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A detailed numerical analysis is performed in the torch and in the test chamber of an inductively coupled plasma

facility. The main purpose is the analysis of the plasma jet in the test chamber and the assessment of its degree of

nonequilibrium together with the level of elemental demixing. To this end three differentmathematical formulations

have been used: an extended chemical nonequilibrium formalism including finite-rate chemistry and two forms of

equation valid in the limit of local thermochemical equilibrium, i.e. the equilibrium formulation with variable

elemental fractions, which takes into account the demixing of chemical elements and the classical formulation, where

themolar fraction of elements is supposed to be constant. To assess the influence of the finite-rate chemistrymodel on

the results, two models have been used. Simulations at various operating pressures indicate that the model

dependency is strongly reduced at sufficiently high pressures (above 10 kPa) while relevant at lower pressure. As the

operating pressure is increased, chemistry becomes increasingly fast and the nonequilibrium results correctly

approach those obtained assuming local thermochemical equilibrium, provided that elemental fraction variations

are correctly taken into account.

Nomenclature

kf = forward reaction rate
Mi = molar mass of species i
Nel = number of elements
Nsp = number of species
p = mixture pressure
T = mixture temperature
u = mixture velocity
Xc = volumetric fraction of element c
xs = mole fraction of species s
� = mixture density

I. Introduction

T HE numerical modeling of chemical reacting plasma flows,
requires the solution of the well-known Navier–Stokes

equations complemented by additional conservation equations. The
number of equations needed, in general, depends on the assumptions
made and on the degree of approximation used in themodeling of the
physical phenomena, and can be large in sophisticated approaches

such as state to state [1] or collisional radiative [2,3] models. An
approximation of the chemico-physical processes is constituted by
the chemical nonequilibrium approach that requires the solution of a
conservation equation for each species of themixture. This system of
equations is often hard to implement and solve numerically. In
addition, many physical parameters essential for the modeling of
kinetic and chemical processes in the gas mixture are usually not
available. For these reasons, when chemistry and energy exchanges
are fast, it is usually preferable to solve the more elegant and
unambiguous local thermochemical equilibrium (LTCE). It is
common practice in aerospace sciences to compute LTCE flows,
assuming a fixed elemental composition [4]. Care should be taken
when comparing these results with nonequilibrium calculations, for
which demixing [4–6] of elements does occur. The results to be
presented clearly show that as pressure is increased and equilibrium
conditions are approached, differences between the fixed elemental
fraction LTCE model and nonequilibrium model [7] persist;
however, when variations of elemental composition are correctly
allowed for in the LTCE model, a better agreement is found.

This paper is inspired to the analysis performed by Rini et al. [8].
There the authors present an accurate analysis of the demixing

phenomena in the von Kármán Institute for Fluid Dynamics (VKI)

Plasmatron torch [9], whereas here the core of the analysis is moved

to the physico-chemical characterization of the jet flowing the test

chamber for air plasmas. Thiswill allow us to draw some conclusions

concerning the degree of demixing in the area of the chamber where

experiments to determine catalytic properties are carried out.
Moreover, beside the elemental diffusion, the new numerical

analysis performed allows the assessment of one of the basic
assumption in the Institute for Problems in Mechanics (IPM)
methodology [10]. This approach (used to estimate the catalytic
properties of thermal protection system materials) supposes in fact
thermochemical equilibrium conditions to be established in the torch
and in the test chamber. However, there is no proof in the literature
that equilibrium [11] conditions exist and a detailed analysis
assessing the quality of this assumption is not available. To address
this need we present both chemical nonequilibrium and chemical
equilibrium computations to determine a range of pressure in which
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equilibrium computations are as accurate as those obtained under
chemical nonequilibrium, using two finite-rate chemistry models.
The investigation of the validity of the equilibrium assumptions
previouslymentioned represented themainmotivation and objective
of the present research activity.

The manuscript is organized as follows. Before presenting the
results of our study we recall the main aspects of the physico-
chemical models used in the simulation. Then we define the
geometrical configuration considered, highlighting the need for
additional boundary conditions with respect to previous
investigations [8] to be used in the test chamber. Finally, the result
section is divided in two parts: 1) a qualitative analysis of the finite-
rate chemistry model, and 2) a qualitative and detailed investigation
of the flow behavior for all the operating pressures.

The first part is focused on the influence of the kinetic model
carried out comparing temperature and oxygen elemental fraction
contours.

