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Abstract. A hydrodynamic model was developed to simulate the flow and the heat transfer with the
gas/plasma system produced by a microwave-driven (500 — 900 W at 2.45 GHz) axial injection torch,

running in atmospheric pressure helium at 3 — 9 L min™"'

input gas flows. The model solves the Navier-

Stokes’ equations, including the effect of the plasma upon the momentum and the energy balance, in order
to obtain the spatial distributions of the gas velocity and temperature. The model predicts average gas
temperatures of 2500 — 3500 K, in the same range of those obtained by optical measurements. Simulations
show that the plasma influences the gas flow path and temperature, promoting an efficient power transfer.

1 Introduction

Among the different types of microwave plasma torches,
the axial injection torch (TIA for Torche da Injection Axi-
ale in French) [1] has been used to create chemically active
species for gas analysis, surface processing, and gaseous
waste treatments [2,3], or simply to achieve a volumet-
ric gas heating. Here, helium is injected at atmospheric
pressure into a TTA (with flow rates of a few L/min), pro-
ducing a high luminosity, high density plasma [4] (3 cm
length and 1 mm radius) at the nozzle’s exit. The noz-
zle acts also as a microwave coaxial antenna, delivering a
500 — 900 W power at 2.45 GHz frequency.

The present study focus on the hydrodynamic descrip-
tion of a TTA, by solving the Navier-Stokes’ equations for
the gas/plasma system including the gas energy balance
equation, in order to analyse the influence of the plasma
and of the input gas flow on the spatial distributions of
the gas velocity and temperature. The plasma and the
wall temperature conditions required to run the model
are taken from experiment.

2 Model formulation and solution
2.1 Navier-Stokes’ equations

The hydrodynamic characteristics of this problem have
been discussed elsewhere [5] for a closed reactor config-
uration. The distribution of velocity v and temperature
T, with the heavy particles, in the presence of a plasma
heating source, is calculated by solving the correspond-
ing mass, momentum, and energy balance equations for
neutral helium (in the present conditions, the neutral gas
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density is about 10'® — 10 ¢cm—3, thus much larger than
the plasma ion density ~ 10'* cm™3)
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where p = (p/Mwue)kpT, is the gas pressure (with p the
mass density, My, the mass of an helium atom, and kg
the Boltzmann’s constant); 7 is the viscosity tensor given
by T = —n[Vv + (Vo) = (2/3)V -vI] [with n = (5/167)
(mMuekpT,)'/? /(02 2(T,)), where o is the collision diam-
eter and {2 is the collision integral [6], and I the iden-
tity tensor]|; C, = (3/2)(kp/Mmue) is the gas heat capac-
ity at constant volume; A\, = (15/4)n(kp/Mmu.) is the
gas thermal conductivity [6]; ven(s™') = 6.8 x 107%n,
(cm™?) is the electron-neutral collision frequency [7] (with
ng = p/Mu. the gas density); m., n. and T. are the
electron mass, density and temperature, respectively; and
FEq4c, n; and I; are the space-charge field, the ion density
and the ion flux, respectively, calculated here for ambipo-

lar conditions
kB Te Vne

Fgqc ~ — 2
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with D, ~ (kpT./e)u; the ambipolar diffusion coefficient
and pin, = 4.49 x 102° V-1 em™! s7! the reduced ion
mobility [7] (for molecular ions Hey , the sole ion species
considered under atmospheric pressure conditions).
Equations (1b)-(1c) (the latter deduced from ab ini-
tio calculations, which correct the formulation adopted by
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other authors [8,9] when writing the balance of the inter-
nal energy with the system) update our previous hydrody-
namic description of the problem, by considering the ion
drag-force (en;Fac) and Joule heating (el - Eq.) supple-
mentary terms to account for the plasma influence on the
gas transport and heating. The latter is achieved mainly
through elastic electron-neutral collisions, described by
the first term on the right-hand side of equation (1c).

