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PACS.52.50.Dg - Plasma sources
PACS.52 75.Hn — Plasma torches
PACS 52.80 Mg — Arcs, sparks, lightning

Abstract. — The subsonic plasma jets with the diffusive shapes and supersonic cylindrical jets
in argon and nitrogen in low pressure chamber using the plasma torch with segmented anode
were generated. These plasma flow regimes are obtained for specified conditions of plasma
torch operating parameters and pressure in chamber. Based on the LTE assumption, simple
calculations have been performed for predicting the conditions of generating supersonic and
subsonic plasma jets. These calculations allow to analyse the temperature, velocity and shape
of plasma jets for operating parameters of plasma torch such as arc current, gas flow rate and
pressure in the chamber. The energy transfer for subsonic and supersonic jets 1s also calculated
and discussed.

Résumé. — Des jets de plasma, subsoniques avec une forme diffusive ou supersoniques et
cylindriques ont été obtenus avec de I’argon et de 'azote dans une chambre a basse pression
utilisant une source & plasma avec une anode segmentée. Ces régimes d’écoulement sont obtenus
pour des conditions spécifiques de pression dans la chambre et de fonctionnement de la source.
A partir de Phypothése d’équilibre thermodynamique local, un simple calcul a montré que l'on
pouvait définir les conditions permettant d’obtenir des jets soit subsoniques soit supersoniques
et analyser la température, la vitesse et la forme des jets de plasma pour différentes conditions
de fonctionnement de la source en intensité du courant d’arc et en pression dans la chambre. Les
transferts énergétiques pour des jets subsoniques et supersoniques ont été calculés et discutés.

1. Introduction

Plasma torches have become very important for many industrial applications such as plasma
spraying, powder processing, welding, cutting, waste treatment, gas pollution and for aerospace
researches, mainly to provide a test-environment for thermal loading of materials for the sim-
ulation of re-entry conditions by a space vehicle through upper atmospheric regions. The
plasma torches using an electric arc allow to produce stationary and ionized gas at low pres-
sure, between 10 and some thousands Pa with a temperature lower than 2 eV. A wide range of
technological variations in plasma torch is available to influence the plasma properties, such as
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divergent or cylindrical anodes, magnetic stabilization fields, vortex, cascaded arc The plasma
can be produced using arc operated for a wide range of currents (5-4000 A)

In this paper, we present different regimes of plasma flow obtained in low pressure chamber
using a plasma torch with segmented and cylindrical anode. We show the possibility to obtain
the subsonic plasma jets with the diffusive forms and supersonic cylindrical jets with argon
or nitrogen. The different plasma jets are obtained for specified conditions of plasma torch
operating parameters and pressure in chamber. In our experiments we use arc currents between
80 and 300 A with pressure of 10 to 100 kPa. For these conditions the electron density in
the arc and in the core of plasma jet determined from Saha equilibrium equation is around
1022 m~3. It 1s mostly agreed, that LTE should occur for electron number densities higher
than 5 x 102! m~2 [1,2]. Because this criterion is usually valid in the core region of a high-
current arc, it has been usually considered that for high-current arcs, the plasma in the core
region of the arc is generally in LTE [3-5]. Although the electron number density is higher
than minimum density for which LTE exists, the departures from LTE have been observed
for high speed plasma jets [6-8]. However, experimental and theoretical investigations [9-11]
allow to assume that for considering conditions of temperature, velocity and pressure, the
plasma. is closed to LTE. Therefore, based on LTE assumption, simple calculations have been
performed for predicting the conditions of generating supersonic and subsonic plasma jets.
These calculations are used to analyse the temperature, velocity and shape of plasma jets for
operating parameters of plasma torch such as arc current, gas flow rate and pressure in the
chamber. The energy transfer for subsonic and supersonic jets is also calculated and discussed.
It is shown that the energy balance is sufficient to describe the gas in the plasma source,
without solving the total set of equations {10,11].

