluid descriptions. An inviscid multitemperature monofluid description has

firstly been used to evaluate the importance of the different chemical and exchange processes between the flow

species. Then, a one-temperature Navier–Stokes description has been used to evaluate the influence of viscous and

rarefaction effects. In the nozzle throat region, heat addition from the arc firstly leads to the establishment of a

translation-vibration disequilibrium. Near the end of the nozzle throat, temperature and pressure increases allow

more efficient exchange processes and lower this disequilibrium. In the nozzle diverging region, chemical and

vibrational processes are quickly frozen as the flow strongly expands. Furthermore, a translation-rotation

disequilibrium also occurs near the nozzle exit. Navier–Stokes simulation results evidence a quick increase of the

diverging section boundary layers, and thereforemost of the diverging section is in a fully viscous interaction regime.

Moreover, rarefaction effects are predicted to appear near the nozzle exit walls. The experimental measurements

carried near the nozzle exit confirm the thermal disequilibrium regime of the flow, predicted by the simulation

results.

Nomenclature

anode = nozzle anode
arc = nozzle electrical arc
cathode = nozzle cathode
chamber = facility vacuum chamber
Da = Damköler number
gas = facility gas flow
generator = conditions upstream of the nozzle throat
h = flow enthalpy, MJ=kg
i = chemical species index
Kn = Knudsen number
kB = Boltzmann constant, 1:38065 � 10�23 J=K
L = characteristic length, m
M = flow Mach number
_m = mass flow, kg=s
_Q = heat transfer rate, kJ=s
p = flow pressure, Pa
R–T = rotation-translation processes
T = flow translational temperature, K
Trot = species rotational temperature, K
Tvib = species vibrational temperature, K
Tw = nozzle wall temperature, K
V–D = vibration-dissociation processes
V–el = vibration-electron processes
V–T = vibration-translation processes
V–V = vibration-vibration processes
v = flow velocity, m=s
Z�T; Tvib� = nonequilibrium coupling factor for dissociation
Z1 = Parker rotational collision number
�E = energy transfer rate, kW

� = arc energy transfer efficiency
� = flow density, kg=m3

� = collisional cross-section, m2

�F = flow characteristic time, s
�vib = vibrational relaxation characteristic time, s

I. Introduction

T HE simulation of a spacecraft entering a planetary atmosphere
in the hypersonic flight regime requires the knowledge of

dissociation, ionization and chemical processes, radiative gas phe-
nomena, and nonequilibrium effects on the internal modes. The
physical properties of the gas flow surrounding a spacecraft depends
on the nature of the molecules present in the planetary atmosphere
(Mars and Venus: CO2–N2, Titan: N2–CH4) but also on the chosen
spacecraft trajectory (direct entry, aerobreaking, or aerocapture).
Different ground test facilities are available today to simulate such
entry conditions (low-pressure hyperenthalpic gas flows): shock
tubes, inductive plasma torches, radio-frequency sources, and arcjets
[1–4].

Arcjet facilities present the advantage of providing long test runs,
performed with stable operating conditions and with appropriate
values for several plasma conditions: plasma densities as 1011–
1013 electrons=cm3, electron temperatures in the range of 5000–
10,000K, kinetic temperatures around 2000–4000K, and vibrational
temperatures around 8000 K. Some disadvantages include instabi-
lities of the arc source in some operating ranges, cathode erosion
effects, and mainly an energy input method somehow different from
the phenomena encountered during an atmospheric entry (an electric
arc excites the flow electrons, whereas the shock wave produced
during an atmospheric entry excites the atomic andmolecular species
translational mode), yielding different processes for the population
of the gas species different internal modes. Nevertheless, arcjet
facilities are currently used for the simulation of planetary entry
conditions, for carrying heat flux tests on materials for spacecraft
protections and for a detailed analysis of the plasma flow [5–8].

