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Abstract: This contribution proposes a description of selected experimental activities conducted in aerospace sciences
and dedicated to generate experimental data to assess atmospheric entry plasma models. In order to provide
comprehensive set of experimental data, high enthalpy shock tube facilities have been developed to generate plasma
representative of entry plasma for broad range of trajectory entry conditions. The shock-heated plasma is obtained through
adiabatic compression and the resulting post-shock plasma flow exhibits thermodynamic state analogous to actual entry
plasma. However, significant insight can be obtained through experiments conducted also with non-equilibrium plasma
flows obtained with other methods. The typical methodologies adopted to provide experimental data of interest to enhance
entry plasma modeling are sketched for four distinct non-equilibrium plasma kinds produced respectively by four specific
ground facilities. The contribution firstly will consider experimental campaigns conducted with a high enthalpy shock
tube in order to document in absolute radiance the radiative signature in the UV spectral range of an Earth entry plasma.
Then, the investigations of the interaction between a shock wave and an electrical discharge will be described. These
investigations were performed to identify the role of the internal degrees of freedom of molecular gases on the
propagation of the shock. Also, the contribution covers investigations devoted to the thermodynamic state
characterizations by means of spectroscopic diagnostics in the cases of the non-equilibrium plasmas flows generated by
plasma wind tunnels. The examination of the Saha-Boltzmann equilibrium is proposed in the case of a subsonic plasma
flow. And at last, the characterization methods of air supersonic plasma jet are presented and the 2D distributions of the
subsequently measured plasma properties are documented for a straight comparisons with non-equilibrium plasma jet
computations.

Keywords: Abel transform, multi-temperature model optical emission spectroscopy, non-equilibrium plasma, particle in cell -
Monte Carlo computation, plasma wind tunnel, saha balance, shock tube, supersonic plasma.

I. INTRODUCTION

During a hypersonic reentry into a planetary atmosphere,
large amount of the free stream kinetic energy is converted,
across a strong bow shock through inelastic collisions, into
internal energy of the gas. After the shock, in the relaxing
flow, competition between coupled collisional and radiative
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processes occurring at different time scales rules the energy
distribution in the dissociating, ionizing and radiating flow.
As a consequence, the post shock plasma, designated as
entry plasma, is typically characterized by energy levels no
more ruled by the Maxwell-Boltzmann equilibrium
distribution. The accurate prediction of non-equilibrium
distributions is a decisive task for reliable prediction of the
radiative heating, determining the design optimization of the
space vehicle heat shield. The validation of non-equilibrium
models developed for entry plasmas should be conducted via
measurements performed during real-flight experiments [1].
Due to the elevated cost of these experiments and the
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difficulty to obtain low uncertainty measurements in such
harsh environment, this information is far from being
complete today. Therefore, the continuous improvement of
advanced chemico-physical and plasma models for entry
plasmas is performed on the basis of experiments carried out
on ground with dedicated facilities operated with well-suited
diagnostics to examine in details non-equilibrium processes.
In practice, quantitative characterization of excited states
populations, gas temperature and electron densities is made
via the standard Optical Emission Spectroscopy (OES)
diagnostic due to its moderate cost and easy implementation,
conversely to a laser-based optical diagnostic. The present
contribution proposes an outline of current research activities
conducted in the aerospace sciences by focusing on up-to-
date experimental investigations carried out on four specific
ground facilities. The objective is to depict the common
methodologies employed to produce experimental data of
interest to assess thermodynamic state of the investigated
plasma. The investigations encompass the characterization of
four distinct non-equilibrium plasma kinds with the aim to
produce new data which can be directly used to assess the
performances of non-equilibrium plasma flow computations.

High enthalpy shock tube experiments aim to investigate
the kinetic processes taking place after a pressure
discontinuity wave traveling through a gaseous mixture
representative  of  planectary  atmosphere  conditions
(composition and pressure). Such shock wave (SW) is
generated by rupturing a diaphragm between high and low
pressure regions. To achieve a shock wave representative of
the entry plasma requires to generate high energy pulse to
dissipate a large amount of energy over hundreds of
microseconds to adiabatically compress the gas. Experiments
dedicated to the measurements of radiation emitted by the
post-shock plasma have started in the second half of
twentieth century, triggered by the requirements for space
exploration missions. The first attempts of recording
radiation in absolute units behind the front of shock waves
generated with a shock tube operating with air and CO,-N,
mixtures have been reported in [2] and [3] respectively.
However the instrumentation available at the time could not
provide desirable quality of measurements. Since the last
decade, development of high-speed and high-resolution CCD
cameras and technology of digital registration of optical
signals revitalized high enthalpy shock tube experimental
activities dedicated to Earth, Mars, Venus and Titan
atmospheric entry (e.g. [4-10]). The fruitful harvest of
experimental spectra has been conducive to assess
performances of standard chemical models adopted in
aerospace engineering, such as the so-called two-
temperatures Park model [11, 12] or detailed kinetic models
developed by plasma scientists such as electronic or
vibrational specific Collisional-Radiative (CR) models. For
instance, the Tube a Choc Marseille 2 (TCM2) facility which
is middle-sized free piston shock tunnel [13] has been
employed to document the CN and C, absolute intensity
behind a strong shock wave in a CO-N, mixture for various
operating conditions. Significant discrepancies between
recorded spectral intensities and those rebuilt with species
densities determined with the Park model have pointed out
the needs for modeling improvement to reproduce correctly
CN and C, emission profiles [14]. Also, the Electric Arc
Shock Tube (EAST) facility at NASA Ames, which operates
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with an electric arc-heated driver, was recently used to
procure spectral intensities emitted by the plasma behind a
shock representative of Earth entry [4]. Very good agreement
has been obtained between the measured post-shock
emission profiles of N and O electronic transitions and those
rebuilt with up-to-date electronic specific CR model for N
and O species [15], meanwhile pointing out the inadequacy
of standard two-temperatures models. Currently, the
experimental research efforts are oriented to record
intensities in UV and more particularly VUV spectral ranges,
both exhibiting moderate and strong self-absorption pending
on the contributive radiative systems. Measurement in the
VUV spectral domain requires in particular specific
arrangement to guarantee optical path under well controlled
vacuum. The recent EAST shock tube experiments with
carbonaceous mixture, focusing on VUV measurements,
provided up-to-date experimental data to validate the CO
radiative properties [16]. A typical high enthalpy shock tube
experimental campaign conducted at Institute for Problems
in Mechanics (Russian Federation) to document the UV
radiative signature of a post-shock plasma representative of
Earth entry is described in Part II.