2.2 Work conditions and numerical solution

The axis-symmetric setup under study (see figure 1-left)
consists of a nozzle (2 mm diameter for the gas injection
channel) located inside a dielectric tube (57 cm length and
5 cm diameter). The input gas flow is of 3 — 9 L min~!
(yielding input axial average velocities of (vin.) = 16 —
50 m s~1), which ensures subsonic and non-turbulent flow
conditions (the Mach number and the Reynolds’ num-
ber are M < 0.3 and Re < 2000, respectively). Here the
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Fig. 1. Left: axis-symmetric 2D computational domain

adopted in the simulations (dimensions are in mm and the
diagram is not to scale). The plasma (in red) is located at the
nozzle’s end (starting at position z = 45 mm). The orange re-
gion represents the coaxial antenna. Right: radial (a) and axial
(b) profiles for the electron density (solid curves) and temper-
ature (dashed curves). The points are OES measurements of
Ne.

plasma is defined by imposing the radial and axial profiles
Xe(r,2) = Xemax Xer(r)Xe:(2) (with X = n,T) shown
in figures 1-right(a) and (b). Note that the axial profile
of n. (a combination of co-sinus functions) is chosen ac-
cording to optical spectroscopy measurements (OES) of
the Stark broadening of the H, and the Hg atomic lines.

These measurements show that the maximum of the light
emitted by the plasma is located ~ 1 mm away from the
nozzle, suggesting the formation of a hollow axial pro-
file for n. [see figure 1-right(a)], due to a dragging ef-
fect. Typical values for the electron density and temper-
ature maxima (the latter defined according to [10]) are
NeMAX ~ 3 X 10™ cm~3 and Tomax ~ 2 X 10* K.

The boundary conditions are the following. At the
axis (r = 0), axis-symmetry conditions are used. At the
walls (of the coaxial antenna and the dielectric), we im-
pose v = 0 (corresponding to a no-slip condition), the
T, values measured with a thermal probe (at the dielec-
tric), and T, = 390 K (at the metal). At the input open-
ing (z = 0) we set the gas velocity according to v,(r) =
2(vin.) [1 = (r/R)?] (R is the nozzle’s radius); at the out-
put opening we set the pressure p = paym and the gas
temperature Ty = 290 K.

Simulations use the commercial software COMSOL
Multiphysics® [11] adopting the solver PARDISO [12].
Meshing is performed automatically using triangular fea-
tures; the convergence criterion imposes relative errors,
between consecutive calculations, smaller than 106,

3 Results and discussion
3.1 Influence of the plasma

Figures 2(a)-(b) plot, respectively, the axial profile (at
r = 0) within the plasma region and the radial profile (at
z = 15 mm, corresponding to half of the plasma height),
up to 10 mm outside the plasma, of the gas temperature
calculated for an input gas flow of 5 L min~!, at various
nemax and Teprax values. Notice that Ty is very sensi-
tive to changes in the electron energy-density, exhibiting
an increase with both n.yrax and Tearax due to the en-
hancement in the plasma-to-gas collisional power transfer.

To allow for a comparison with experimental results,
figure 3 shows the axial profile of the calculated radially
average gas temperature (T};), and of the measured rota-
tional temperature, obtained by fitting the ro-vibrational
spectra emitted by the second positive system of Ny, us-
ing the SPECAIR software [13]. These diagnostics are per-
formed perpendicularly to the discharge axis, by collecting
all the light emitted by the plasma at given z positions, for
different microwave powers. One observes that the calcu-
lated gas temperatures have the same order of magnitude
than the measured ones. The differences in the axial varia-
tion of T}, predicted by simulations and deduced by mea-
surements, might evidence the fact that we didn’t adopt
self-consistent plasma profiles in the present calculations,
but can also introduce a discussion about the experimen-
tal results (beyond the mere observation that measure-
ments have a significant uncertainty, confirmed by the er-
rors bars depicted in figure 3). In fact, the nitrogen used
in the measurements is dragged into the plasma-jet from
the air envelope which surrounds it, meaning that proba-
bly the experimental gas temperature doesn’t accurately
account for the plasma-to-gas heat transfer occurring near
the discharge axis.
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Fig. 2. (a) Axial profile (at r = 0) and (b) radial profile (at
z = 15 mm) of the gas temperature in the plasma nearby
region, calculated at 5 L min™"' input gas flow, for (i) Temrax =
2 x 10" K and the following nearax values (in 10'* em™2): 1.5
(dashed curves), 3 (solid), 6 (dotted); (i) Tearax = 2.7x10* K
and nearax =3 x 10" cm ™3 (dashed-dotted).
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Fig. 3. Axial profile of (Ty)., for the gas temperature cal-
culated in the same conditions as in figure 2 (curves) and
for the measured rotational temperature (points), obtained at
5 L min~' input gas flow for the following microwave powers
(in W): 500 (triangles), 600 (diamonds), 700 (circles).