Numerical modeling of arcjet plasma sources has to be developed
with several goals in mind: determination of the hydrodynamics
properties (velocity, pressure, temperature, and Mach number),
detailed study of the different physical and relaxation processes
(chemical and ionization processes,V–T,V–V,V–D,V–el, andR–T
processes), and the development of a numerical tool capable of
predicting the behavior of new arcjets.
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Several numerical codes have been previously developed to
describe the stationary properties of arcjets: Beulens et al. calculated
the plasma properties in an arcjet operated with nitrogen, calculating
electronic conductivity according to well-known electron-heavy
species exchange functions [9]; Kaminska and Dudeck simulated an
argon arcjet plasma flow developing a detailed description of
dissipative effects using a calculation of transport coefficients by
Chapman–Enskog developments and the introduction of anodic and
cathodic layers [10]. Flament [11] and William [12] simulated a
high-enthalpy stationaryflow in a nozzle operatingwith air, allowing
vibrational relaxations for N2 and O2 species using a Landau–Teller
model. Schönemann et al. [7] investigated a similar problem for a
magneto-plasmadynamic (MPD) accelerator using nitrogen or
nitrogen-argon mixtures. Navier–Stokes equations have been solved
using transport coefficients given by the Yos model and chemical
model from Park [13], which includes ionic species. Detailed
methods using the state-to-state approximation have also been
developed since the 1970s. Such methods are typically restricted to
the quasi-1-D approximation for the description of a nozzle ex-
pansion, but account for state-resolved processes, including the
coupling of free electron kinetics (allowing an accurate modeling of
arc discharges) and the influence of metastable states [14–17].

II. Experimental Facility

A. The SR5 Low-Pressure Arcjet Plasma Facility

The SR5 low-pressure arcjet plasma wind tunnel available at the
Laboratoire d’Aérothermique has been used during the last years for
the simulation of the entry conditions in Earth, Mars, and Titan
planetary atmospheres [4]. A dc vortex-stabilized arc operating at
low voltages (50–100 V) and low currents (50–150 A) delivers
typical powers of 5–10 kW to the flow in the throat region of the
nozzle. The low mass-flow rates (0:1–0:5 g=s) crossing the nozzle
allows obtaining a high-enthalpy (5–30 MJ=kg) steady plasma jet
with a global yield of 50–70%. This level of specific enthalpy
obtained with a small mass-flow rate is an advantage because of the
low electrode erosion, which allows maintaining a steady plasma jet
for several hours with a low level of contamination. The facility
pumping system capacity of 26; 000 m3 h�1 ensures an ambient
pressure of about 10 Pa to be maintained in a 4.3 m long and 1.1-m-
diam vacuum chamber in which the arcjet is expanded.

The arc discharge is generated between the tip of a cathode, which
is a small zirconium disk inserted into copper (disk diameter
1.6 mm), and the nozzle throat, which operates as the anode
(cylindrical neck of 4 mm length and 4 mm internal diameter, made
of tungsten inserted into copper). A zirconium cathode allows
reproducing stable plasma flows even with oxygen containing
chemical mixtures. Arc discharge is ignited through a high fre-
quency, high voltage pulse (1 MHz, 4000 V). Copper pieces, anode
as well as cathode, are water cooled. Balance energy on inlet and
outlet water circuit temperatures, measured by thermocouples, is

used to determine the efficiency of the plasma generator. The
diverging section of the nozzle is 53mm longwith an exit diameter of
48mmwhich corresponds to a 25.4 deg half-angle. A schematic view
of the nozzle is presented in Fig. 1.

B. Simulation of Martian-Type Plasmas in the SR5 Facility

An experimental research program investigating Martian
atmospheric entry plasmas radiation has been conducted over the
last years in the low-pressure arcjet facility SR5, available at the
Laboratoire d’Aérothermique [18]. In the scope of this program,
CO2–N2 Martian plasma flows have been simulated in the SR5
facility. Here, the experiment parameters were set to reproduce
closely the conditions encountered during the critical phase of a
Martian atmospheric entry. In the course of this research program,
extensive emission spectroscopy measurements were carried out
near the facility nozzle exit, providing experimental results for some
emitting species characteristic rotational and vibrational temper-
atures. Optical emission spectroscopy diagnostics are the only
available tool for investigating the arcjet plasma generator flow
properties; no measurements can be carried out inside the arcjet
plasma source, and the measurements in the nozzle exit plane cannot
be carried out using intrusive diagnostics due to the high level of
energy transfer found in this region. Therefore, to improve the
description of this facility arcjet (a convergent-divergent nozzle with
an electrical arc discharge in the nozzle throat), it has been decided to
develop several numerical models for describing such a nozzle flow.

The numerical models used in this study are presented in Sec. III.
The simulation results are presented in Sec. IV, and finally some
comparisons with experimental results are presented in Sec. V.