2. Description of the Plasma Torch

The experiments were carried out with a vortex stabilized plasma. torch (Fig. 1). The cathode
is a 8 mm long, 6 mm diameter tungsten rod, mounted on a water-cooled support. The cathode
is movable in the plasma torch by the intermediary of screwed device allowing the adjustment
of the distance between anode and cathode. The channel of the plasma torch is composed
of water-cooled cylindrical segments made of copper, with an inner diameter of 12 mm and
a length of 30 mm. The segments are insulated from each other by discs with tangential gas
injection channels. The tangential gas injection produces a vortex effect in the plasma torch
channel that stabilizes the plasma arc. Different gases can be injected through the insulating
discs. The electric arc is initiated between the cathode and the anode or between the cathode
and one of the segment, thus allowing to choose the arc length.

The plasma torch is mounted on a low pressure chamber with a length of 540 mm and an
inner diameter of 115 mm

3. Analysis

3.1. TEMPERATURE AND VELOCITY OF PLASMA JET. — The different tests have led to
the conclusion that the best conditions for the stationary plasma jet production are obtained
with an arc of a length of some millimeters formed between the cathode and.the first segment
and for a jet stabilized in the chamber of the plasma torch constituted by several segments.
For the description of the arc and the jet located in the chamber of the plasma torch several
simplifications are assumed. The energy distribution function of all particles is isotropic.
The arc and the jet are formed in the core of the vortex where the pressure is constant and
the column of arc and the jet is cylindrical. In this zone, the flow can be considered as



Ne1 REGIMES OF ARC PLASMA FLOW AT LOW PRESSURE 197

IGNITION QOCLING
SYSTEM WATER IN

DC
SCURCE
COCLING
WATER QUT
FLOWMETER iy
PIRANI
VALVE GAUGE
Np Ar
i
acin, k
L
L
b
\ i p
COCLING
WATER IN
O
@)
o)
MANCVETER
WAER Oor @
FAIRANI
GAUGE
C— ©
O
LEAK VALVEX
VALUE
VACUUM
PUMP
Fig. 1. — Experimental plasma source set-up.

laminar (Reynolds number is between 200 and 300). The different processes are stationary and
thermodynamical equilibrium is obtained in the arc (thermal balance — one local temperature
for all particles — and chemical equilibrium due to the pressure). With these assumptions,
the temperature of arc and plasma jet can be calculated using energy equation for a single
component gas. The stationary local energy equation (without axial thermal conduction) is:

or aT 19 orT 2
PepVz = + pepUr 5 = S on <)\TE) — U, +0E (1)
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where: T is the temperature, E is the electric field, p is the density of the gas, ¢, is the specific
heat at constant pressure, A is the thermal conductivity, ¢ is the electric conductivity, v, and
v, are the components of the velocity in the z direction (axis of the channel of the plasma
torch) and in the r direction (radial axis), u, is the radiation loss. In the arc and in the part
of the plasma jet located in the core of the vortex, axial convection is preponderant compared
to the radial convection because of thermal gradient and the axial velocity V, > V.. It can be
neglected in equation (1). If we assume an uniform profile for pv, at the channel entrance of
the plasma torch and parallel streamlines of flow in the core of the vortex, we obtain from the
mass balance condition

pv, = G/nr? (2)

where: G is the mass flow rate, 7. is the radius of the channel of the plasma torch. This
assumption presents the advantage to introduce the possibility of solving independently the
energy balance of local mass balance equation. The axial electric field component F is given
by

1

_—
27 / ordr
0
where [ is the arc current.

Introducing a heat flux potential defined by the relation dS = AdT and the velocity of the gas
determined by (2), the temperature distribution 1n the arc and in the jet can be derived from
the equation

FE =

G %95 _19 (05
™2 X\ 8z ror\ Or

where ¢ = 1 for the arc and ¢ = 0 for the plasma jet in the channel in the region without
electric field. The energy equation is solved using a regular and orthogonal grid in r and =z
coordinates. Following relationships are applied connecting the physical gas properties o, .,
and the ratio ¢, /A to the heat flux potential for each step of the grid:

) — U, +eoE? (3)

c
- - P _
0 = lg,9, Up = Qo y S, = Gps,y- 4)

A

The solution of stationary energy equation (3) for the arc and for the plasma jet needs the
boundary conditions for the variable S and the partial derivative 85/9r. The four boundary
conditions are specified:

