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PACS.52.50.Dg ~ Plasma sources
PACS.52.75.Hn — Plasma torches

Abstract. — The influence of torch nozzle geometry on plasma jet properties is investigated
using a non-equilibrium model. A code is developed to numerically solve the conservation equa-
tions of mass, momentum and energies by means of finite difference method. The distributions
of pressure, temperatures, electron density and velocities are studied for different angles and
lengths of plasma torch nozzle and the possibility of generating a wide variety of plasma jets by
changing the geometry of the plasma torch nozzle is demonstrated.

Résumé. — L’influence de la géométrie de la tuyere d'une source de plasma & arc est étudiée
en utilisant un modele hors-équilibre. Un code numérique a été développé pour résoudre numé-
riquement les équations de conservation de masse, de quantité de mouvement et d’énergies a
partir d'une méthode de différences fimes. Les distributions de pression, températures, densité
électronique et vitesses ont été étudiées pour différents angles et longueurs de la tuyére et la
possibilité de créer une grande vanété de jets de plasma en changeant la géométrie de la tuyére
est démontrée.

1. Introduction

The thermal plasma jets are widely used for industrial applications and in the laboratories
for simulation of physical phenomena. For these aims, plasma jets of different properties such
as temperature, velocity, pressure and composition, are necessary. The thermal plasma jets
have temperature below 25 000 K, subsonic or supersonic velocities and the range of pressures
100 kPa—1Pa. A wide variety of plasma torches is used to obtain plasma jets. The construction
of torch nozzle has a crucial importance in the production of different regimes of plasma
flow. The cylindrical nozzles are, most often used, to produce the subsonic plasma jets, in
equilibrium conditions (except near the wall) with high temperature and near the atmospheric
pressure. The divergent nozzles allow to produce supersonic non-equilibrium jets with lower
temperatures and pressures. For applications, a good knowledge and control of the plasma is
very important. Therefore, it is essential to have a model allowing to simulate different plasma,
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jets. This model has to take into account correctly phenomena occurring in wide variety of
plasma jet conditions: high speed flow, deviations from thermal and chemical equilibrium,
diffusion and heat conduction. Over the past years, extensive experimental and theoretical
works on plasma torches have been conducted. However, most of the investigations were valid
to atmospheric pressure plasma jets in cylindrical nozzles, which justifies the assumption of
LTE. In divergent nozzles a strong expansion of plasma is obtained [1,3,4] and modelling work
for atmospheric pressure plasma jet may not be applicable to the expanding plasma jets. In a
realistic analysis of low-pressure, high-speed plasma jets deviations from LTE must be taken
into account [5,6].

The plasma jets are described by the conservation equations of mass, momentum and energy,
with state equation and Dalton’s law. These equations are solved using finite difference method
or finite volume method. Among these methods, Patankar-Spalding’s [7] is the most popular,
this method is applied to solve non-equilibrium plasma equations {5, 8], equilibrium plasma
system [9] and the boundary layer equations.

In this paper, the possibility of producing a wide variety of plasma jets, by changing the ge-
ometry of the nozzle, is shown. By this way, it is possible to obtain subsonic and supersonic, low
and atmospheric pressure plasma jets in equilibrium and non-equilibrium conditions. There-
fore, it is necessary to elaborate a model taking into account these situations. In the model,
the plasma is treated as a two-component and two-temperature mixture that contains heavy
species (neutral atoms and ions) and electrons. For description of these plasmas the continuity,
momentum and energy equations for heavy species and electrons are solved by finite difference
method.

The calculations are performed with argon for cylindrical and divergent nozzles. For different
geometrical conditions, the temperatures, velocities, pressure and plasma composition were
investigated.

2. Plasma Torches

The modelling is applied in the case of plasma torches used at Laboratoire d’Aérothermique
(Fig. 1a) and Institute of Electric Power Engineering (Fig. 1b). The plasma jets are produced
by a torch with a stationary regime.

At the Laboratoire d’Aérothermique, the cathode, made of thoriated tungsten (W+3%ThO3)
or zirconium is placed in a water-cooled support. The anode, made of cooper consists of
a cylindrical part and a divergent part. The electrical insulation between the two parts is
obtained using an insulating part in which holes were drilled to inject the gas.

At the Institute of Electric Power Engineering, a plasma torch with cylindrical segmented
nozzle is used, the diameter is 12 mm and its length 30 mm. The cathode is a 8 mm long and
6 mm in diameter thoriated tungsten (W +3%ThO,) rod, mounted on a water-cooled support.
The plasma, torch chamber is formed by 6 segments insulated from each other by disc with
the gas injection channels. The electric arc between cathode and the first segment produces a
plasma jet which develops along the chamber of torch.