III. Numerical Models

Supersonic arcjet wind tunnels are typically one of the most
challenging facilities for numerical modeling. The upstream
conditions in the arcjet generator are notwell known, as the discharge
region usually cannot be accessed through any intrusive or optical
diagnostics. Also, modeling of the plasma arc is a very challenging
task, as exact numerical models require a two-fluid (electrons and
heavy species) numerical description. As mentioned before, such
descriptions have only been successfully applied to the description of
simpler argon and nitrogen flows [9,10], and many issues regarding
the physical and numerical models used in such numerical
descriptions remain to be solved. Therefore, such fluid descriptions
still cannot be systematically applied for the description of general
arcjet plasma flows. For example, CO2–N2 flows require the use of
complex chemical models for the description of electron-impact
dissociation and ionization processes, which prevents setting up a
physically accurate description of the electrical arc energy input in
the plasma generator. Instead, a classical monofluid approach has
been kept, using a simplified description of the electrical arc energy
input.

The numerical code ARES, developed by the CEA-CESTAS, has
been used to describe the plasma flow inside the generator. The code
solves the bidimensional Navier–Stokes equations for high-enthalpy
flows, using a one-temperature description. However, the code has
not the ability of simulating energy addition phenomena, thus
preventing the authors from simulating the nozzle throat flowfield,
where energy addition from the electric arc occurs.

In parallel, it has been chosen to develop a simpler one-
dimensional numerical code. Care was exercised in developing a
more detailed thermodynamic database, allowing the application of a
multitemperature model (accounting for the flow translational
temperature and the species-dependent rotational and vibrational
temperatures). This approach allows us to carry a detailed analysis of
the thermodynamic relaxation processes encountered in the flow,
without large calculation time requirements. Energy addition
processes have also been considered in this numeri-
cal code, but some restrictions and assumptions have to be con-
sidered if the flow in the nozzle throat is to be modeled using a quasi-
1-D description:
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Fig. 1 SR5 nozzle scheme.
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1) The flow is assumed to enter the throat of the nozzle at sonic
conditions, as the nozzle anode laminates the gas flow. The upstream
conditions (such as mass flow, pressure, speed and area cross-
section) being known, it is possible to determine flow parameters at
the throat entrymaking use of the Euler relations, if theflow is treated
as an ideal gas and pressure losses are neglected in the inlet gas tube.

2) The throat entry cross-section being smaller than the exit cross-
section, due to the choking effects of the cathode, the throat can be
modeled as a diverging section (see Fig. 2, right side). Energy is
added to the fluid through an arc discharge between the cathode and a
tungsten insert in the nozzle throat which acts as an anode. This is
modeled as a constant energy deposition through the 4mm section of
the throat.

3) The tungsten tip being heat refractive, water cooling of the
nozzle is assumed to remove energy from the flow uniquely in its
geometrically diverging section. Moreover, in the diverging section,
the center streamline is assumed not to be influenced by energy
removal effects at the wall boundary.

This simplified model of the nozzle is schematically depicted in
Fig. 2.

In short, the 1-D thermal nonequilibrium code has been applied to
the simulation of the nozzle throatflow, applying the aforementioned
simplifying assumptions regarding the heat addition to the flow from
the electrical arc.

Some of the aforementioned assumptions are somehow restrictive
as here we consider the electrical arc to heat the species translational
modes, which then redistribute such energy to the other internal
modes (rotational, vibrational, chemistry). Instead, the electrical arc
is known to transfer its energy to the flow free-electrons, which then
redistribute this energy to the flow heavy species through electron-
impact reactions.

The assumption of a constant heat addition had, however, to be
retained, as our numerical code is currently unable to solve the
Boltzmann equation in presence of an electrical field. Moreover,
electron-impact processes, or the influence of metastable states in
CO2–N2 flows are not yet well known. Furthermore, it will be
verified more ahead that the energy transfer by the electrical arc
strongly increases the temperature and pressure of the nozzle throat
flow. The energy between the different species internal modes is
therefore efficiently redistributed, leading the flow to a state close to
thermal equilibrium near the nozzle throat exit. This way the
modeling of the energy transfer process in the nozzle throat region
has a limited impact on the flow properties in the diverging section.

Departing from the determined flow properties in the nozzle throat
exit, the flow expansion in the nozzle diverging section has then been
simulated using both the 1-D thermal nonequilibrium, and the 2-D
Navier–Stokes codes. This has allowed the examination of,
respectively, the influence of thermal nonequilibrium and dissipative
and rarefaction effects on the flow macroscopic properties.

A. Detailed Description of the 1-D Thermal Nonequilibrium Code

The simplified numerical code which has been developed solves
the Euler flow equations using the quasi-1-D approximation. The
code includes a thermodynamic database which allows taking into
account the different chemical reactions and energy exchange
processes between the flow’s chemical species. The thermochemical

model assumes aBoltzmann equilibriumof the species rotational and
vibrational modes (unlike more precise but also more complex state-
to-state models). A more complete description of this code can be
found in [18].