In addition to high enthalpy shock tube experiments,
significant insight can be obtained through experiments
conducted with non-equilibrium plasma flows not
necessarily representative of the entry plasma. Indeed, there
is a broad range of non-equilibrium plasma situations that
can be considered, in order to examine independently some
specific mechanisms or to identify limitations of adopted
entry plasma descriptions. For example an interesting and
still open question is the role of the internal degrees of
freedom of molecular gases on the propagation of the shock.
This problem can be tackled through a campaign of
comparative experiments involving an atomic and a
molecular plasma, e.g. Ar and N, (respectively the most
important atomic and molecular gas in aerospace studies)
under the same experimental conditions [17]. Until now,
such comparative measurements have only been performed
at University of Bari. Several research groups have found
and observed that the propagation velocity of SW in ionized
gas is higher than that in nonionized gas and also the shock
shapes differ in plasma with respect to neutral gas because
they broaden, split and attenuate. Many researchers [18, 19]
believed that the broadening, splitting and acceleration of
shock in gas discharges are due to conventional thermal
phenomena: Gas heating and temperature inhomogeneity.
From a theoretical point of view Aital and Subramaniam
[20] predicted that the splitting of the signal as well as the
spread and attenuation of weak SW, as revealed by laser
deflection measurements, are due to a temperature gradient
along the axis and radius of the discharge tube, as well as to
a wall shear that causes a marked curvature of the shock
front (near-wall regions). Subsequently, the same authors
[21] showed that the measurements of the laser deflection
signal recovery dependent on the direction of discharge
electric field are further evidence of plasma effects. The
recovery distance measured in the afterglow when the SW
travels from the anode to the cathode is indeed longer than
that from the cathode to the anode in glow discharge because
of the cathode (i.e. the hot electrode) proximity. For example
Macheret et al. [19] obtained a direct proof of the thermal
mechanism by pulsing the discharge and demonstrated
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experimentally and numerically that the changes in SW
velocity and broadening are explained by a heating of the gas
and a radial temperature gradient, respectively. However,
several other authors argued that the transformations of SW
(such as the splitting in two waves, the significant
broadening of SW front and the average velocity increase)
are due to various plasma-specific effects such as electric
double layer, ion-acoustic waves and long range interaction
[22-24]. Thus, for the above cited phenomena two kinds of
interaction have been invoked and consequently two
disparate explanations have been proposed. Whether or not
the SW velocity is enhanced for a thermal [18, 19] or a non
thermal (i.e. electrostatic interaction with the plasma)
[22-24] mechanism; SW propagation in plasma is still a
contentious issue being addressed in Part III.

In the field of aerospace science, in addition to shock
tube experiments, diverse Plasma Wind Tunnel (PWT)
facilities have been constructed for Heat Protective Material
(HPM) testing purpose to support the development of
Thermal Protection System (TPS) for space mission. PWTs
are employed to provide a steady axisymmetric subsonic or
supersonic plasma flow of large diameter (2 10 cm) in order
to test insulating performance of material samples,
candidates for TPS applications, undergoing thermal heat
fluxes representative of those encountered during the entry
trajectory into planetary atmosphere (~1-20 MW.m?).
Different methods based on electric discharge heating are
used to generate high enthalpy plasmas. PWTs based on
Direct-Current (DC) discharge are so-called arc-jets or
DC-Plasmatron [27, 28]. PWTs using Inductively Coupled
Plasma (ICP) torch, based on Radio-Frequency (RF)
discharge, are so-called RF-Plasmatron [25, 26]. Both types
are employed to test HPM under duplicated flight conditions,
nevertheless it might be stressed that currently higher
enthalpy range is covered with DC-Plasmatrons, making
them well appropriate to test HPM undergoing heat fluxes
beyond ~15 kW-m?2 PWTs are still under exploited
nowadays for the task of non-equilibrium plasma description
assessment, despite their ability to offer a steady plasma flow
jet with varied thermodynamic situations and their practical
advantages in comparison with shock tube flows of shorter
runtime. For example in subsonic plasma flows the
thermodynamic equilibrium is rarely achieved since the
elevated temperature of electrons produced in the DC or RF
discharge region, plasma jet radiative losses, velocity and
temperature gradients can result in significant departure from
chemical and thermal equilibrium. Electron density
determination on the basis of OES diagnostics in air
subsonic plasma jet produced at low pressure with the
VKI-Plasmatron facility were reported in [29]. Differences
between electron density estimations at equilibrium and
measurements evidenced for a non negligible departure from
Saha-Boltzmann equilibrium similarly to plasma undergoing
recombination. Subsonic plasma jets generated with ICP
torch of more modest size than PWT facilities can be smartly
exploited for the specific task of experimental assessment of
Collisional-Radiative models. As reported in [30], OES
characterisation of an atmospheric pressure nitrogen/argon
plasma flowing at high velocity through a water-cooled test-
section, to control its recombination time, have permitted to
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assess a vibrational specific CR model of N, excited states.
The Part IV of the contribution proposes a detailed
examination of the thermodynamic state by means of OES of
a low pressure subsonic plasma flow generated with nitrogen
mixture by the DC-Plasmatron facility at Poznan University
of Technology (Poland).

Plasma flows presenting considerable departure from
equilibrium can be achieved with PWTs by using a
convergent or convergent-divergent nozzle to generate a
supersonic plasma jet. Many aspects of supersonic
expanding plasma flows are of major interest for
fundamental plasma physics and chemical-kinetics
investigations. Because electrons and heavy species have
important mass difference, a charge separation might occur,
inducing then a self-consistent electromagnetic field that can
influence transport of charged species. Also, a short flow
residence time (due to its high velocity) is conducive for
detailed investigations of the coupling between the
ionization-recombination processes and the transport, and
even for rebuilding rates for electronic kinetic processes
[31]. In addition to the strictly expanding plasma,
underexpanded supersonic plasma jets offer successive
shocks structures. They typically exhibit various stages: In
the supersonic expansion the plasma flow tends to be
chemically frozen while in the post shock regions the plasma
flow is subsonic. Comprehensive theoretical and numerical
studies of the entire underexpanded jet are still scarce due to
the wide range of flow regimes with more or less
pronounced departure from equilibrium for the electronic,
vibrational, rotational, and translational degrees of freedom
(especially in shock regions). Besides the difficulties to
predict supersonic plasma jet, inherent to the complexity of
the flow, the reliability of standard OES methods used to
rebuild plasma flow properties might be questioned. For
instance OES investigations of a supersonic plasma jet
generated with argon mixtures by an ICP torch have shown
complete disagreement between electron temperature
profiles obtained on the basis of two distinct rebuilding
methods [32]. OES diagnostics applied to air underexpanded
plasma jet generated by VKI-Plasmatron facility, available at
von Karman institute (Belgium), are presented and discussed
in Part V. The plasma parameters (electronic excitation
temperature and electron density) were rebuilt adopting
conventional approaches to characterized radially and axially
the jet. The resulting 2D distributions of plasma parameters
can be straightly employed to assess prediction of supersonic
plasma flow coupled with detailed description of kinetic
processes.