Figure 4 plots, within the plasma region, the axial pro-
file (at r = 0) of the modulus of the gas velocity |v|,
calculated for the same conditions as before. The results
in this figure show that the plasma influences also the
gas flow path, acting as an obstacle responsible for a ve-
locity peak whose intensity increases with the electron
energy-density (i.e. with both neprax and Tearax). For
Nemax = 3 x 101 em™ and Toprax = 2 x 10* K, fig-
ure 4 shows results calculated with and without the sup-
plementary ion term in equation (1b). One can observe the
influence of the negative ion drag-force at the beginning
of the plasma [for 45 < z(mm) < 46 where the electron
density is rapidly growing, see figure 1-right(a)], which
extends throughout the entire plasma region to induce a
more rapid decrease in the axial profile of |v|.
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Fig. 4. Axial profile (at r = 0, within the plasma region)
of the modulus of the gas velocity, calculated at 5 L min™!
input gas flow, for (i) Toarax = 2 x 10 K and the following
nemax values (in 10 cmfe’): 3 (solid, with ion terms; circles,
without ion terms), 6 (dotted); (i) Tearax = 2.7 x 10* K and
Nemax = 3 x10% cm™2 (dashed-dotted).The insert is a zoom
over the beginning of the plasma region.

3.2 Influence of the input gas flow

Figure 5 shows the influence of the input flow on the gas
temperature profile, inside and outside the plasma region.
Under flow conditions, the gas temperature features a hol-
low spatial distribution near the nozzle’s tip, whose depth
becomes larger for longer energy relaxation lengths, as-
sociated with the effectiveness of the plasma-to-gas heat
transfer. Figure 5 shows that an increase in the input gas
flow leads to longer relaxation lengths in the axial direc-
tion for Ty, yielding a decrease in its maximum (in the
plasma region) and a simultaneous increase in its tail (out-
side the plasma). However, for the fixed n. and T, profiles
considered, the maximum of the gas temperature profile
is located always around z = 54 mm in the axial direction
[see figure 5(a)], which in any case is after the maximum
of the electron energy-density n.T, [see figure 1-right(a)].
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Fig. 5. Axial profile (at r = 0) of the gas temperature inside
the plasma region (a) and outside the plasma region (b), cal-
culated for neprax =3 x 10 ecm™2, Toprax = 2 x 10 K and
the following input gas flows (in L min~"): 3 (dashed curves),
5 (solid), 7 (dotted), 9 (dashed-dotted).

This explains the more effective plasma-to-gas heat trans-
fer occurring at lower input gas flows.

Experimentally, we observe the plasma length to in-
crease with the input gas flow, evidencing the important
role played by the residence time of species. In the present
simulations, with imposed electron density and tempera-
ture profiles, the influence of the plasma length cannot be
evaluated self-consistently. However, numerical tests show
that an increase in the plasma length (at constant max-
imum electron density) leads to higher 7, maxima, thus
reducing the effect observed in figure 5(a), also favouring
the gas heating outside the plasma region.

4 Final remarks

The development of a hydrodynamic model for a micro-
wave-driven TTA, operating in atmospheric pressure he-
lium in an open reactor configuration, has allowed to de-
scribe the influence of the plasma (using prescribed pro-
files for the electron density and temperature with maxi-
mum values of ~ 3 x 10 cm~? and ~ 2 x 10* K, respec-
tively) and of the input gas flow (3—9 L min~!) on the gas

velocity and temperature distributions. The model solves
the Navier-Stokes’ equations, including the effect of the
plasma in the momentum and the energy balance equa-
tions, where some supplementary terms were considered
to account for the drag-force and the Joule heating due to
the ions.

The model predicted average gas temperature values
of 2500 — 3500 K, in the same range of those obtained by
OES diagnostics. Simulations showed also that the plasma
changes the path of gas flow and that there is an effi-
cient plasma-to-gas power transfer, which demonstrates
the influence of the electron energy-density on the gas
heating via elastic electron-neutral collisions. Moreover,
an increase in the input gas flow was found responsible
for (i) longer relaxation lengths in the axial direction for
the gas temperature, and (ii) a decrease in its maximum
value.

The present work is part of a more extensive research
program for the self-consistent modelling of the TIA. Work
is in progress to develop a plasma model, describing the
two-dimensional drift-diffusion transport of charged parti-
cles in the system. This model will provide self-consistent
information about the plasma (in terms of its size and of
the charged particle density and temperature), through
its coupling with the hydrodynamic model, improving the
description of the gas flow and heat transfer.
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