3. Modelling

3.1. GOVERNING EQUATIONS. — For modelling of plasma jets pr(“)duced by the electric arc,
several assumptions are taken into account: the electric arc is formed in the cylindrical part
of the torch and the plasma jet in the divergent or cylindrical part, stationary processes are
considered, the argon plasma is assumed to be single ionized, locally quasi-neutral, with local
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a)

Fig. 1. — Plasma torches: a) used at the Laboratoire d’Aérothermique, b) used at the Institute of
Electric Power Engineering.

temperature non-equilibrium, the electrical field is supposed to be one-dimensional and uniform
over the arc cross section.

The complete description of the non-equilibrium plasma, flow is given by the degree of ion-
ization, velocities, electron and heavy species temperatures and pressure. These variables
are determined by solving the continuity, momentum, composition and energies equations.
Using cylindrical co-ordinates, and considering the above-mentioned assumptions, we can write
the governing equations as follows. As first approximation, the continuity and momentum
equations for axisymmetric, supersonic, laminar jets are written as:

8 10

55 (pw) + ~ = (rpv) =0 (1)
ou Ou 10 ou Op

mar g = e (o) o @
ov ov 20 ov B M 3 ?2

e R (”‘E) = B 3)

where u and v are the axial and radial velocities, p is the plasma mass density, p is the pressure
and p is the viscosity, z and r are the axial and radial co-ordinates.

The plasma density is calculated by neglecting electron density: p = (n; + n,)mp and the
plasma, pressure by Dalton’s law: p = (n, +n,)kT + nekTe where ny, n. and n; are the number
densities of neutral atoms, electrons and ions respectively, my is the heavy species mass, k is
the Boltzmann constant, 7 and T, are heavy species and electron temperatures respectively.
With the local quasi neutrality assumption n; & n., and introducing the heavy species number
density nn = n; + n, the equation of state becomes: p = nyk(T + aT,) where a = ne/np
denotes the ionization degree.
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For a single ionized, monatomic gas, at locally quasi neutral conditions the diffusion process
is controlled by ambipolar diffusion and the electron conservation equation is:

9 10 19 One

—(n ——(rnev) = =—— (D +w 4
6z(eu)+r8r(re) T ( 31‘) ¢ @
where D is the ambipolar diffusion coefficient and w, is the electron source term.
Substituting the electron density n. for the degree of ionization «, and taking into account the
continuity equation (1) we obtain:

da da 10 Daa . 5
puo- +pfu5 =5 (rp —B—T) + MpWe. (5)
There are three possible mechanisms of recombination: electron-electron-atom three-body colli-
sions, electron-atom-atom three-body collisions and radiative processes. In typical low-pressure
plasma jets, the electron density 1s around 10?° m—2 and the first process is the most important.
Therefore, as a first approximation, we consider three-body recombination, with an electron
as the third body, as the predominant recombination process and electron atom collision as
the predominant ionization process, consequently the following chemical reaction is taken into
account: Ar +e~ & Art + e~ +e~. However, because of the high velocities, deviation from
ionization equilibrium will be further enhanced. In extreme cases a “frozen flow”, the chemi-
cal reactions (ionization and recombination) cannot follow the fast macroscopic translation of
charged particles in the plasma jet. This deviation from chemical or ionization equilibrium will
manifest itself by substantially higher electron densities than one would expect from the pre-
vailing temperatures. For the following analysis, the model of Hoffert-Lien [10] will be adopted
because the good agreement with experiments. The electron source term is:
dn

e 3
_dT = KionTinNe — krene-

The ionization rate coefficient ko, can be expressed as follows [10]:

We =

- Ey. Ei.
buon = 855 (2mme) VAT b+ 1) o (‘ k;"e)
where E;, is the first excitation energy and S is the cross-section parameter which is a constant
for a given atom. For argon, the values of S, and E;, are 7.0 x 10718 ¢m? eV~1 and 11.67 eV
respectively [10].
The recombination rate can be calculated from the equilibrium relation:

o kon 278 [ 2rm kT, \ >/* Eion
Re = g —_—— _
1= and Keq Ze < 5 exp KT,

where h is Planck’s constant. The ionization energy is defined by F,on = €(Ep — AE), where
Ey = 15.76 eV and the lowering of the ionization energy due to electric ions field is given by
AE = 2.086 x 1071, /2n. /T, in eV. The electronic partition functions of Art and Ar according
to Drawin and Felenbok [11] are:

Ze=1 and Z° =4+ 2exp(—2059/T)

The energy equation for heavy particles is transformed into

;k"h ( 3_T_+U?£) _19 ( na—T-> +u%(anh) +v58;(anh) +B(T.~-T) (6)

uBz Or _;5_7: 4 Or



N°6 INFLUENCE OF TORCH NOZZLE GEOMETRY. ... 1365

and the electron energy equation is

5 8T  oT.\ 10 ( 8T\, K 9 ) :
—2-kne (’U.—a; +’U-b—r—) = ;-é; (Tﬂe—g) +U'é_z'(nekTe)+U'a_r(nekTe)—Elonwe+ql—B(Te—T)
(M)

where xk and k. are respectively heavy particle and electron heat conductivities.
The source term B(T, — T') is the energy exchange between electrons and heavy species due to
elastic collisions with the coefficient B represented by

m
B = 3kne—ven
mn

where Ve, = Vei + Ven are the average elastic collision frequencies between electron-ion (ve,) and
electron-neutral (Ven):

. e‘neln A Ven = 11n(Qen) 8kT,
t T 12re22mm kST T TN e

The Coulomb logarithm In A is given by:

3/2 [ma
InA =1In { 6v2r (5—";) =
e e

where e is the electron charge, £¢ is the permeability.