. a8
e symmetry axis of the arc and the plasma jet: 8_(0’ z)=0,
T

¢ wall temperature condition: S(r.,z) = 0 using a reference condition (S = 0) for the con-
stant wall temperature,

e energy boundary condition at the cathode surface: S(r,0) = ©(r) with
-2
-cp(r):ij(cﬁ—ﬁ) for 0<r<a
-p(r)=0 for a<r<r,
where: 7 is the density of current on the cathode, a is the radius of the cathodic spot, o,

is the electric conductivity of the gas closed the cathode, considering as constant value deter-
mined for r =0,
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e condition of continuity between the two zones in the channel (arc and jet)
S(r, zet = 0) = S(7, 2zare = lare) for 0<r<r,

where {,; is the length of the arc. This length corresponds to the distance between the cathode
surface and the first segment.
The cathode boundary condition assumes that the energy in the boundary layer is radially
dissipated in the gas. Using 2 x 107 A m™2 as a constant current density ) through the
cathodic spot [12,13] we determinate the radius a of the arc spot as a function of the arc
current.

The solution of equation (3) can be represented as a series of Bessel functions multiplied by
an exponential function:

S(r,z) = ) Ra(r)Zn(2) (5)

where:

2
R.(r) = Aplo(pr) + B, Yo (pr) Z.(2) =C,exp (— GZTC qiz)

and
2 _ 2 2
U = Qg 6E° — ay, , + 45

By application of the boundary conditions one obtains:

2 oo 2
S(r,z) =exp ﬂf—(aa,‘]eE2—am,J)z Azbexp | — e Iy Ty (6)
G oyt G

Qpa,y Qpa,3 Te

where' I and Y} are Bessel functions of order zero of the first and second kinds, respectively,
4 are roots of equation Iy(vy,) = 0. The coefficients A,§ are obtained from cathode boundary
conditions for arc and condition of continuity between the two zones in the channel (arc and
jet) for plasma jet; one finds that

__ 2%
" Y3l (yn)oca

and

6=1 ) for arc

2

6§ = exp [M (aawE2 — gy — :—;‘)J for plasma jet
1 C

The heat flux potential distribution of arc and plasma jet (6) are calculated simultaneously
with a computation of the physical properties expressed as a function of the heat flux potential
and the pressure. The thermal conductivity is calculated as a sum of three components: the
thermal conductivity due to the particle translational energy, the thermal conductivity attached
to the internal molecular energies and the thermal conductivity fraction which is due to the
various chemical reactions (dissociation, ionization). The translational thermal conductivity
is calculated using the second approximation of the Chapmann-Enskog method [14]. The
reactive contribution is determined using the theory of Butler and Brokav [15] as extended to
the case of partially ionized gases and internal thermal conductivity is calculated by Eucken
method [16]. The different integrals of collisions have been determined by means of a potential
of typical rigid spheres for neutral-neutrals interactions, dipole for ion-neutrals and electron-
neutral interactions [14] and Debye for charged-charged interactions [17,18]. The gas density is
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obtained using an ideal gas model. The specific heat coeflicient at constant pressure is evaluated
by a numerical differentiation of the total enthalpy which is the sum of the enthalpies of
molecules, atoms, ions and electrons. The calculation of the specific heat coefficient at constant
volume ¢y. necessary for the calculation of the velocity of sound v, [19] and to discriminate
between the subsonic and supersonic regime of the flow, has been derived from a numerical
differentiation of the internal energy determined from the enthalpy. The electric conductivity
has been calculated from the expression [20] using the electron density, determined from the
Saha law for equilibrium conditions. For argon. the radiation power in the energy equation has
been calculated from the sum of the contributions of free — free radiation, line radiation and
free — bound radiation [10]. For nitrogen, the emission coefficients deduced from the curves of
reference [21].

3.2. ENERGY TRANSFER. — In order to evaluate the global energy distribution in the channel,
the total electric input and radiation energy, the anode heat exchange and input and output
convective energy are evaluated. These quantities are calculated by summing the values at
each element of volume determined by indices 1, j.