Rotational and vibrational modes relaxation for each molecule are
solved in the usual way using the Landau–Teller relation [19]. The
rotational collision parameter used in the equation proposed by
Parker [19] for the calculation of R–T processes is given in this last
reference forN2 andO2. In absence of further data, such a parameter
has been arbitrarily set equal to the value of N2 for the other
molecules. R–T processes can then be calculated in the usual way.
The rate coefficients for vibrational-translational and vibrational-
vibrational processes are issued from the expressions ofMillikan and
White [20] updated by Park [13] for air-type species collisions, and
from Losev et al. [21] for Martian-type species collisions. Vibration-
dissociation processes are taken into account by adding a nonequi-
librium factor. This factor is calculated according to the relation
proposed by Shatalov and Losev [22], without accounting for
vibrational energy losses/gains through dissociation/recombination.
Finally, a total of 108V–T, 44V–V, and 100R–T processes are
included in the code database to allow thermal nonequilibrium
calculations for CO2–N2 and N2–O2 flows.

B. Detailed Description of the 2-D Navier–Stokes Code

The ARES code is a 2-D structured, chemically reacting Navier–
Stokes code. It uses a Harten–Yee method, with a Riemann solver
over a Roe’s matrix verifying the properties of a locally out of
thermodynamic equilibrium (LOTE) gas. The code can be executed
in explicit or implicit mode, first or second order. A space marching
or time marching technique can be used. The flow can be treated as a
perfect gas, a real gas, a chemical nonequilibrium gas (Da ’ 1), or a
frozen gas (Da � 1). Also, the flow can be considered to be in the
laminar, transitional, or turbulent regime. Viscosity coefficients can
be calculated according to Pant, Sutherland, Gibbs, and Wilke [23]
laws when applicable. Thermal conductivity can be calculated using
tabulated values, assuming a constant Prandtl number or usingWilke
law [23]. Diffusive fluxes can be evaluated using Fick’s law and
assuming a constant Lewis number, or using the more general
Chapman–Enskog law [24]. Viscosity coefficients using the Blottner
[25] law as well as thermodynamic parameters of the different
species for CO2–N2 and N2–O2 flows are issued fromWilliam [12].

IV. Simulation Results

To be able to compare the hydrodynamic simulations results with
available experimental data, the numerical codes were applied to the
reproduction of a specific plasma flow obtained in the SR5 facility,
where experimental data was measured. The flow parameters are
listed in Table 1. x

As the quasi-1-D code uses a simplified flow model and neglects
dissipative effects, the obtained results were investigated quanti-
tatively, with an analysis of the relative importance of the different
exchange processes between the flow different chemical species.
This analysis was completed with an investigation of the importance
of the dissipative effects in the nozzle diverging section, using
theARES code. These two issues will be discussed in Secs. IV.A and
IV.B

A. Assessment of the Different Physical-Chemical Exchanges in the
Plasma Generator

A 1-D calculation taking into account all the exchange processes
included in the code was firstly carried out to evaluate the different
departures from thermochemical equilibrium present in the nozzle
flow.A simulation has been carried out taking into account chemical,
V–T, V–V, V–D, and R–T processes, and including the three
vibrational modes of the CO2 molecule. Translational temperature,
molecular vibrational temperature, and rotational temperature have

Fig. 2 Nozzle simulation model.

xOne standard litre per minute corresponds to 22.4mol per minute at 298K
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been calculated in the nozzle throat and diverging section and are
plotted in Fig. 3.

Vibrational nonequilibrium is present in the nozzle throat, as for
low temperatures, the characteristic vibration times for the different
molecules present in the flow are lower than the flow residence time
[�vibi 2 �10�4 s–10 s�< �F � 10�7 s]. Dissociation effects become
apparent after about 2.5 mm from the nozzle throat. The vibrational
temperatures of N2, CO, CO2��2�, and CO2��3� follow the same
trends asO2 and CO2��1�, but with a more marked behavior. For the
C2 and CN molecules, vibrational temperatures remain lower near
the nozzle throat inlet, lately rising to values comprised between the
two aforementioned groups of vibrational temperatures. The be-
havior of the NO vibrational temperature is close to the behavior of
O2 andCO2��1� vibrational temperatures. As the flow reaches higher
temperatures, the different vibrational characteristic times become
lower (�vibi � 10�5 s), without, however, allowing vibrational

equilibration with the flow translational temperature to occur. In the
diverging section, rarefaction effects increase the thermal nonequi-
librium betweenT and �Tvib�i, withmore or less quick freezing of the
latter temperatures.