II. HIGH ENTHALPY SHOCK TUBE PLASMA
1. Experiments

The scheme of the shock tube facility developed at
Institute of Mechanics of Moscow State University by P.V.
Kozlov, Yu.V. Romanenko, O.P. Shatalov is presented in
Fig. (1). Inner diameter of all 3 seamless tubes which are the
sections of tube is 50 mm. Use of seamless stainless steel
tubes allowed to exclude jumps of temperature and density
on the junctions of tube in the registration section. High
Pressure Chamber (HPC) is filled with 0.5(H,+1/20,)+0.5He
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Fig. (1). The scheme of double-diaphragm shock tube. 1-spark-plug; 2-antechamber; 3-quartz window; 4-vent damper; 5-buffer tank.
HPC -high-pressure chamber; IS — intermediate section; LPC — low-pressure chamber.

gas mixture and operated in detonation regime. Mixing of
the mixture is performed in HPC. Hydrogen is added to
preliminary prepared mixture of helium and oxygen.
Stability of HPC operation in detonation regime substantially
depends on the duration of mixing of explosive
(combustible) mixture. Spark-plug is used at the rear end of
the chamber for burning of this mixture. Spark-plug operates
in the self-breakdown regime. Energy stored on the
discharge high-voltage capacitors is less than 100 mlJ,
duration of the discharge is 300-400 ns. Capacitors and
spark-plug are low-inductance circuit which provide
nanosecond duration time of discharge. Antechamber is
situated between blind flange with the spark-plug and HPC
section. It promotes the rapid development of plane
combustion front in HPC. Cassettes with copper diaphragms
and cross-like cutters are situated between the sections of the
tube. The width of the diaphragm between HPC and
intermediate section (filled with helium) is 130 g4m and the
width of diaphragm between intermediate section and low-
pressure chamber (LPC) is 80 um. Configuration of the
double-diaphragm shock-tube described above when HPC
filled with mixture H,:0,:He=2:1:3 at pressure 438 kPa and
LPC is filled with air (78% of N, and 21% of O,) at pressure
133 Pa allows to reach the shock velocity equal to 7 km/s.
Reproducibility of gas parameters behind the shock wave is
about 2% and in general depend on the quality of mixing of
explosive mixture in HPC. Buffer tank and low pressure
chamber are evacuated to the pressure 10* Pa using the dry
pump system with leakage lower than 0.001 Pa/min. Pure
gases of AGA company are used in order to produce the gas
mixtures for the experiments.

Resulting spectral resolution, due to the ICCD camera
and spectrograph combination, is about 0.33 nm for the
diffraction grating of 150 groves per millimeter. The
sensitivity region of ICCD camera is within the range of
wavelengths 170-870 nm. The measurements are performed
within the wavelength region 200-850 nm. Four overlapping
sub-regions were chosen for the whole region 200-850 nm.
In order to eliminate influence of the spectra of radiation
from second-order of grating on the measured spectra in the
wavelength region 400-750 nm filters are installed in front of
the spectrograph. Spectral radiation emitted by shock-heated
gases is registered by ICCD-camera. From the opposite
window the temporal dependence of integral signal through
the quartz optical fiber is registered by means of
photoelectric multiplier FEU-100. The signal from electric
photomultiplier is registered using the digital oscilloscope.
The spectral region of such scheme is 200-850 nm due to the
transmissivity of optical fiber and the sensitivity region of
photomultiplier. It is possible to install monochromator
between the FEU-100 and optical fiber in order to register
the temporal behavior of radiation in given regions of a

spectrum. Temporal resolution of such scheme is 1 us due to
the geometry of optical scheme, can be improved up to
0.1 us. The typical radiative signature recorded in UV
spectral range for various operating conditions, presented in
Fig. (2), point out the rise of emission with the shock
velocity for a given working gas. An augmentation of 60
percent of the shock velocity leads to an increase of two

order of magnitudes the N; peak intensity located at

approximatively 380 nm.

I11. SHOCKWAVE-ELECTRICAL
INTERACTION

DISCHARGE

1. Experiments

The investigations described here below consider shock
waves, generated by the Bari acoustic shock tube,
propagating in weakly ionized discharge. The aim of such
experiment is to compare and contrast the results of direct
current discharge in atomic Ar and in molecular N, and to
uncover the role of thermal and non thermal effect in heat
transfer. The characteristics of DC discharge, i.e. voltage,
resistance and power of discharge, are obtained by electrical
characterization of the plasma. The laser deflection
technique is used to measure the structure and velocity of
shock wave. The passage of shock wave creates a density
gradient that permits to evaluate the propagation velocity of
SW and to monitor the SW evolution. In Fig. (3a) the
schematic of the experimental set-up is shown. The
apparatus essentially consists of a Pyrex discharge tube,
whose length and inner diameter are 8 cm and 4.3 cm,
respectively, and a spark gap which generate the shock wave.
A DC supply ignites a non-equilibrium discharge in the
discharge tube between a pair of stainless steel annular
electrodes. The spark gap is made by a pair of stainless steel
cylindrical electrodes separated by 7 mm, as sketched in the
circuit diagram of spark gap of Fig. (3b). The acoustic shock
wave is produced by the spark gap driven by a triggered
home-made spark switch, a high voltage capacitor (0.5 uF),
and a DC supply (50 KV). The stored pulse energy is about
25 J, as a voltage of 10 KV is applied to the spark gap
electrodes. The circuit diagram of DC discharge of Fig. (3¢)
shows that a ballast resistance, Rz = 20 K €, is connected in

series with plasma resistance, Rpl . This resistive ballast
provides a positive resistance that limits the current through
the tube and, therefore, prevents the DC supply to be
destroyed or to fail. Besides R, makes the discharge stable
at contemplated current range. In the circuit diagram of DC
discharge is also shown the voltage divider that allows us to

measure the discharge voltage. By varying the discharge
current in the range (0 - 90 mA), it is possible to study the
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Fig. (2). Non-equilibrium spectral emissivity of the shock-heated ambient air — solid lines; 80% N, - 20% O, gas mixture — dashed line.

effects of the discharge current on the electrical
characteristics and on the SW. The gas flow is fixed at 200
sccm (Standard Cubic Centimeter per Minute), whereas the
gas pressure is constant and equal to 399 Pa. Preliminary
results obtained by using the Bari plasma facility with
atomic and molecular gases are consistent with a thermal
effect. At the same time, the shock initiation device in the
present version of the tube has a low energy, therefore shock
with Mach number only slightly larger than 1 has been
obtained [17]. Besides, the absence of Langmuir probe and
molecular spectroscopy as part of the diagnostics strongly
limits the possibility to detect plasma effects. The work in
progress is now aimed at redesigning and rebuilding the
plasma tube, in order to increase the Mach number
achievable by reducing the tube section and modifying the
shock initiation device, while the implementation of more
advanced diagnostic facilities will be performed afterwards.