The arc plasma is created by Ohmic heating of the gas due to the current flowing between
the cathode and the anode. Ohmic heat input is:

larc Te
/// 0E2dV=27rE2/ / o(r,z)rdrdz
v 0 0

19 n=1 n ¢

(Qus; — GoryEE?)

il

QOhm

I

L

T2 + 72 (ays,; — Gor e E?) z] }

X € —
P [ Gap,,

T, n
X —=rl (lr>
’y’n- TC

The absorption can be considered as negligible in the core of the plasma [22] and a strong
absorption appears in the cold boundary layer along the wall. In this simple model the heat
loss by radiation is calculated taken into account emission but not absorption. The total heat
loss by radiation is then determined by the expression:

lae pre
/// quV:27r/ / ur(r, z)rdrdz
v 0 0

o
Gap,
2250 Y ey Y A { - e
2 7 n=1 n ¢

-1
74

(7)

7‘]_1

U,

1

au'L,] - aUl,] 5E2)

A

X exp [—

r
x —rl; (’y—"r)
Vn Te

For calculation of conduction heat transfer, the anode is considered as thin walled ring. The
exterior surface is water cooled, and the interior surface is heated by the arc. The heat flux on
the surface is-

2 2 2
TYn + 7TC (auz,] _ a"”uﬂeE )Z:l }
Gap,,

ll—l
T,

(8)

’7‘_)_1

Qeond = —Ao—€, = ——e, (9)
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so the total conduction heat transfer in the anode is given by:

[B-IC ~
Qcond fomad _271.,’,0 / 85’(1‘, /v) dZ
0 or

> Gagp,
= o Z Z Z Al {— ™5 + Wrg(au:J J_ @1y €E?)

g3 n=1

L

2 2
i i~ tese) ]|
Gap,

X exp [—

XYuli <'Y_n,r>
Tc

The convective heat flux passing through the surface for z = 0 and z = l,;. takes the form:

lz—l
]

(10)

;-1

2G [ ¢p(r, 2)
con’ = 2Cp T = 5 P )
Qcont /Spv cpT'ds 7z /0 N 2) S(r,z)rdr

2G = 2 2 ut,3 — Yo E2 n
_ Z Z Anéapl’] exp [_ TV + e (CL ¥ Qgy,9€ ) Z:| LIl (lr)
Te — Gap,,;

T g on

(11)

In the balance energy equations the difference between heat flux passing through the surface
for z = 0 and heat flux through the surface z = I, is taken into account.

3.3. METHOD OF CALCULATION. — The heat flux potential distribution (6) is determined
with three subroutines and a main program. The POTENTIAL subroutine calculates the coeffi-
cient A and the heat flux potential S as a function of the temperature and the pressure. The
subroutine PROPERTY calculates parameters ¢, ¢y. o, ¥s and ¢ as a function of temperature
and the pressure. The internal energy is also calculated by this subroutine. The COEFFICIENT
subroutine gives an approximation for coefficients a,, a, and @, by a constant value or by a
linear approximation in each interval AS of the heat flux potential.

The main program PAPYRUS has three functions:

1} determination of the boundary conditions for the jet from the energy equation of the arc,
2) calculation of the field S(z.r) and the velocity field in the plasma jet and the field of tem-
perature,

3) calculation of energy transfer using the fields of heat flux potential in the arc and in the
plasma jet.

In the calculation of fields, the arc is divided following its length in n equal parts and
following the radius in p equal parts, forming thus n x p identical elements of volume. First,
the heat flux potential distribution is determined in the section of the arc for z = 0. By using
this distribution of (r), coefficients a,, a- and a, had been chosen for y =1 and2 =1, ... p.
The heat flux potential is then calculated. coefficients being modified at each step of the grid.

Calculated profiles at the extremities of the arc are used to initialize the calculation in the
plasma jet. Using the same grid following the variable r the heat flux potential distribution in
the plasma jet is obtained. Next the energy transfer is calculated applying the fields of heat
flux potential in the arc and in the plasma jet.
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TFig. 2 — Ellipsoidal subsonic plasma jet, argon, 26.6 kPa, 70 A, 0.4 g s™*

4. Regimes of Flow

Experiments have been performed with argon and nitrogen for different mass flow rates, be-
tween 0.04 gs~! and 1.2 g s™!, and for a static pressure measured in the chamber of the
plasma torch in the range of 10-100 kPa. The arc currents have been in the range of 80—
300 A. The velocity, temperature and energy transfer have been calculated and discussed for
the experimental conditions.