As expected in regard of the sufficiently high densities in the
nozzle throat, a rotational-translational equilibrium is achieved in the
nozzle throat. Rarefaction effects in the diverging section lead to a
thermal nonequilibrium between translational and rotational
temperatures (around 1000 K after about 10 mm from the nozzle
throat exit), without, however, a freezing of the latter. The different
rotational temperatures remain nearly equivalent, as their R–T
collisional parameters are similar.

Chemical composition of the flow in the nozzle throat and
diverging section, as well as the effects of molecular vibration over
the chemical reactions, are presented in Fig. 4. The main apparent
effect is the dissociation of the CO2 molecule as soon as the
translational temperature becomes sufficiently high. The concen-
tration of molecular nitrogen is quite constant and the molecular
oxygen concentration is negligible, only reaching a few percent of
atomic oxygen at the throat exit. Moreover, the concentrations inside
the throat are not in chemical equilibrium conditions regarding the
local kinetic temperature and pressure.

It is verified that adding V–D coupling effects to chemistry
calculations has the effect of slowing dissociation reactions in the
nozzle flow (mainly dissociation of CO2 into CO and O) as the
different vibrational temperatures are smaller than T. Also, the
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Fig. 3 Vibrational (top) and rotational (bottom) temperatures of the molecular species in the nozzle throat (left) and diverging section (right).
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Fig. 4 Molar fractions in the nozzle throat (left) with (solid lines) and without (dotted lines) V–D coupling; in the nozzle throat and diverging section

with V–D coupling (right).

Table 1 CO2–N2 plasma parameters

Experience Parameters

_mCO2
14.72 slm �Earc �7:44 kW

_mN2
0.45 slm �Ecathode �0:64 kW

_m 0:45 g=s �Ecathode �3:00 kW
pgenerator 49,600 Pa hgas 8:4 MJ=kg
pchamber 4.9 Pa � 51%
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sudden expansion of the flow in the diverging section freezes the
chemical composition of theflow almost instantaneously, preventing
any recombination reactions from happening in the nozzle diverging
section. This expansion is characterized by a pressure decreasing
from about 30,000 to 30 Pa in the nozzle exit.

This study has been completed by an analysis of the different
nonequilibrium processes on the flow macroscopic parameters
(translational temperature, pressure, andMach number). Knowledge
of the influence of such nonequilibrium processes over these
macroscopic parameters allows determining the suitability of
carrying loosely coupled calculations using a more accurate
description of the flow macroscopic parameters and including
accurate nonequilibrium models. This would allow overcoming the
flaws of the presently used models, as accurate fluid descriptions
such as 2-D or 3-D Navier–Stokes calculations usually account
solely for a restricted set of nonequilibrium processes [18]. On the
other hand, accurate models of nonequilibrium processes (such as
state-to-state models) are often included with simplified fluid
mechanics descriptions; typically 1-D [14,26], and fully coupled
calculations still remain computationally intensive [27]. Loosely
coupled calculations present several advantages over fully coupled
calculations: calculation times can be largely reduced with such a
scheme, numerical convergence issues are less likely to appear, and
onemay choosewhose thermodynamical and gas kineticsmodels are
to be included in a specific calculation. For several applications, in
which nonequilibrium effects are limited, this may be a promising
approach.

Here, calculations have been carried using the same input
conditions of the flow (see Table 1), but the different nonequilibrium
processes in the flow were successfully disregarded. The obtained
translational temperature values obtained at the end of the nozzle
throat and at the nozzle exit are presented in Table 2.

Values for the different flowmacroscopic parameters T, p, andM
in the overall nozzle with and without an accounting for these
different interactions are plotted in Fig. 5.

We conclude that the translational temperature in the nozzle throat
flow is only sensibly affected by the chemistry. V–D processes will
hinder the flow chemistry composed of endothermical reactions,
therefore allowing higher flow translational temperatures. On the
contrary, V–T, V–V, andR–T processes are negligible in this region
of the flow. In the nozzle diverging section, V–T and R–T processes
alter the translational temperature for about 200 K. The temperature
differences due to V–D processes and chemistry are merely a
consequence of the already higher temperature in the nozzle throat
exit as the flow is frozen in the diverging section. Finally, it can be

verified that only chemical processes affect sensibly the flow
translational temperature. The other processes can be neglected if
one solely wants to determine this quantity. Similar trends can be
expected for the other flow macroscopic parameters p and T as all
these are linked through the flow macroscopic parameters.