2. Plasma Tube Modeling

A Particle in Cell - Monte Carlo (PIC-MC) program has
been developed to treat the problem of charge separation
under the conditions of plasma shock tubes, in order to
evaluate the electric potential and field which arise due to the
non-zero space charge across the shock in a weakly ionized
gas. A practical method is proposed for the calculation of
component separation since these tubes operate in the
transition regime. The basic idea is that the nonlinear fluid
dynamics of the main component is treated first, while the
final determination of all components is made by using the
linear Test Particle Monte Carlo (TPMC) method. The
TPMC method has been used to solve the linear transport
equation for minor species (including electrons and ions),

which is obtained by setting the target distribution f,(r) to

match locally the fluid dynamics results for the main
component shock. This method is totally free of numerical
diffusion and is of simpler implementation than DSMC
approach inspite of its obvious advantages for the treatment
of seeded atomic flows, namely the variance reduction in the
treatment of the impurities and the expected good reliability
of the calculated atomic separation in view of the lack of
numerical diffusion.

The transport of more complex and structured seed
species (e.g. molecules) should be possible by straight
forward extensions of the linear part of the model. The use of
linear transport methods well developed for thermal neutrons
offers the possibility to borrow standard variance reduction
techniques from this field [33, 34]. For example, if an
estimate of the separation effect is needed in the front shock,
it is possible to inject particles in the flow just before the
shock and remove them just after it. In this way a drastic
reduction of the computational cost is possible. A more
advanced treatment can employ the adjoint equation in order
to provide local solutions for a few space positions of
interest.

Argon has been considered as discharge feed. The
electric potential is the unknown of the Poisson equation on
the numerical grid on which particles are sampled,
coherently with the PIC-MC methodology, i.e.

Vip=—4np

p= eJ.fl.on(r,v)d3v—ene(r), (1)
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Fig. (3). Experimental set-up of the version of the Bari plasma shock tube used for the preliminary campaign of measurements (adapted from
[17]): (a) Schematic of the apparatus; (b) Circuit diagram of spark gap; (¢) Circuit diagram of DC discharge.

where f; is the kinetic distribution of ions which is the
result of the sampling of MC particles.

In the case of normal shocks a 1D model is to be
developed (2D is expected for the case of plasma boundary
layer); furthermore, in a first evaluation of the 1D code we
concentrated on ion Kkinetics, since ions are mostly
responsible for the plasma contribution to viscosity. The
solution for electrons has been according strongly simplified

as n,(x)=on,(x).

i-th particle
dt'=dt

To calculate p(x) we have to know the position of
charged particles at every time, but the particle dynamics
evolves in time through an appropriate time step df ,
whereas the free flight times #_ are random and vary for
every particle. So to harmonize this different time period we
have used the modified time step technique of Hockney and
Eastwood. In a generic time iteration dt, the i—th particle
undergoes a definite number of collisions. We introduce the
residual of the time step dt’, which we set initially equal to

dt, and we select randomly the free flight times 7 (7). If

=i+l

Calculate te(i)

C>—®

Propagate particle for a time tc(i)

Calculate collision

Set dt'=dt"t.(i)

Calculate new tq(i)

Fig. (4). Modified time step flow chart.

Propagate particle for a time dt'
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t.(i)<dt’, the particle propagates freely and collides, then
dt’ is updated to dt’—¢ (i) . Now a new value for z (i) is

selected, and the procedure begins again until ¢.(i) 2 dt’ . In

this case the collision do not occurs, but the i-esim particle
undergoes a free propagation during the residual time dt’.
This algorithm is schematized in Fig. (4).

A first series of runs has been performed under the

following conditions: M =173 , n,, =3.22-10%m>

a=10° ,and 7 =300K . The result of this first series of run
are shown in Figs. (5-7). Fig. (5a) shows that a net charge
density appears in the shock region, with a change of sign
across the shock, and an apparent zero average across the
whole shock. This behavior in our simple model is due to the
diffusion of positive charges ahead of the shock, since the
electrons are considered as a steady term. In real conditions
the diffusion of electrons cannot be neglected, but our
method can be still used with a much higher consumption of
computer resources. This interpretation of the phenomenon
is confirmed by Fig. (5b) and in Fig. (6) reporting the ion
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Fig. (5). MC simulation: (a) Space charge density, (b) Density.

1,8 4
.-l..l.l....-ll.I.-l..l...—
1,6
[ |
]
2 /
/I
1,2 4 [ ]
/
u
u
u
Sagtn
1,0 —.I..,..I-,.ll.l...,. n
T T T T T 1
30 20 10 0 10 20 30

xcell

Fig. (6). MC simulation: (a) Temperature, (b) Velocity.
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density and average speed respectively. In Fig. (7) the self-
generated electric field is plotted.

As can be seen in Fig. (7), the pure collisional dynamics
of ions in a shock front lead to the development of a residual
electric field after the shock. This result of course is not
physical and show that the ions and the electrons will be
subjected to a self-generated field and consequently
accelerated until the residual field is removed; This happens
when the total charge across the shock is exactly neutralized.
Therefore it is of interest to establish and study the effect of
an electric field on the ion kinetics in a shock. Furthermore,
in an experiment of shock propagation in a partially ionized
gas, an electric field is already present, and such field can
also be transversal i.e. not directed along the mean velocity
in the flow. In view of the interest of such information, we
have performed numerical experiments of ion propagation in
the shock including either transversal or longitudinal electric
fields.

The electric field effect is accounted during the free flight
time based on the electric potential evaluated using the
modified time step technique [35], where the particle
dynamics of a simulated ensemble evolves in time with an
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appropriate time step while the time-to-next collision is an
independent variable for any particle, which is gradually
reduced during the free-flight. New free-flight time are
generated after collision events. For the same reason, the
inclusion of electric field gradients adds no special difficulty.
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Fig. (7). Electric field intensity computed by MC simulation.

The effects are shown in Figs. (8, 9) where relative ion
concentration, ion temperature, and longitudinal component
of ion velocity are represented. In Fig. (8b) we see that
longitudinal and transversal electric field produce precursor
heating of the ions ahead of the shock. Both the fields also
produce a sharp increase in the ion temperature behind the
shock. Much interesting, a temperature overshoot is
observed which was absent in without the electric field. This
overshoot is due to the fact that the ion directed speed is
essentially determined from the reduced electric field E/N,
which leads to a decrease of the electric heating in the post
shock. The directed speed of the ions is changed to thermal
energy when the neutral density increases, thereby producing
a transient overheating. The effect is observed in both cases
when the £ field is added. However, the effects produced by
the two orientations of the field with the shock propagation

2,0 1
1,8 4
1,64
ED —u— no field
c 1,4 —a— longitudinal field

transversal field

xcell

T/T,
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directions are sensibly different in details. When the field £
is transversal, the temperature overshoot is higher; This
effect cannot be separated from the clear higher temperature
of the ions ahead of the shock, which is higher in the case of
the transversal field. In the case of the longitudinal field this
is directed towards the shock, and particles which are
moving opposite to the flow have a much different
translational distribution f;,,(v). When the particles cross the
shock boundary, they not only find themselves in a denser
environment, but also the flow speed is reduced. The
consequent relaxation of f;,,(v) accounts for the stronger T
overshoot. These preliminary results provide theoretical
basis for limited but detectable plasma effects on shock
propagation via electrical diagnostics and molecular
spectroscopy, based on the electric field produced by the
shock, the ion-molecule energy transfer and the excitation of
internal levels. However, it must be noted that these
calculations describe shock conditions which are not
presently accessible, although they should be achieved using
the improved version of the Bari plasma tube under design.