The second part is devoted to a more accurate analysis, in which
the main physico-chemical properties of the flow are identified
extracting temperature and elemental molar fraction profiles in
several crucial parts of the computational domain.

II. Physico-Chemical Modeling

When performing calculations with chemically reacting flows, in
addition to the equations expressing the conservation of mass,
momentum, and energy [12], the knowledge of the composition is
needed to retrieve the transport and thermodynamic properties of the
mixture to close the system of equations. For this purpose, in this
section, different physico-chemical models are briefly recalled. The
interested reader can find a more extensive description in [8] where
the authors describe in detail the models used for the treatment of
electromagnetic field and for the flowfield.

A. Chemical Composition

It is well known how chemical processes take place by molecular
collision or radiative interactions. Hereafter we just focus on the
molecular interaction due to collisions. In this case the determination
of the composition is, in general, done by writing conservation
equations for each species present in the mixture. From a careful
analysis of these equations, we can identify at least two chemical
regimes depending on the relative magnitude of the convective
(diffusive and chemical) source terms: 1) chemical nonequilibrium
and 2) chemical equilibrium conditions.

1. Chemical Nonequilibrium (CNEQ)

Under chemical nonequilibrium conditions, differential equations
describe the advection, diffusion, and chemical processes make the
species concentrations vary within the flowfield. Note that these
equations are written for heavy particles only. Indeed, when charged
species are to be considered, we obtain the electron mole fraction by
explicitly imposing quasi-neutrality xe �

P
ionsxs � 0. The mass

production terms, present in the species continuity equations, are
computed using the law of mass-action [13] and require the
knowledge of the rates for all the reactions needed to describe the
flow behavior. Values of these rates for high-temperature air are
available in literature, but they have a relatively large uncertainty.
Hence any nonequilibrium analysis is strongly affected by the
trustworthiness of the existing rate data. In the present work two
different models for the forward reaction rates coefficient have been
analyzed, i.e., the Park [14] and Dunn–Kang [15] models. These
models give rates values for the forward reaction rates, and in the
present study the backward reaction rates have been retrieved
making use of the equilibrium constant, according to the principle of
detailed balance [13].

2. Differences Between the Two Finite-Rate Chemistry Models

The two kinetic models differ significantly in terms of number of
elementary reactions considered and in terms of rate constants. A
direct analysis of the concentration profiles, proposed in [16], shows

that the main differences between the two models concern the
deionization reactions ofN� andO� in the jet area. This is due to the
fact that both reaction sets describing charge exchange and ionization
and the reaction rates coefficients in these sets are very different [15].

3. Chemical Equilibrium

When chemistry is sufficiently fast, equilibrium conditions are
achieved and this simplifies considerably the complexity of the flow
description. The composition satisfying the species equations in the
limit of local equilibrium conditions is coincidentwith the solution of
the nonlinear system under these conditions. In this framework, in [8]
the authors introduce two regimes used to describe the equilibrium
conditions, recalled hereafter.

1) LTCE, constant elemental fraction (LTCE-CEF): The mixture
composition is computed in all the domain discretization as a
function of pressure and temperature assuming constant elemental
fraction equal to the inlet ones.

2) LTCE, variable elemental fraction (LTCE-VEF): The
composition is obtained as a function of the local pressure,
temperature and elemental fractions, the latter being obtained by
solving a set of chemical element continuity equations.

B. Governing Equations and Boundary Conditions

The governing equations and the numerical techniques used in this
manuscript to describe the dynamic of plasma flowing in an
inductively coupled plasma (ICP) facility is the same as the one
presented in [8–17]. However, a different configuration is considered
in the following, including both the torch and the test chamber of the
VKI Plasmatron. As a consequence, additional boundary conditions
have been introduced, a description of which is to be presented
shortly. To simulate tests of thermal protection material (TPM)
samples held in the test chamber, we should ideally consider the
plasma flow behavior in the torch and in the whole chamber
simultaneously. To reduce the computational time, Magin [18]
suggested to consider only a subdomain of the chamber containing
the hot-jet impinging on a probe, instead of extending the
computational domain until the chamber outer walls and exit. This
simplifies considerably the solution of the problem still conserving
the importance of the obtained results, because the region richest in
physics corresponds to the hot-jet and certainly not to the cold
recirculation zone present at higher radius [19]. A validation of this
boundary condition can be found in [20], where the numerical
solution of the whole chamber is compared with the one on a reduced
domain, confirming the validity of the approach at least for these
operative conditions.