It should be noted that the calculated temperature 1s function of the current density on the
cathode surface. A change in current density by a factor 2 induces a change in temperature at
the cathodic region by about 35%. However, the difference of temperature at the torch exit is
less important and is estimated to be 15%. The results show that the variation of 20% on the
value of the electric field induces only a variation of 5% on the temperature in the developed
arc region. Because of that, the calculated distributions depend on arc current and arc voltage
determined by experiments.

4.1. SuBSONIC PLASMA FLOW. — At a higher mass flow rate then 0.1 g s~! the flow remains
subsonic for the used range of arc current. The shape of the plasma jet is similar to the jet
showed in Figure 2 for an arc current lower than 90 A, or with an identical shape as presented
in Figure 3 for an arc current higher than 90 A. For low arc current, the jet has quasi-ellipsoidal
contours. For high arc currents, a luminous core appears and the shape of the subsonic plasma
jet is then always conical until its interaction with the wall chamber in quartz. The increase
of the arc current for the following range of mass flow rate, 0.1 g s™* — 0.5 g ™!, induces an
increase of the diameter of the luminous core while its length remains quasi constant. For a
mass flow rate up to 0.8 g s~1. not only the diameter of the luminous core increases considerably
with the increase of the arc current but also its length. For experimental conditions for pressure,
mass flow rate and arc current, there is no shock wave in the plasma jet confirming the subsonic
velocity of the flow. The argon arc voltage 15 decreasing from 42 V to 28 V and the electric
power is quasi linear rising from 3 kW to 8.2 kW for the argon arc.

The calculated temperature and velocity distributions in jet at the plasma torch exit is
presented in Figure 4 for a pressure in the chamber of 26.6 kPa and for a mass flow rate of
05 gs~!. The temperature is increasing from 6220 K to 12500 K on the plasma jet axis
(r = 0). for an arc current varying from 80 A to 280 A. It should be noted that the increase of
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Fig. 3 — Conical subsonic plasma jet, argon, 26 6 kPa, 190 A, 0.4 g s~ .
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Fig 4. — Temperature and velocity distributions at the plasma torch exit

the arc current induces the appearance of a uniform zone in temperature greater, in the order
6 mm of diameter for an arc current of 280 A. The velocity on the plasma jet axis is 1ncreasing
with the arc current from 210 m s=! to 430 m s~! and the Mach number increase from 0.15 to
0.27 (Fig. 5). The increase of the mass flow rate induces an important increase of the velocity
from 430 m 5! to 930 m s~! for an arc current of 280 A and the Mach number reaches 0.6
(Fig. 5). This effect is explained by relation (2) where the velocity is proportional to the mass
flow rate but also by the variation of the mass density due to the variation of the temperature;
the increase of the mass flow rate entailing a growth of the temperature. This influence of the
mass flow rate to temperature is explained by the variation of the power transmitted to the
arc.
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The calculations of energy transfer show that radiation loss is most important for the arc
current of 200 and 250 A. For these values of arc current the radiation loss is respectively 82%
and 86% of the Ohmic heating. The conduction heat transfer in the anode 1s below 15%. The
radiation loss decreases with arc current and for the value of 160 A we estimate as 20.6%.
The convective heat flux passing through the surface for z = ., increases from 736 W for arc
current of 160 A to 1166 W for current of 250 A.

Plasma jet exiting the channel of the plasma torch is characterized by a luminous core.
With assumption that this core corresponds to a temperature up to 6000 K, it is possible to
compare the diameter of the calculated core and the diameter deduced by photography. The
limit to 6000 K is chosen by reason of the sharp decrease in the electric conductivity to this
temperature. Figure 6 shows the good agreement between calculated results and measured
results. It can be seen that the diameter increases with the arc current and that mass flow
rate has no significant influence on this diameter.

Nitrogen plasma jets have a similar shape as argon jets but for an arc current up to 120 A,
they present a core more luminous than for argon and have a length equal to that of the quartz
cylinder. For nitrogen, the arc voltage is decreasing from 65 to 30 V and the electric power is
quasi linearly increasing from 5.9 to 11.2 kW.