IV. DC-PLASMATRON SUBSONIC PLASMA JET
1. Experiments

The DC-Plasmatron facility, built at the Institute of
Electric Power Engineering at Poznan University of
Technology and schemed in Fig (10), consists of a thoriated
tungsten rod cathode of 6 mm diameter, placed in a water-
cooled housing and copper cylindrical sections with the
internal diameter of 12 mm and 30 mm long. The sections
are insulated by means of rings used to inject gas in such a
way that a vortex develops in the plasma torch channel. This
vortex movement is necessary to stabilize the plasma and to
avoid a destruction of sections. Cathode, anode and other
sections have a separated water cooling circuits, thus
allowing evaluation of the energy exchanges. The
plasmatron is mounted on a low pressure chamber 780 mm
long with diameter of 100 mm. The chamber is equipped

—u— ho field
—e— |ongitudinal field
+— transversal field

n
1,04 -—-I-Ill-ll“'..

)
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Fig. (8). MC simulation: (a) relative ion concentration, (b) ion temperature.
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Fig. (9). Longitudinal component of ion velocity computed by the
PIC-MC simulation.

with observation windows. The reduced pressure inside the
chamber is achieved by two rotary vane pumps with electric
power 1.5 kW each and Roots vacuum pump with a power of
4 kW. The arc is ignited between the cathode and the first
section serving as an anode using a high voltage-high
frequency discharge. There is a possibility to add a second
arc between two other segments in order to increase the
electric input power. Two welding power sources connected
in series are used to supply an electric arc. The experiments

aim to study the emission of N and C atoms, CN, Np, N;

molecules in N,-CO, mixture. For this study the nitrogen is
injected into the arc, and behind the arc into the plasma jet
nitrogen or CO, is introduced. In this paper the
measurements in pure nitrogen plasma flow are described
therefore both in arc and plasma jet nitrogen gas is injected.
Since the arc cannot be sustained in CO, gas due to the torch
construction in the next experiments with N,-CO, mixture
CO, gas will be introduced into the plasma jet region. In this
experiment the plasmatron consisted of single section as
anode and only one after anode. During the experiment the
plasmatron was working with arc current of 347 A and mean
arc voltage about 50 V giving a delivered power of 17.4 kW.
The static pressure inside chamber was 55 m bar, gas flow

anode sections
CE—— ol

gas

v v v
inlet <

cathode

A

plasma torch

Fig. (10). Segmented plasma torch.
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rate injected into arc 0.8 g/s and injected into plasma jet
0.6 g/s. Assuming the temperature of heavy particles 6500 K
(see characterization hereafter), it gives the Mach number
0.6 (flow velocity was about 920 m/s).The emission spectra
of the plasma jet are registered with the use of a spectro-
graph/monochromator (Acton, model SpectraPro2500i) and
an ICCD camera (Andor, iStar). The spectrograph is
equipped with three gratings 2400, 1800, and 600
grooves/mm. In the case of 2400 g/mm, the reciprocal
dispersion in the visible region is 0.005-0.008 nm/pixel
depending on the wavelength. The width of the entrance slit
was 20-50 um. The plasma is imaged on the entrance slit
either using 180 mm achromatic lens (or fused silica 300 mm
lens) mounted on a movable table. The entrance slit of the
spectrograph is perpendicular to the direction of plasma
expansion and its width and magnification determine the
spatial resolution of the imaging system in this direction. The
reduction of the plasma size on the entrance slit of the
spectrograph is 6.25 (in the case of 180 mm lens). The
spatial resolution along the slit is given by the CCD camera
track width which was 260 um, i.e. 1.6 mm including
magnification. Such a configuration enables the Abel
inversion of axially symmetric jet. The whole optical system
was calibrated with the use of DH-2000-CAL Deuterium
Tungsten Halogen Calibration Standard and in some spectral
regions also with the use of a tungsten ribbon lamp. The
spectra were registered at a distance of 65-95 mm from the
anode.

2. Results
2.1. Atomic Lines

The emission spectra of nitrogen plasma consisted of
atomic nitrogen lines and N; molecular bands. The lines of

nitrogen were clearly distinguishable only in the infrared
region. In other spectral region weak nitrogen lines were
often overshadowed by the impurity W I lines. Although it
was determined that the level of impurities usually did not
exceed 0.001 % of nitrogen, due to low excitation energy
tungsten lines seriously affected the observed spectra in
some regions. No lines were broadened over the measured
apparatus broadening so determination of the -electron

to
pumping
| 2

system

A

low pressure chamber
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Fig. (11). Spectral lines of atomic nitrogen in infrared region.

density from the Stark broadening of spectral lines was not
possible. Therefore only relative and absolute population
densities could be determined from intensities of spectral
lines. Some characteristic spectra of the atomic lines of
nitrogen are shown in Fig. (11).

The excitation temperature 7, . was determined from the

relative intensities of the following N I lines: 870.32, 871.17,
871.88, 872.89, 874.74, 902.89, 904.58, 904.99, 906.04 nm
(see Fig. 11). The upper levels of these lines have energy
11.75 eV, 12.97 eV and 13.72 eV. The energy gap between

the levels is wide enough to determine 7,  with good
accuracy and all these lines could be registered together with

the grating 600 g/mm. The Boltzmann plot from intensities
integrated along the central plasma chord 95 mm from the

148 —
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~ 739 ®
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anode is shown in Fig. (12). The estimated accuracy is
~15%. Unfortunately the lines originating from the
transitions from highly excited levels (902.89-906.04 nm)
are very weak which results in poor accuracy of Abel
inversion. As a result the radial distribution of the electron

about 8000 K. The absolute

calibration allows the determination of population densities
of the upper levels of measured lines. It seems that all levels
with energy 11.75 eV or higher are in equilibrium with a

T . of about 8000 K. The population density of upper level

exc

of 746.83 nm N I line is shown in Fig. (12).

The measured lines were checked to be free from self-
absorption by examining the plasma optical depth for a
spectral line using the formula [36] (in SI units)

temperature is flat with 7,

1.5E+014
Upper level of 746.83 N | line
=== 65 mm from the anoda
\ — 95 mm from the anode
1E+014 -

SE+013

0 10 20 30
Radius (mm)

Fig. (12). At left, Boltzmann plot from relative N I lines intensities. At right, population density of upper level of 746.83 nm N I line.
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Fig. (13). At left, & factor for atomic nitrogen at T, = 8000 K. At right, radial distributions of the electron density at two different distances

from the anode.

7, =8.85x107"° £, xA%n_ d x| 1-exp(~he/ AkT,) | P(2,) (2)

where T); denotes the optical depth in a line centre, f, the
absorption oscillator strength, A the wavelength, n_, the

population density of the lower level, d the plasma
dimension, # the Planck constant, £ Boltzmann constant,

c the speed of light in vacuum, 7, the electron temperature

and P, (A,) the line profile in a line centre. For Gaussian

2 1
profile P,,(4,)= ZL—, where AA,, is half-width at
' T ALy,
half-maximum (HWHM).