The small effect of vibrational and rotational nonequilibrium on
theflowmacroscopic parameters, and themoderate effect on theflow
chemical composition (V–D processes) allows considering carrying
out one-temperature Navier–Stokes calculations using the ARES
code to obtain reliable results for the flow macroscopic parameters.

B. Assessment of the Dissipative Effects in the Plasma Generator
Diverging Section

Carrying out a Navier–Stokes simulation in the nozzle diverging
section firstly requires a knowledge of the boundary conditions of the
problem. The inlet conditions are provided by the nozzle throat
quasi-1-D simulation results. However, it is furthermore necessary to
know the wall boundary parameters in the diverging section, and
these are typically unknown (although the heat loss rates are known,
the nozzle geometry is a complex one to model thermically, and the
boundaries contact factors are unknown). Here it has been arbitrarily
chosen to enforce a wall temperature Tw � 800 K.

Flowfield simulations using the ARES code have been carried out
using a 65 � 40 grid refined near the throat and along thewall. Use of
the nozzle axisymmetrywasmadewhen creating the grid (see Fig. 6).
The grid size and aperture has been selected such that halving the grid
size will lead to different calculated flowfields, and doubling it will
lead to identical flowfields. This way, grid convergence has been
enforced. A grid size of 0:2 �m is obtained near the wall.

As it has been verified using the quasi-1-D thermal nonequilibrium
description, exchange processes and chemical reactions between the
different species of the flow are frozen throughout the overall nozzle
diverging section, and have been considered as so (frozenflow) in the
ARES Navier–Stokes simulation. Moreover, the flow has been
assumed as laminar (a reasonable assumption in view of the low

Table 2 Plasma translational temperatures (K) with different

processes considered

Nozzle throat exit Nozzle exit

Chemical, V–T, V–V, V–D, R–T 7496 1893
Chemical, V–T, V–V, V–D 7494 2096
Chemical, V–T, V–V 7144 1921
Chemical,V–T 7142 1927
Chemical 7153 2107
Frozen 9019 4052
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Fig. 5 Temperature plots (left), pressure and Mach number plots (right), accounting for the different processes (see Table 2).

Fig. 6 Nozzle computational grid.
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pressure of the flow) and a constant Lewis number of 1 has been used
for the calculation of diffusive fluxes. A run of the ARES code has
also been carried using anEuler inviscid description, so as to evaluate
the influence of dissipative effects on the flow macroscopic
parameters, but also to evaluate the differences of a quasi-1-D and 1-
D axisymmetric Euler description of the SR5 nozzle flow.

A first comparison of the obtained results can be shown for the
Mach number profiles of the diverging section center streamline (see
Fig. 7), using the same inlet and boundary conditions.

Two conclusions can be drawn. Firstly, as it can be expected, the
quasi-1-D approach is inadequate for describing the diverging
section flowfield, owing to the nozzle high divergence angle.
Moreover, besides the quick rarefaction of the flow, viscous effects
are dominant throughout the overall nozzle diverging section. As
early as 5 mm from the nozzle throat exit, the center streamline
velocities start diverging, achieving a terminal velocity of M� 4:9
for the Navier–Stokes description and M� 6 for the Euler
description.

Therefore, it is concluded that only the Navier–Stokes description
can adequately describe the flow macroscopic parameters (velocity,
temperature, pressure) in the nozzle diverging section. The fact that
the ARES code only accounts for a one-temperature flow description
does not preclude it from yielding accurate results regarding the flow
macroscopic properties. Indeed, it has been verified in Sec. IV.A that
the exchange processes between the species internal modes have a
limited effect on the flow macroscopic properties.

The obtained Mach number and translational temperature profiles
are presented in Figs. 8 and 9.

Once more, the predominance of the viscous effects throughout
the overall nozzle can be verified from the examination of the
Navier–Stokes simulation results. The plasma flow appears in
supersonic conditions throughout most of the nozzle exit section, the
sonic line being located near the nozzle walls, in the flow boundary
layer. Furthermore the nozzle wall-cooling effects, accounted for in
the Navier–Stokes simulation, lead to a lower translational tem-
perature in the nozzle exit (1577 K for the center streamline). This
temperature is lower than the ones obtained using with the quasi-1-D
description, which does not account for the nozzle-cooling effects.