In the framework of the research presented in this paper we just
performed the analysis of the hot-jet, without the presence of a probe,
as shown in Fig. 1a. By analyzing Fig. 1a, we notice the need to
define a boundary condition for the axis of symmetry (c), the eastern
boundary (b) in the chamber, the quartz tube wall (f) and a part of the
chamber wall (f), the torch inlet (d), and the northern boundary in the
chamber (a).

1. Northern Boundary in the Chamber

It is well known that for subsonic flow conditions, the pressure in
the test chamber of ICP facilities is almost constant, especially when
no probe is placed in it. For this reason we built the mesh cutting in
the chamber at a certain radius (14 cm) without including the outer
wall in the domain discretization. This introduces an additional
boundary (a) on which we impose the following conditions. The
value of the state variables, except pressure and species
concentrations in case of CNEQ (or elemental fraction in case of
LTCE-VEF), is extrapolated from the inner field. The pressure on the
other hand is imposed and it is supposed to be constant along the
whole boundary. The species concentration (in case of CNEQ or the
elemental composition in case of LTCE-VEF) is fixed and it is
equivalent to the LTCE-CEFmolar composition 79%N2 and 21%O2

(or 79%N and 21%O for LTCE-VEF). In the three formulations we
have that
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In case of CNEQ:

xN2
� 0:79; xO2

� 0:21

In case of LTCE-VEF:

YN2
� 0:76; YO2

� 0:24

Moreover

@�u

@n
� 0;

@T

@n
� 0; p� pA

where pA stands for the ambient pressure in the chamber.

2. Torch Inlet

The flow is injected through a thin ring near the torch wall. The
axial inlet momentum Q is to be calculated from a given total mass
injection rate. This translates into the following inlet boundary
condition:

@p

@z
� 0; �u�Q; �v� 0; �w� 0; T � TA

CNEQ: xs � xA;s; LTCE-VEF: Yc � YA;c

where the temperature, the composition, and the elemental mass
fractions of the (cold) ambient gas fed to the torch are indicated asTA,
xA;s, and YA;c respectively. In the ICP torches for TPM testing
simulated here, the central inlet is generally removed and replaced by
a solidwall (Fig. 1a); there,we impose an adiabatic no-slip condition:

@p

@z
� 0; �u� 0;

@T

@z
� 0; CNEQ:

@xs
@z

� 0

LTCE-VEF:
@Yc

@z
� 0

3. Eastern Boundary in the Chamber

This boundary condition is a consequence of the implicit
assumption that the area of the chamber behind the sample has a
negligible influence on the test area and can therefore be excluded
from the numerical simulation.

This is done imposing

@p

@n
� 0;

@�u

@n
� 0;

@T

@n
� 0; CNEQ:

@xs
@z

� 0

LTCE-VEF:
@Yc

@z
� 0

C. Thermodynamic and Transport Properties

A detailed overview of the thermodynamic and transport property
models used has been given in previous works on LTCE air plasmas
[17,21,22].

Quantum physics describes how molecules and atoms store the
energy in different modes, each of which is quantized. In the present

work the thermodynamic properties have been computed
considering the internal modes of the different species and making
the assumption of rigid harmonic oscillator for the diatomic
molecules. In such case the rotational, vibrational, and electronic
energy modes are considered independent from each other and
thermodynamic properties of individual species (and of the mixture)
follow from straightforward statistical mechanics considerations
[13]. Moreover, only a finite number of electronic levels need to be
taken into account [21] and here we consider the strictly minimum
number of electronic levels that produces a non-negligible change of
energy in the temperature range of interest in this research
(T < 20; 000 K).

Transport properties are computed following the Chapman–
Enskog method [21]. The viscosity and heavy particle thermal
conductivity are computed with the mixture rules of Yos as listed by
Gupta et al. [23]. The rotational, vibrational, and electronic thermal
conductivities are modeled by means of the Eucken approximation
[23]. The electron thermal conductivity and electrical conductivity
are computed with the formulas due to Devoto [24], where two
nonvanishing Sonine polynomial contributions were found to yield
accurate results [21].

The diffusion fluxes have been computed solving the well-known
Stefan–Maxwell system [25,26] of equations which consists of a
linear system (in the diffusion fluxes) of as many equations as the
chemical species in the mixture, supplemented by the auxiliary
condition that the sum of the diffusion fluxes is zero plus the
ambipolar constraint [27,28]. They are perfectly equivalent, by
derivation, to the complete diffusion equations, but remarkably less
computationally expensive than the latter.