For a pressure in the chamber of 26.6 kPa and for a nitrogen mass flow rate of 0.5 g s™!, the
calculated temperature (Fig. 7) is increasing from 7200 K to 12 000 K at the plasma torch exit
and on the jet axis (r = 0) for an arc current varying from 120 A to 280 A. The argon plasma
temperature is higher than the nitrogen with a difference of 1000 K although the electric power
is lower. The nitrogen plasma velocity on the jet axis is varying from 350 to 610 m s=! (Fig. 7)
while being superior to that of argon, at an arc current of 280 A, it is 610 m s~! in nitrogen
and 430 m s™! in argon. Mach numbers vary from 0.24 for a mass flow rate of 0.5 g s™! to
0.68 for a mass flow rate of 1.1 g s~* (Fig. 8) A calculation of the radius of the plasma jet for
the two values of mass flow rate: 0.5 and 1.1 g s™!, shows a good agreement with experimental
measurements (Fig. 9).

4.2. SUPERSONIC PrAsMA FLow. — For a pressure in the chamber of 10.6 kPa, a mass flow
rate of 0.04 g s™! and for arc current up to 180 A, a cylindrical plasma. jet has been observed
with a diameter corresponding to the diameter of the plasma torch exit (Fig. 10). The luminous
part of the jet is approximately 1 m long. In an intermediate configuration for the jet. a first
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cylindrical part at the plasma torch exit then a conical part (Fig. 11) are observed. It should
be noted that cylindrical jets are more easily obtained with argon compared to nitrogen. For
example, with a longer nitrogen arc (between the cathode and the second segment), a cylindrical
plasma jet is not obtained while argon jets take this form for more high currents. The passage
to the cylindrical form of the jet is often associated to an erosion of the cathode, this erosion
is not observed in the case of the stable cyhndrical jet.
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Calculations for experimental conditions in which cylindrical jets are obtained, have shown
that for the cylindrical jet at the plasma torch exit in a first part and then conical in a second
part, the velocity is approximately equal to the sound velocity. Cylindrical jets correspond to
light supersonic flows since the calculated Mach numbers are between 1.04 and 1.08, velocities at
the plasma torch exit are between 1750 m s~! and 2150 m s~! and temperatures are between
9800 K and 13 800 K for nitrogen (Fig. 12). One should note that the temperature for
supersonic cylindrical jets is superior to the temperature of subsonic jets. Both experiments
and calculations shown that the region with a strong thermal gradient that is situated between
the high temperature core and the surrounding cold region is very thin.
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Fig. 10 — Supersonic plasma jet, M = 1, argon, 10.6 kPa, 180 A, 0.08 g s™1.

Fig 11 — Supersonic plasma jet, M > 1, argon. 10.6 kPa, 280 A, 0.04 g s™ 1.

The calculations of energy transfer show that in supersonic regime, the radiative terms are
small compared to subsonic regime. In the argon arc, the calculated radiation loss presents
44% of the Ohmic heating for arc current of 280 A and only 7% for arc current of 180 A. The
convective heat flux through the surface for z = ... is 3881 W for arc current of 280 A and
1156 W for current of 180 A.

5. Conclusions

The subsonic plasma jets with the diffusive forms and supersonic cylindrical jets in argon
and nitrogen in low pressure chamber using the plasma torch with segmented anode were
obtained. The different regimes of plasma flow are obtained for specified conditions of plasma
torch operating parameters and pressure in chamber. Based on the LTE assumption, simple
and successful calculation have been performed for predicting the conditions of generating
supersonic and subsonic plasma jets using only energy equation. These calculations allow to
analyse the temperature, velocity and shape of plasma jets for operating parameters of plasma
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Fig. 12. — Temperature and velocity distributions for a cylindrical jet at the plasma torch exit.

torch such as arc current, gas flow rate and pressure in the chamber. The energy transfer for
subsonic and supersonic jets is also calculated and discussed.

The results show that cylindrical jets correspond to light supersonic flows with the Mach
numbers between 1.04 and 1.08. The subsonic jets have diffusive shape and the Mach number
is below 0.6. The temperature for supersonic cylindrical jets is greater than the temperature of
subsonic jets. The calculations of energy transfer show that in supersonic regime, the radiative
term is small and axial convective heat flux is large compared to subsonic regime.

We have shown the possibility of a simple analyse of a plasmatron by the energy equation.
However, a necessary precise validation 1s planed to confirm the temperature profiles by optical
emission spectroscopy.
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