C. Assessment of the Flow Rarefaction Effects in the Diverging

Section

To check on the flow rarefaction degree in the nozzle diverging
section, the Knudsen number has then been calculated according to
the relationship [28]

Kn� TkB

	p� ��v2=2�
 ���

2
p

�L
(1)

Here, the characteristic length L is the local nozzle diameter, and
the collisional cross-section has been taken as � � 10�19 m2 [29].
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Fig. 7 Calculated Mach number profiles in the center streamline.
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The Knudsen number profiles inside the nozzle diverging section
are presented in Fig. 10

It is verified that near the nozzle wall region, at about 50% of the
nozzle length, the Knudsen number reaches values as high as 5–10 �
10�3 and may be considered close to the slip regime (Kn � 10�2).
Therefore, in future studies, it may be necessary to enforce a slip
condition near the wall, allowing nonzero velocities of the flow. This
has not been considered in this work, as the ARES code does not
allow considering gradual transitions to the slip regime. Another
important conclusion, regarding the nozzle exit pressure range of
100–170 Pa and the vacuum chamber pressure of 5 Pa, is that the
expansion of the plasma plume inside the vacuum chamber will lead
the flow to the transitional or even free-molecular regime.

V. Experimental Validation

The obtained simulation results already allow drawing some
general considerations regarding the physical properties of the SR5
facility simulated CO2–N2 flows.

Themain conclusions are 1) the strong expansion of the flow leads
the species vibrational and rotational modes to quickly freeze,
leading to a strong thermal nonequilibrium near the nozzle exit;
and 2) viscous effects are dominant throughout the overall nozzle
diverging section. However, the predictive capabilities of the
numerical codes can only be assessed by comparing numerical data
against experimentally determined data.

A. Qualitative Assessment of the Flow Supersonic Condition

In many small-scale plasma facilities, the assessment of whether
the flow has indeed achieved the rarefied supersonic flight regime
near the nozzle exit is a difficult task. Phenomena like heat blockage
of the nozzle flow, the presence of a normal shock inside the nozzle,
or even the inability to achieve sonic conditions in the nozzle throat,
may prevent obtaining supersonic flows in the nozzle exit for given
experimental conditions (mass flow, arc power, etc.). Therefore, the
starting point of any experimental validation should be the deter-
mination of the flow regime (supersonic/subsonic) at the nozzle exit.

To determine the flow velocity in the plasma plume, several
diagnostics can be used. Laser-induced fluorescence (LIF) diag-
nostics have been used for an argon-nitrogen plasma flow [30], and
crossed electrostatic probes have been used for argon and air plasmas
[31], but not near the nozzle exit where such diagnostics are unable to
withstand the high temperatures encountered in such the region of the
flow. Here, electrostatic probes measurements have been carried
using the time-of-flightmethod. Two single electrostatic probeswere
aligned at a defined distance with the plasma flow near the nozzle
exit, and a “sawtooth” electric signal was applied to the plasma arc

using a voltage modulator. However, conclusive results could not be
reached, and the technique is still under improvement.

Instead, a simpler method was used. A metallic sphere was
inserted in the flow, and an intensified camera was used for
measuring the overall plasma radiative emission in the visible range.
Should the plasma flow be in the supersonic regime, a bow-shock
would be created in front of the metallic sphere, which could be
detected as an increase of the radiative emission in this region (due to
the density increase, and the possible excitation of the flow radiative
states through the shock). Indeed, the presence of a bow-shock in
front of the sphere has been detected as it can be verified in Fig. 11.
The supersonic regime of the plasma flow has therefore been asserted
using this simplified technique.

B. Measurement of the Species Characteristic Temperatures, and

Comparison with Calculated Values

One effective technique for validating some of the obtained results
is optical emission spectroscopy. Provided that molecular radiative
systems are measured near the nozzle exit, the molecule vibrational
and rotational temperatures can be determined. In the SR5 facility, a
high resolution spectrometer is available for probing the plasma
radiative emission in the 300–950 nm range. For Martian-type
CO2–N2 flows, the emission of the CN violet system and of the C2