D. Mixture Definition

Asmentioned and justified in [28] we represent the air plasma by a
mixture of 11 chemical components, suited for Earth entry
applications [23,29]. Neutral species are O2, N2, O, N, and NO.
Charged species are NO�, O�, N�, O�

2 , N
�
2 , and e�.

The composition of this mixture is obtained as discussed
previously depending on the chemical regime considered.

III. Characterization of the Flow in the Jet

The results to be presented shortly concern both the investigation
of the torch and the hot exhaust jet in the chamber. As briefly
discussed in the introduction, the forthcoming results will allow to
verify for which operating conditions of the VKI Plasmatron, the
numerical simulation of LTCE plasma flows is as accurate as the
chemical nonequilibrium one, both in the torch and especially in the
test chamber. The consequences of this finding will have a direct
impact on the range of applicability of the methodology used for the
estimation of catalytic properties of thermal protection system
materials [10].

Themesh used for the solution of theflowfield equations is divided
into two blocks: the first one (112 by 44 cells) is used to discretize the
domain within the torch, whereas the second block (60 by 67 cells)
reproduces a part of the test chamber. Grid resolution studies have
moreover confirmed that the grid is sufficiently fine and the solution
is not therefore mesh dependent. In particular, the grid accuracy for

Fig. 1 Boundary conditions and sections in the computational domain.
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the first block have been already analyzed in [8] and therefore it has
not been object of analysis in this research project. For the second
block different grid densities have been tested, leading to the
conclusion that the dependency of the results on the grid refinement
disappears already for a coarser mesh (30 by 34). As an example, and
only for illustrative purposes we present in Fig. 5d a comparison
between the results obtained with the two grids (30 by 34) and (60 by
67) in terms of temperature profiles.

The operating conditions, selected as representative of Earth entry,
are recalled as follows: ambient and wall temperature, 350 K; power
injected into the plasma, 80 kw; frequency, 0.37 MHz; inlet swirl,
0 deg; mass flow, 8 g=s; and operating pressures, 5, 10, 20, and
30 kPa.

For each simulation, the three chemical regimes, CNEQ, LTCE-
CEF, and LTCE-VEF, have been considered. The presentation of the
results is organized in two parts. Firstly, we present a qualitative
analysis based on the investigation of the contour plots of the main
flow properties. Then, we move to a deeper investigation of the flow
behavior based on the analysis of temperature and elemental molar
fraction profiles extracted in several crucial parts of the
computational domain.

In the first part, we address the issue of the influence of finite-rate
chemistry on the results of the simulation. To this end, two models
have been selected as representative of Earth’s atmosphere chemistry
(Park [14] and Dunn–Kang [15]). Several numerical experiments
have been conducted to assess how the operating pressure drives the
flow behavior when one of the two models is used. As a result, we

notice that the influence of the finite-rate chemistry is only limited to
low pressures (around 5 kPa). Indeed, as the operating pressure is set
to higher values, the results obtained under CNEQwith both models
are in very good agreement.

In the second part of this section, we move to a deeper
investigation of the air plasma behavior. To this end, we present the
evolution of themainflowproperties along the radial direction at four
locations in the computational domain (Fig. 1b): 1) in the inlet zone
(z� 0:005 m), 2) at the midcoil position (z� 0:268 m), 3) at the
outlet of the torch (z� 0:505 m), and 4) within the chamber
(z� 0:800 m).

A. Qualitative Analysis of the Results for 5 kPa

In this section, we discuss the influence of the finite-rate chemistry
model on the flow behavior. To this end we present temperature and
elements concentration both in the torch and in the chamber by
means of contour plots. Two of the four operating pressures specified
in the preceding section have been selected to perform this study, the
lowest (5 kPa) and the highest (30 kPa). Focusing on these two
pressures, we will be able to easily show how the differences
observed in the flow solution, due to differences in the reaction rates,
are visible only in the low-pressure case and disappear when the
operating pressure is increased up to 30 kPa. We therefore leave the
definition of the pressure limit abovewhich the influence of thefinite-
rate model becomes negligible to the study performed in the next
section. The results to be presented shortly have been obtained under

Fig. 2 Air plasma flow within VKI Plasmatron facility under CNEQ, LTCE-CEF, and LTCE-VEF conditions.
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LTCE-VEF conditions and under CNEQ using two finite-rate
chemistry models: the Park model [14], indicated as CNEQ-P, and
the Dunn–Kang model [15] named as CNEQ-D&K.