For a given line profile, the relation between the optical
depth in a line centre and the total line absorption can be
easily evaluated [36]. The absorption can be neglected when
the optical depth in a line centre is lower than 0.1. The
spectrometer was calibrated with the use of a tungsten ribbon
lamp placed at the same distance as the plasma. The
calibration allowed us to determine the population densities
of the upper levels of spectral lines used in the experiment.
Next, the population densities of the lower levels were
obtained assuming the Boltzmann distribution between upper
and lower level. The half-widths of the lines were
determined mainly by the Doppler broadening. The results
showed that the lines used for the electron temperature
determination were not influenced by self-absorption.

2.2. Continuum Radiation

Since the Stark broadening of spectral lines was too small
the electron density was determined from the continuum
radiation. The method does not require thermodynamic
equilibrium to be valid. The total continuum emission
coefficient can be written as
s = EX M) +ET M) D (2),

)

where fb and ff indices denote free-bound and free-free

total

transitions i.e., the emission due to the recombination and the
Bremsstrahlung respectively and ei and ea denote electron-

ion and electron-atom collisions. Formulas for €(4) are

written below (in SI units).

eP()=1632x10% N 171242528 | | _ppp) € LI
ce U, MWL)

he }
e (5)

Y N_ZET,A)

gz,l
— é

)
U, p{

e?(A2)=1.632x10%* N 7712272
e AKT

Y N.2GT(T,.0)

Eleany =1:026X107°* N N AT %6, (T)
2
1+ l+£ ex, _ e ©
kT, | | P\
where N,, N_ and N, is the electron, ion and atom

density, respectively, z denotes ion charge seen by free

electron, U is the ion partition function, g is the statistical

weight of the ion, G” the Gaunt factor, £ is a correction
(Biberman) factor [37], and o, is the cross section for
electron-atom collisions. The formula (4) with £=1 has
been derived for hydrogen-like atoms and the & -factor
introduces the edge structure of the real coefficients [37].
The & factor for nitrogen atom was calculated with the use
of photoionization cross sections taken from [38]. It has been
assumed that 7, =7, . The Gaunt factor was taken from
[39]. The formulas (4) and (5) were taken from [37] and
formula (6) from [40]. All above formulas can be found in
[41]. The formula (6) was also used for electron-N,
collisions. The cross sections for e-N and e-N, collisions

were taken from [42]. It has been found that in present
experiment the continuum radiation due to recombination is
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dominant, other processes did not exceed 8% of total
radiation. The radial distributions of the electron density
calculated from the continuum radiation at ~430 nm are
shown in Fig. (13).

2.3. Molecular Spectra
The observed molecular spectra consisted mainly from
the 1st negative system of N; . The rotational and vibrational

temperatures were determined by comparing synthetic
spectra issued from the SPARTAN code of M. Lino daSilva
[43] with spectroscopic measurements. Both spectra are
shown in Fig. (14). The best fit is obtained for rotational

temperature 7, =6500 K and vibrational temperature
T, =10000 K indicating a non-equilibrium plasma flow.

Assuming that T, is equal to the atom temperature and

taking into account that the flow velocity was about 920 m/s
we get the flow Mach number of about 0.6.

10

e expenmental spectrum
08 synthetic spectrum
T,=6500 K T_=10000 K

Intensity (Arb.Units)

320 330 340 350 360 370 380 390

Wavelength (nm)

Fig. (14). Experimental and synthetic spectra of N; molecular

bands at a distance 95 mm from the anode.
3. Concluding Remarks

The results show that the plasma produced by the
segmented plasmatron is in non-equilibrium. This is what
can be expected. The criterion for local thermodynamic
equilibrium (LTE) has the form [44]:

1
N, 2N =1.6x10"*T2(AE)’ (7

where N is the critical electron density (in m ) necessary

to fulfil LTE conditions and AE is the largest energy gap of
atomic (ionic) energy level system (in eV). Since such
energy gap for N I is 10.33 eV (the level with energy 3.55
eV has been neglected in these considerations because the
transition rate to this level is weak) the electron density

necessary to fulfill the above criterion is ~1.6 X 10 m>ata
temperature of 8000 K. Even taking into account that in
practice this criterion can be lowered one order of magnitude

Babou et al.

because of the absorption of resonance lines the electron
density necessary to fulfill LTE conditions is still 10 times
higher than that observed in the experiment. In addition the
transport of particles can also influence the Saha balance. To
summarize, the results represent subsonic nitrogen plasma in
strong non-equillibrium which can be used to test the
validity of collisional-radiative models.

V. RF-PLASMATRON SUPERSONIC PLASMA JET
1. Experiments

The experiments described hereafter have been
performed with the PWT facility so-called VKI-Plasmatron.
The Plasmatron facility includes an Inductively Coupled
Plasma torch using a single-turn inductor powered by a high
frequency, high power, and high voltage (400 kHz, 1.2 MW,
2 kV) solid state (MOS technology) generator. The discharge
is generated inside the torch composed of a quartz tube with
an internal diameter of 200 mm and 5 mm thickness, and
also a cold cage of 160 mm internal diameter, made of
water-cooled copper segments, inserted inside to prevent
from severe overheating. The test gas, which is ambient air
in the experiments reported here, is injected inside the torch
with an annular injection. Once the plasma is started, the
electric discharge is enhanced mainly by induced azimuthal
electronic currents. The ionized flow is steadily heated by
Joule effect, due to efficient electron-neutral energy
transfers, absorbing RF power penetrating the plasma over
the resistive skin depth, also called the Kelvin length. In the
present experiments, the Plasmatron is operated at 490 kW
power and 4.5 g/s mass flow rate settings. Supersonic plasma
jet is obtained by expanding the plasma through a strictly
convergent nozzle (sonic nozzle) of 35 mm throat exit
diameter into the test chamber where a low pressure is
maintained. The pressure in the reservoir P, was set to
120 mbar and the supersonic plasma jet was investigated
with chamber pressure P, set to 12 mbar and to 6 mbar,
corresponding respectively to moderately and highly
underexpanded plasma jet cases. Images of the plasma jet
acquired with a High Speed Camera (HSC) are displayed in
Fig. (15) to visualize the general aspect of the supersonic jet.
The underexpanding jet is typically characterized by a
pressure at the nozzle exit higher than in the chamber. In
order to equilibrate the pressure difference at the nozzle exit,
expansion waves originating from the Prandtl-Meyer
expansion are directed towards the jet axis and then reflected
toward plasma jet boundaries. The edges of the expansion
zone are bright consequently to the reflection of the
expanding flow by the cold dense surrounding gas, giving
rise to the so-called Barrel shocks. In our conditions, a well
distinguishable Mach disk takes place downstream of the
first expansion cell. The post Mach disk region is
characterized by subsonic velocities together with an
increase of the local temperature and pressure typical of post
shock relaxing flows. Abel transformation applied to HSC
image, also evinced in Fig. (15) gives insight into actual flow
peculiarities such as the significant lack of emission in
central regions of the jet consequently to the expansion (well

pronounced at P, =6 mbar).
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Fig. (15). HSC images for P, =12 mbar (on left) and for P, =6 mbar (on right) cases. The upper half is the actual record and the lower half

is the one processed with Abel transform.