swan bands is observed [18]. However, the excited state d3� of the
C2 swan bands is populated by recombination processes of atomic
carbon [32–34], leading to population inversions and strong
nonequilibrium effects regarding the molecular transition excited
and ground states. Finally, only the CN violet system is suited for an
experimental validation of the calculated internal modes popu-
lations. Spectral measurements of this radiative system have been
carried out throughout the overall nozzle exit section, and finally,
because of the axisymmetry of the plasma flow, the Abel-inversion
technique has been applied to obtain the local emissive spectra in the
nozzle exit center. Thismeasured spectrumhas then been reproduced
using a line-by-line spectral code [35]. Previous investigations have
evidenced the absence of a Boltzmann equilibrium in the population
of the CN vibrational levels, likely due to an optical pumping
phenomena [18]. However, the rotational levels have been found to
follow a Boltzmann distribution, and therefore not only the CN
rotational temperature but also the relative populations of the CN
vibrational levels have been iterated until a bestfit has been achieved.
The fitting procedure has been carried as follows: A first estimate of
the normalized vibrational levels populations has been assumed,
along with an estimated rotational temperature. Then, through visual
comparison of the simulated and experimental spectra, the vibra-
tional levels populations have been adjusted until an optimizedfit has
been achieved. Finally, holding the same vibrational levels popu-
lations, the rotational temperature has been iterated until a best fit has

Fig. 11 Radiative intensity near the metallic sphere (arbitrary units).
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been achieved. The uncertainties for this rotational temperature have
finally been determined as follows: The best fit temperature has been
slowly varied until a visual comparison of the two spectra showed
that the fit was no longer adequate. The comparison between the
experimentally determined spectra and the best fit of the reproduced
spectra is presented in Fig. 12.

For the numerical fit, optimized against the measured spectrum,
the rotational temperature of the CN molecule has been found to be
Trot � 2700� 200 K. This value is to be comparedwith the different
numerically obtained temperature quantities. The ARES code yields
a translational temperature of about 1600 K, and the quasi-1-D code
yields a rotational temperature of about 3050 K for the CNmolecule.
From the comparison of these numerical and simulated values it can
be easily seen that the measured rotational temperature is very close
to the calculated rotational temperature for the CN molecule.
Moreover, these two temperatures are very different from the flow
calculated translational temperature, which is about 1000–1500 K
lower. This allows concluding that indeed the rotational and
translationalmodes of theflowmolecular species are very likely to be
in disequilibrium. Future experimental determinations of the flow
translational temperature would likely detect a much lower flow
translational temperature in this region of the flow.

VI. Conclusions

This work hasmainly allowed reaching amore detailed qualitative
understanding of the physical-chemical phenomena encountered in
the SR5 plasma generator. The difficult issues of simulation of such
complex flows as arcjet plasma flows have been coped with by using
different but complementary flow descriptions. The application of a
simplified quasi-1-D flow description with a detailed thermochem-
ical nonequilibrium model has brought to evidence that 1) species
concentrations and vibrational temperatures are quickly frozen in the
nozzle diverging section, due to the very strong expansion experi-
enced by the flow; 2) the flow species rotational temperatures have
slower relaxation times that the flow translational temperature,
leading to a translational-rotational nonequilibrium near the nozzle
exit; and 3) exchange processes other than chemical reactions have a
limited influence on the flow macroscopic properties.

These firstly established conclusions have allowed us to carry
more detailed Navier–Stokes calculations on the nozzle diverging
section, but using a one-temperature description, and considering a
chemically frozen flow. Moreover, the flow inlet parameters were
obtained from the quasi-1-D code results, taking into account the
approximations described in Sec. III. The Navier–Stokes calculation
results have shown that viscous and dissipative effects are dominant
in the nozzle diverging section, precluding the use ofmore simplified
Euler descriptions of the flow. Moreover, rarefaction effects are
predicted to become important near the nozzle exit.

Some conclusions can be drawn from the examination of the
numerical results obtained in this work. It is possible to consider
carrying loosely-coupled calculations using a precise Navier–Stokes
description of the flowmacroscopic parameters, alongside a detailed
description of the reactions and interactions between theflow species
internal modes. Other preliminary results have already been obtained
for a calculation using a loosely-coupledNavier–Stokes and state-to-
state description for N2–O2 flows [36], and will be extended to the
description of CO2–N2 flows [37].

The experimental validations carried so far, using emission
spectroscopy techniques, have allowed us to unambiguously deter-
mine the supersonic regime of the flow near the nozzle exit, and have
confirmed the existence of a thermal disequilibrium of the flow
species translational and rotational temperatures. Further valida-
tions, using LIF techniques, have been so far unsuccessful. Dif-
ficulties concerning low signal return from the probed radiative
transitions of atomic oxygenk have precluded the achievement of
experimental measurements of flow properties such as velocity and
translational temperatures. These issues require more extensive
experimental validation campaigns.
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