Each nonequilibrium result is compared with the respective one
obtainedwith the otherfinite-ratemodel but alsowith the result of the
simulation carried out under thermochemical equilibrium with
variable elemental fraction. This, at the same time, allows for the
assessment of the influence of the finite-rate chemistry model and to
answer the question ofwhether or not equilibrium computations give
the same results as nonequilibrium simulations for high pressures in
the chamber, as already observed in the torch in [8].

In Figs. 2a and 2b we plot the temperature, respectively, the
oxygen elemental mass fraction both in the torch and in the chamber.
The analysis of these figures reveals the presence of two zones in
which the comparison of the results bring us to different conclusions.
Indeed, within the torch, we notice that the CNEQ-P and CNEQ-
D&K predictions differ considerably, leading to different temper-
atures and, to a lesser extent, elemental fractions. From Fig. 2 we
observe that the Dunn–Kang model predicts a slightly wider hot
(T � 6000 K) region in the torch acting on the structure of the
plasma ball. As soon as we move towards the torch exit, we start
noticing a rapid dwindling of the disparity between the two
predictions which, at least from a qualitative point of view, show the
same temperature field in the jet, corresponding to the most
interesting part of the flowfield from the point of view of TPM
testing.

For what concerns the oxygen elemental fraction, we notice that
the finite-rate chemistry model has little influence on the elements
concentration field, showing once again that demixing is not a
nonequilibrium effect (Fig. 2b).

In Figs. 2c–2f, we present a comparison between the results
obtained under chemical nonequilibrium with the Park and Dunn–
Kang models with those obtained under chemical equilibrium with
variable elemental fractions. In Figs. 2c and 2d we focus on the
temperature contours whereas in Figs. 2e and 2f, we investigate the
oxygen elemental fraction. As expected, thanks to the analysis
performed in [8], the temperature contours obtained under chemical
nonequilibrium differ considerably from those obtained with the
equilibrium formalism and this for both finite-rate chemistry models.
From the oxygen elemental fraction presented in Figs. 2e and 2f we
notice a certain difference in the prediction of the elemental
concentration field between equilibrium and nonequilibrium even
though the order of magnitude of the oxygen variations is the same.

We now move to the analysis of the higher pressure (30 kPa) and
we start our analysis presenting, as done for the lower pressure case,
the comparison between nonequilibrium results. In Figs. 3a and 3b
we present the temperature, respectively, the elemental fraction
contours both in the torch and in the chamber. From the analysis of
the temperature contours, we notice that at an operating pressure of
30 kPa, the results obtained with the two models are, at least from a
qualitative point of view, equivalent. The same conclusion is drawn
after inspection of Fig. 3b where attention is focused on the oxygen

Fig. 3 Air plasma flow within VKI Plasmatron facility under CNEQ, LTCE-CEF, and LTCE-VEF conditions.
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elemental fraction. Differences between the prediction with the Park
and the Dunn–Kang models are hardly visible.

In the following, we present the comparison between the previous
results with the respective equilibrium computations. The critical
analysis of these comparisons will enhance the importance of the
previous conclusions. In Figs. 3c–3f we present the direct
comparison between the temperature, respectively, the elemental
mole fraction contours obtained both under chemical nonequilibrium
and equilibrium with variable elemental fraction. From Figs. 3c and
3d we realize that the temperature contours predicted by the
simulation of equilibrium conditions coincide with those obtained
under chemical nonequilibrium for both finite-rate chemistry models
after the last coil. Indeed, some small differences are visible within
the torch until the last coil is reached. To further decrease these
differences in the torch we just need to increase the operating
pressure. On the other hand, at the torch exit, but most importantly in
the test chamber, an excellentmatch is observed. Similar conclusions
can be drawn for the elemental composition after inspection of
Figs. 3e and 2f.

The results just described have a direct impact on themethodology
used for the estimation of the catalytic properties of thermal
protection materials. Indeed, thanks to the previous analysis we can
argue that for sufficiently high pressures the equilibrium formalism
allows for the determination of results, both in the torch and in the
chamber, characterized by an accuracy very close to the one we can
achievewith nonequilibrium simulations. This conclusionwill allow
researchers performing inductively coupled plasma flow simulations
for the characterization of TPM to obtain accurate results using an
equilibrium formulation at a fraction of the cost required to simulate
the same conditions under nonequilibrium.

In the next section we firstly provide a validation of the previous
analysis, by means of the investigation of the local behavior of the
plasma flow, and secondly, we define the pressure limit above which
the previous conclusion is applicable.