The plasma jet is characterized in terms of excitation
temperature of atomic electronic states and electron density
by means of Optical Emission Spectroscopy. The plasma jet
line-of-sight emission is collected through an aperture and
imaged with a fused silica lens onto the entrance slit of an
Acton Series monochromator of 750 mm focal length. The
spectrometer is combined with a ICCD PI-MAX camera,
well-suited to deal with low intensity levels emitted by the
rarefied region and offering a large recording frame of
1024 x 1024 pixels of 12.8 um side. The optical
arrangement sketched in Fig. (16) was designed to obtain a
radial slice of about 19 cm height optically conjugated with
the CCD height with a magnification factor of 0.07 (the
monochromator magnification being 1), in such a way the
whole radial emission profile is recorded with the CCD
frame with a spatial resolution of about 180 xm.

Plasma radiative signatures recorded in the range 400-
900 nm are principally constituted of atomic nitrogen and
oxygen lines as illustrated in Fig. (16). Atomic line emission
was recorded using a 150 groves/mm grating. The presence
of trace of water vapor in the initial cold air mixture resulted

in the presence of hydrogen Balmer lines H , and H B that

have been recorded with a 1200 groves/mm grating in order
to resolve the Stark broadening. The spectral resolutions
corresponding to both gratings were measured to be
respectively of 0.5 nm and 0.06 nm, with the monochromator
entrance slit width set to 3 um. The overall experimental
setup is schemed in Fig. (16). The spectra recorded in the
visible spectral range were calibrated in absolute intensity
with a ribbon tungsten lamp and its documented absolute
radiance (note that only relative intensity are reported in
Fig. (17)).

Measured intensities were spatially filtered with a
Butterworth-like digital filter. We checked that the plasma is
fairly axisymmetric and the considered atomic transitions are
optically thin within covered pressure and temperature ranges.

Before performing the plasma characterization, the line of sight

intensities /, (W.cm 2 nm ™" .sr™") have been processed by
mean of the Abel transformation to rebuild spectral distribution

of local emission €, (W.cm = om ™ sr™! ).
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Fig. (17). Typical radiative signature for supersonic air plasma jet in the expansion region (case P, =12 mbar).

The optical arrangement was set on a translational stage
in order to record radial plasma jet line-of-sight intensity at
various positions along the jet z-axis. Intensity measurements
started at z=2.5 cm away from the nozzle exit, corres-
ponding to the nearest axial location accessible by the optical
access. Translating the optical arrangement along z-axis,
radial distribution of plasma spectral intensity was measured
at a dozen of axial locations to cover the first expansion, the
Mach disk and the post shock regions. For moderately

underexpanded jet (P, =120 mbar, P, =12 mbar), OES

measurements were taken after nozzle exit at 2.5, 3.5, 4.5,
6.5, 7.5, 8.5, 9.5, 10.5, 11.5 and 12.5 cm. For highly

underexpanded jet (P, =120 mbar, P, =6 mbar), OES

measurements were taken after nozzle exit at 2.5, 3.5, 4.5,
8.5,10.5,11.5,12.5,13.5, 15.5 and 17.5 cm.

2. Characterization Methods
2.1. Electronic Excitation Temperature

The characterization in terms of excitation temperature
T, is performed using measured local emission values €,

associated to atomic radiative transition due to spontaneous
emission from an upper (emitting) level u to a lower level /.

Knowing the emission €, allows a straight probing of the
upper (emitting) level u population density through the
relation:

—p u he

-3 -1
€u =My 2, Wm=sr™), (8)

where 4, (s") is the Einstein coefficient associated to
spontaneous emission from level # to level [, respectively
of energy E, and E| (cm_l) and A, (nm) designates the

line spectral position. The population of a given emitting

level n, is determined through the spectral integration of its

associated emission profile: € , = |e,dA, with €, referring
ul A A

to the spectral line profile of local emission corrected from a
linear background adjusted on the line profile edges.
The excitation temperature 7, is evaluated on the basis

of the Boltzmann diagram method, assuming that population
of excited states n, is ruled by the Boltzmann distribution

expressed as:

Ty T ©)
n, =—ogex m>),
b Qint gl p kBTex

with N (m”), O,

int

and g, designating respectively the

species concentration, the internal partition function and the
degeneracy of level i. Starting from Eqs. (8) and (9), the

measured density population versus energy E  can be

expressed as:

ln[n—“j=—[ he jEu +ln(i]. (10)
gu kaex Qint

T is then simply obtained by mean of a straight line fitting

ex

on distribution of measured population densities. Required
spectroscopic data for 7, determination were taken from

NIST [45]. Uncertainties associated to this approach might

AT,
e ~ 207, /(1.44x AE

be roughly evaluated as I X

ex
where a critical error of 20 % on local emission is assumed
and AE

e (€XPTESSEd in cm ') is the difference between

upper energy level extrema. Hence, for a typical AE, = of
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~25000 cm ' and temperature of 10000 K the uncertainty is
of ~5%.

For brevity, the present study considers only oxygen lines
to evaluate the plasma excitation temperature, nitrogen lines

are fewer and cover a E; =109837.02 more reduced energy

range making them less reliable than oxygen lines. The
numerous atomic oxygen lines, taken into account in the T,

determination method, belong to three groups of transitions.
Transitions 3p — 3s of upper energy level below 90000 cm ',

including the triplet oxygen lines located at roughly 777 nm,
the group of transitions 7s, 6s,5d,4d,5s —3p characterized

by upper energy level E, ranging from 98000 to 107000 cm ',
and the transition located at 715.67 nm of upper energy level

E,=116631.094 cm ' above the first ionization energy
E;=109837.02 cm .

Typical Boltzmann diagram plots, presented in Fig. (18),
show that at the early expansion, excited state population
densities are slightly scattered and fairly distributed along a
straight line. However their distribution might deviate
significantly from a strict Boltzmann distribution in shock
regions. In particular the population of the highest upper
energy levels, located beyond the first ionization energy, was
found to be systematically slightly underpopulated. In regions of
low intensity, the temperature reliability is affected by the rise
of the signal to noise ratio and the vanishing of lines of
higher upper energy level.