B. Detailed Analysis

In this section, we present the local evolution of the main flow
properties in the four locations specified in the preceding section and

for each of the four operating pressures defined in Sec. III. From the
qualitative analysis presented in Sec. , we observed that for the low-
pressure case some discrepancies are visible between the results
obtained under chemical nonequilibrium and equilibrium, whereas
for high pressure these differences essentially disappeared.
Following this result, we will divide the analysis into two parts:
the detailed analysis of the low-pressure case and the parametric
study of the pressure influence. In the first part, we present a detailed
investigation of the low-pressure case showing the results obtained
for several chemical regimes in four locations. This will lead to an
accurate description of the spatial evolution of the flow properties
and will allow to verify whether, even at a so low operating pressure,
a match between equilibrium and nonequilibrium results can be
found somewhere in the flow. For what concerns the parametric
study of pressure influence, we focus our attention only on the outlet
of the chamber. Indeed, as discussed during the previous qualitative
analysis, the most interesting part of the flowfield from the point of
view of TPM testing is the hot-jet exiting from the torch. Therefore,
for this particular location, we will discuss how the operating
pressure drives the flow behavior depending on the chemical regime
under investigation.

Before startingwith the analysis wewill spend fewwords trying to
enlighten the main physical effects of the demixing on the
temperature and oxygen elemental fraction. As we shall see in the
next session (Figs. 4–7) we notice a small influence of this
phenomena on the temperature; this can be seen comparing the radial
plots in case of LTCE-CEF with the ones carried out in LTCE-VEF,
especially in the inlet area next to the symmetry axis. The influence of
demixing on the oxygen elemental fraction is, on the contrary, quite
important as already pointed out by the previous qualitative analysis.
Generally speaking we notice the tendency of the elemental oxygen
to diffuse from the area next to the symmetry axis towards the wall.

1. Low-Pressure Case

We start presenting the axial evolution of the elemental oxygen
mole fraction at 5 kPa in Fig. 4.

Firstly, we focus our attention on the chemical nonequilibrium
results in the inlet zone where we notice the presence of a strong

Fig. 4 Oxygen elemental molar fraction radial profiles at four locations (5 kPa).
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depletion of oxygen. In addition, we are now able to show that the
chemical nonequilibrium predicts a similar oxygen profile for both
finite-rate models. Indeed, from the wall towards the axis we notice a
rapid decrease of oxygen concentration followed by a plateau

starting around r � 6 cm. The values of the plateau differ slightly for
the two solutions obtained with the Park (�0:16) and the D&K
(�0:17) models. As we move forward from the inlet (Fig. 4a) to the
midcoil position (Fig. 4b), we retrieve similar results as for the

Fig. 5 Temperature radial profiles at four locations (5 kPa).

Fig. 6 Oxygen elemental molar fraction for several operating pressures at z� 0:8 m.
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equilibrium regime and we notice that the discrepancies between the
predictions obtained with the two chemical kinetics models decrease
with respect to the previous location and remain confined in a region
close to the axis. These differences are further decreased when we
move to the torch exit (Fig. 4d), where we notice a very good match
between the CNEQ-P and the CNEQ-D&K predictions for
r > 0:3 cm. The small differences observed in the third section
vanish (Fig. 4d) during the time needed by the flow to reach the exit
of the computational domain. Indeed, from the analysis of Fig. 4dwe
notice that the elemental fraction profiles obtained with the two
models follow the same radial evolution.

Another interesting conclusion about the predictions obtained for
different chemical regimes is drawn from the comparison between
equilibrium and nonequilibrium results. Indeed, we clearly notice
that as we move from the inlet towards the chamber, the
nonequilibrium results follow closer and closer the equilibrium ones.
Within the torch, we remark that the prediction obtained using the
nonequilibrium formalism is characterized by a plateau for r < 6 cm
and, as we move toward the quartz tube, a peak is observed close to
the wall for r� 7 cm. After the torch, the plateau is stretched,
leading to a profile with a minimum for r� 6 cm, from which the
oxygen concentration increases towards the axis, presenting a local
extremum with a corresponding value slightly higher than 0.18. In
particular, we notice that the predictions of the elemental molar
fraction near the axis within the test chamber, obtained with the two
formalisms (CNEQ and LTCE-VEF), essentially coincide. This
result is of direct application to the determination of catalytic
properties of TPS materials because it shows that, even for a low
operating pressure, the results obtained with an equilibrium
formalism lead to the same elemental fraction around the axis as the
one obtained under equilibrium conditions with the two different
chemistry models. This local elemental fraction is different from the
value corresponding to the inlet and will therefore influence the
rebuilding procedure, at least from a conceptual point of view. The
importance of this influence will, in general, depend on the operating
conditions and especially from themixture selected as representative
of the plasma to be tested.

In Fig. 5, we present the radial temperature profiles in the four
locations previously investigated. We start our analysis of the
temperature evolution by considering the nonequilibrium results. As
for the oxygen elemental fractionwe observe that the results obtained
with the twomodels lead to the same temperature profiles beyond the
midcoil position. On the other hand, some differences are visible
close to the inlet (Fig. 5a) and in the middle of the torch (Fig. 5b). As
soon as we move to the exit of the domain (Fig. 5d), the remaining
differences gradually disappear. From the comparison between the
equilibrium and nonequilibrium results, we immediately draw
conclusions similar to those obtained for the elemental fraction.
Indeed, within the torch we observe a nonnegligible difference
between the equilibrium and nonequilibrium results, especially close
to the axis where the equilibrium predictions lead to a higher
temperature than what is observed under nonequilibrium. As shown
in [8], we notice that the temperature prediction obtained under
equilibrium is not strongly influenced by the elemental fraction
variations both within and outside the torch. Finally, we clearly
observe that, in the chamber (Fig. 5d), the predictions obtained in the
four computations are very close, especially for r > 2 cm, even if
small discrepancies are visible on the axis. The previous results, and
in particular the analysis of Figs. 4d and 5d, show that even at low
pressure the prediction of the flow behavior in the chamber obtained
under nonequilibrium with two finite-rate models, and under
equilibrium with variable elemental fraction, are very close.

2. Parametric Study of Pressure Influence

We nowmove to the parametric study of the pressure influence on
the flow behavior in the test chamber. The main objective of this
analysis is to characterize the flow in the jet at a certain distance
downstream of the torch exit. For this purpose we focus on the exit of
the computational domain placed 30 cm after the beginning of the
chamber. This distance, even if arbitrary, lies in the range of possible
locations where the heat flux probe can be placed within the test
chamber.

Fig. 7 Temperature profiles for several operating pressures (z� 0:8 m).
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Our analysis is based on the discussion of the results presented in
Figs. 6 and 7, where we show the oxygen elemental mole fraction,
respectively, the temperature profiles, at the outlet of the domain
(z� 0:8 m). Observing the profiles presented in Fig. 6, we notice
that the results obtained under chemical nonequilibriumwith the two
finite-rate models are always coincident for each operating pressure.
This leads us to the following observation: the use of Park andDunn–
Kang models leads to the same prediction of the radial evolution of
the elemental concentration for z� 0:8 m. If we consider the
comparison between the equilibrium and nonequilibrium results, we
remark that the nonequilibrium prediction approaches the
equilibrium one as pressure rises. Indeed, for the first two pressures
(Figs. 6a and 6b), we notice some differences between the predicted
values of the oxygen peak, observed for r� 8 cm, and in the
minimum, located around r� 6 cm. On the other hand, the values
predicted on the axis by theCNEQand the LTCE-VEF computations
are always similar. As pressure is increased (Figs. 6c and 6d), the
axial values of the oxygenmolar fraction slightly decreases, but most
importantly, the remaining part of the oxygen profiles obtained under
nonequilibrium starts to follow the equilibrium one (Fig. 6c) and, for
the highest pressure, the two predictions almost coincide (Fig. 6d).
As a consequence, we can conclude that starting from 10 kPa,
numerical simulations carried out under chemical equilibrium lead to
results which are easier to perform and nearly as accurate as those
obtained under chemical nonequilibrium in the jet for z� 0:8 m.
Indeed, the maximum relative error obtained at 10 kPa (Fig. 6a) is of
the order of �5%. As pressure increases, this error decreases and
reaches �3% at 30 kPa.

The particular radial evolution of the oxygen profiles follows from
the oxygen diffusion within the torch described in detail in [8] and
briefly recalled hereafter.

Because of the strong temperature gradients in the radial direction,
concentration variations and diffusion also mainly act perpendic-
ularly to the wall. Because the atomic oxygen contained inside the
plasma ball diffuses faster than the (heavier) molecular oxygen in the
low temperature zones adjacent to the wall, we observe a strong
increase in the overall fraction of oxygen elements near the wall.