2.2. Electron Density

The determination of the electron density n, is

performed in a conventional manner by means of recorded
hydrogen line profile fits with computed Stark broadened
profiles. We used the up-to-date database proposed in [46] to

model and H )

respectively at 656.279 nm and 486.135 nm, undergoing
broadening due to coulombian collisions. The database
contains intensity profiles tabulated against wavelengths for

hydrogen H, line profile, located

several values of electron temperature 7, and electron

24 Y
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. . . 3 6
density n,, covering respectively the range 10 fTeflo K

and 10" < n,< 10" em™. The computation of hydrogen line
profile at any electron temperature 7, and electron density
n, is performed by mean of a bilinear interpolation of

tabulated data. The computed Stark profile then
convoluted with the instrumental apparatus function.

is

Systematic computations have shown that computed line
profile shapes exhibit a very weak sensitivity to the electron
temperature in the range covered by the present experiments
(~5000-15000 K), while a slight electron density variation
induces detectable modifications of the profile at our spectral
resolution. Hence, the fitting procedure was performed with
the electron density being the only unknown variable, the
electron temperature being set to 8000 K. The electron

density 71, is then obtained through minimization of the

functional expressed as the Root Mean Square Error (RMSE)
between the experimental and computed profiles:

(1D

——sim

where N is the number of spectral grid points, £,  and
i

g, are the values at A, of simulated and experimental line
i

profiles scaled to unity. Typical H, and Hﬁ measured

spectral profiles are plotted in Fig. (18) together with their
respective best fitted profiles, the one minimizing the RMSE

value as defined above. Although the actual H ) profile can

be strongly overlapped with various other contributions, the
fitting demonstrates a good tolerance and typically yields

squared correlation coefficient value of R*~0.98.
3. Results and Discussions

Resulting n, and T, radial profiles, obtained scanning

axially the jet, have been appropriately arranged and
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Fig. (18). Typical Boltzmann diagram plot at z=2.5 cm; black- P, =6 mbar; red- P, =12 mbar (on left). Typical best fits obtained with

H

o and H B experimental line profiles (on right).
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processed to yield two dimensional distribution by means of
bicubic spline interpolation under MATLAB environment.
The 2D distribution of plasma emission in the visible
spectral range is considered first. In Fig. (19), are displayed
the resulting interpolations of the emission rebuilt by mean
of Abel transform and integrated in the spectral range
400-900 nm (largely dominated by atomic emission).

The black lines correspond to the actual emission profiles
taken into account by the interpolation procedure. Starting
from the resulting emission 2D distribution, the Mach disk
location is roughly gauged as the location at the end of the
first expansion where the centerline emission starts rising.

The estimated Mach disk position is z,,=7.6 cm at

p. =12 mbar and z,, =11.5 cm at 6 mbar. Using the well-

known empirical correlation proposed in [47] in the case of
an ideal gas expansion, the Mach disk position is expressed
as:

P
M_067 |, (12)
DO IDres

yielding in our experimental conditions z,, =7.4 cm at
P =12 mbar and z,,=10.5 cm at P, =6 mbar, with

nozzle diameter Dy =3.5 cm. Although the experimental

estimations and the empirical values are in satisfactory
agreement, the discrepancies could be attributed to the non
ideal gas effects.

The interpolated distributions for n, are presented in
Fig. (20). The black lines indicate the actual radial extent of
n, measurements derived from H ) line profiles. Density

lower than 1.10" ¢cm ™ were not measured with respect to the

validity domain of Stark broadening prediction [46]. After
the first expansion region, the n, distribution is greatly
influenced by the chamber pressure, while the electron
density range is slighter affected after the nozzle exit. The
electron density drops rapidly after the nozzle exit
consequently to rarefaction taken place with the supersonic
expansion. In the region of highest expansion, z=28.5 cm, it
was possible to determine n, only over a limited radial
extent. At 6 mbar, measurements are critically limited to the

radial range 24<r<28 mm. The lack of measurements

induces some undesirable numerical artifacts when
rebuilding the interpolated distribution with incomplete

radial information. For instance, in the case P, =12 mbar, it

is clear that the electron density increases at the jet edges at
the proximity of the first compression, but its rise at
centerline does not appear plausible, otherwise it would have
been measured. That stands too for the 6 mbar case,
preventing from the reliable characterization of the structure
of the rarefaction cell after the Mach disk.

The resulting interpolated distributions for 7,, are given
in Fig. (21). The black lines indicate the actual radial extent
of T,, measurements which ranges from ~5000 to ~14000 K.
Temperature determination with Eq. (10) is not tractable in

Babou et al.

regions of lowest emission where, as consequence of the
rarefaction local emission nearly fully vanished. Similarly to
n, distribution situations, interpolation of measured 7,
profiles suffers from the lack of data in the central part of the
jet, generating unreliable distribution in regions of weakest
emission. In spite of such inconvenient artifacts, the rebuilt
distributions remain fully reliable in regions of actual
measurements. The resulting distributions stand as a valuable
data to serve as a test case to assess compressible plasma
flow computations.

CONCLUSION AND PERSPECTIVES

The reported investigations address the characterization
of four distinct non-equilibrium plasma kinds to produce
new data valuable to assess the performances of non-
equilibrium plasma flow descriptions.

High enthalpy shock tube experiments are well suited to
procure critical data to assess the sophisticated descriptions
developed to predict kinetic processes taking place behind
the shock. The measurements of the emission of air post-
shock plasma generated with the high enthalpy shock tube at
Institute for Problems in Mechanics (Russian Federation)
have been documented and shortly analyzed. The radiative
signatures measured in absolute radiance in the UV spectral
range for an extended range of shock velocity stands as the
most relevant data to validate post-shock non-equilibrium
plasma flow computations determined on the basis of up-to-
date CR models.

The experimental electrical characterization of a shock
wave, generated by the acoustic shock tube at University of
Bari (Italy), propagating at nearly Mach 1 through a weakly
ionized medium generated with a DC discharge, has been
performed using laser deflection technique.

Detailed Particle in Cell-Monte Carlo (PIC-MC)
investigations have been conducted to evaluate the effect of
the resulting self-consistent electric force on the shock wave
dynamic.

The characterization in terms of electron density n, and
excitation temperature T, of the subsonic nitrogen plasma jet
produced by DC-Plasmatron facility at Poznan University of
Technology (Poland) has demonstrated that the flowing
plasma is far from the Saha equilibrium. The observed
departure to equilibrium thermodynamic state indicates that
the numerical rebuilding of the nitrogen subsonic flow has to
be performed with an incompressible fluid model consis-
tently coupled with a critically selected non-equilibrium che-
mistry description.

Moderately and highly under-expanded supersonic air
plasma jets, produced by VKI-Plasmatron facility at von
Karman institute (Belgium), have been investigated by
uncovering the general features of the local emission,
electron density n, and excitation temperature 7, distri-
butions. The spatial characterization of the first expansion,
the Barrel shock regions, the Mach disk and its post-shock
area yielded relevant information to enhance the assessment
of compressible plasma flow predictions. For instance, for
the two considered conditions, the Mach disk location
estimated with local emission distribution was found in good
agreement with the empirical prediction. Further plasma jet
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computations have to be carried out with 2D axisymmteric
compressible fluid description coupled with a relevant non-
equilibrium description to tackle regions where the
imbalance kinetic processes are driven by recombining
processes (e.g. in the expansion) or dominated by ionizing
collisions (e.g. in the post-shock region).
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