After the torch exit, the form of the profile inside the jet does not
change considerably in the axial direction, whereas, along r, after the
peak (r� 8 cm) the oxygen concentration tends toward the constant
characteristic value of the relatively cold flow present in the chamber
at higher radius (r > 12 cm). Each of the graphs presented in Fig. 6
reflects the qualitative analysis presented previously showing that the
defect of oxygen observed in the jet is compensated by an excess of
oxygen concentrated in the volume between two cylinders. In the
highest pressure case (Fig. 6d), this volume is confined between an
inner radius �7 cm and an outer radius �9 cm.

As for the elemental concentration, the most important part of the
temperature profiles corresponds to the zone close to the axis, which
is of direct interest for the estimation of the catalytic activity of TPS
materials. For this reason, to improve the readability of the graphs to
be presented shortly, we present the temperature profiles for
r < 12:5 cm, knowing that the temperature is almost constant for
larger radii. We start our analysis comparing the results obtained
under nonequilibrium with two finite-rate models. For all the
operating pressures, the use of the Park and Dunn–Kang models for
the description of the air finite-rate chemistry brings to the same
radial temperature evolution. The differences between equilibrium
and nonequilibrium predictions visible in the lowest pressure case
(Fig. 7a) gradually disappears as pressure rises. Indeed, for 10 kPa
(Fig. 7b) and to 20 kPa (Fig. 7c) some small differences are visible,
but they disappear for the highest operating pressure (Fig. 7d). These
observations lead us to conclusions similar to those drawn from the
analysis of the oxygen elemental fraction. Indeed, starting from
10 kPa the three formalisms CNEQ, LTCE-VEF, and LTCE-CEF
predict the same temperature profile. With respect to the oxygen
elemental fraction, we anyway notice that the elemental diffusion
does not affect the temperature at sufficiently high pressure
(>10 kPa).

The results obtained in the framework of the present research
activity and therefore the conclusion of this study, depend on the

geometrical characteristics and the operating conditions of the ICP
facility investigated. In particular, the power injected into the plasma,
the frequency of the current running into the coils, and the mass flow
together with the torch size might influence the pressure threshold
above which the flow reaches equilibrium conditions [16,17]. To
assess the influence of these parameters in a qualitative way a deep
analysis should be carried out which could be based on the
identification of some dimensional parameters governing the flow
behavior in the purpose of eventually defining some scaling laws as
for example suggested in [30].

IV. Conclusions

In this paper, we presented the analysis of air plasma flows both in
the torch and in the chamber of theVKI Plasmatron for four operating
pressures ranging from 5 to 30 kPa. The results obtained for this
geometrical configuration have been produced using three
formulations: chemical nonequilibrium and equilibrium with both
constant and variable elemental fractions. In addition, two finite-rate
models have been used to obtain the nonequilibrium results. The
analysis of these results leads us to the following conclusions:

1) For the low-pressure case (5 kPa), we observe a certain
influence of the finite-rate chemistry model on the prediction of the
flow behavior within the torch. This influence was found to decrease
considerably after the torch, leading to almost negligible differences
at the end of the computational domain placed �30 cm after the
torch.

2) From the comparison of the equilibrium and the nonequilibrium
results, we notice that the flow in the torch is indeed in
nonequilibrium for the low-pressure case (5 kPa). The degree of
nonequilibrium depends on the position, decreases as we move
toward the exit of the torch, and is sensibly reduced in the jet. There,
the nonequilibrium results are rather close to the equilibrium ones,
provided that elemental demixing is taken into account.

3) As pressure rises, the differences between the predictions
obtained with the two finite-rate models sharply decrease in the
whole flowfield. They are very small for the low-pressure case
(5 kPa) and they become negligible afterwards.

4) By increasing the operating pressure, we act directly on the
relation between nonequilibrium and equilibrium results. Indeed, the
predictions obtained in the jet using bothfinite-rate chemistrymodels
approach the equilibrium results already in the lowest pressure case.
Then, if pressure is further increased, the differences between the
equilibrium and nonequilibrium predictions decrease and become
negligible at 10 kPa.

In light of the preceding observations, we can therefore conclude
that, for the purpose of thermal protection materials testing, for
sufficiently high pressures, the prediction of the flow physico-
chemical state in the jet obtained under equilibrium conditions where
elemental demixing is taken into account is as accurate as the one
obtained under nonequilibrium conditions. In the present study, the
pressure limit above which the previous conclusion is valid has been
observed to be 10 kPa.
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