This value is lower than the value obtained from a definition of the Debye length without
taking into account the shielding of the ions. The value of Coulomb logarithm may have an
important influence on the results of temperature calculation for high-density low-temperature
plasmas. In our case this influence is not important.

The average electron-neutral collision cross section is calculated by the semi-empirical expres-
sion [8]:

(Qen) =28 x 10747, —4.1 x 107372 =3 x 1072 in (m?).

The radiative term in strongly flowing plasma jets is small compared to the convective term.
However, the calculations are performed taken into account electron-neutral free-free radiation

e—0 - . . e—i1 . . . Line .
o+, electron-ion free-free radiation @7, , and the line radiation Q2% [8]:

— e—o e—i line
¥ = Qrad + rad + &raq

where Q% = 53.7597 ¥ Ao, Q% = 91072, QY™ = 2.572 x 10*A. > and the dimension-
less electron density is determined as 7i, = n./10*° and the dimensionless neutral density is

g = n0/1024.

3.2. PHysicaL PROPERTIES OF PLASMA. — The numerical solving of plasma conservation
equations requires the calculation of transport coefficients. These coefficients are function of
four variables: electron and heavy species densities and electron and heavy species tempera-
tures.

The thermal conductivity is calculated as a sum of three components: the thermal conduc-
tivity due to the particle translational energy, the thermal conductivity attached to the internal
energies and the thermal conductivity due to the chemical reactions. The translational thermal
conductivity coefficient is calculated using the first approximation of the Chapmann-Enskog
method [12]. The reactive term contribution is determined using the theory of Butler and
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Brokav [13] as extended to the case of partially ionized gases and internal thermal conductivity
is calculated by Eucken method [14].
The electronic thermal conductivity is determined by the following equation [15]:

_ 901078 1 3752
Re = g my T349mA" T
The plasma viscosity is calculated from the definition of the Prandtl number, with the assump-
tion of P, = 2/3, u = Pr(A/cp), where the specific heat coefficient c;,, at constant pressure is
evaluated by numerical differentiation of the total enthalpy which is the sum of the enthalpies
of atoms, ions and electrons
The ambipolar diffusion coefficient is determined by the expression of Devoto [16],
D = 3kTe/4pQn, in which ©, is the first approximation to the ion-atom collision integral [8]
Qin = 2.84 x 107177038 in (m3s—1).

3.3. BOUNDARY CONDITIONS. — The system of partial differential plasma flow equations is
solved with the boundary conditions specified for the inlet of divergent part of the nozzle, axis
and wall.

e At the inlet of divergent part, the boundary conditions are specified by arc plasma model (17]
allowing to determine temperature and velocity distributions for different operating parameters
of plasma torch such as arc current, gas flow rate and pressure. Temperature equilibrium and
non-equilibrium conditions are studied.

e On the axis, axisymmetric conditions are satisfied:

T, QZ ~0 Oa 0 ou
or ~ or 7 9r 7 or
¢ On the wall, adiabatic and isothermal conditions are tested. For isothermal conditions, the

arbitrary values Ty = 1000 K and 7, way = 6000 K are chosen with no-slip conditions on
velocities.

=0, wv(0,2)=0.

3.4. NUMERICAL METHOD. — The previous equations (1--7) of continuity, momentum, com-
position and energies for electrons and heavy species have the general form:

6Fm+ 8Fm__3_ OFy +d
Gm =5, ™9z T or ™o m

A finite difference method is used, the discretization of the nonlinear 2nd order differential
equation being obtained according to the differential diagram of two layers ¢, ¢+1, and six points
k, k—1, k+1[18]. On the wall, for the pressure and densities, the zero-gradient extrapolation
is applied. The pressure and velocity correction equations are solved by numerical method of
Patankar and Spalding [7].

Taking into account the conical geometry of the divergent and axisymmetry of the problem,
the following numerical grid is considered (Fig. 2):

fAz, Ar = 5{7'1, k= (k - I)A""u k=1, .., N'r; Ty, 1= 0, Ty, Nr = Tc;
zi, 1= 1., Nz, 21 =0, zn, = zmax}
where a finer grid generation is used for z, [19]:

(1 - tanh(g(1 — s))]
tanh(g)

z = {ps +(1-p) } (2nz — 21),
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Fig 2. — Computational grid.
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Fig. 3. — Inflow boundary conditions with real and adiabatic wall, a) electron and heavy particle
temperature, b) axial velocity.
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with s = ——, p=0.1, ¢ = 2.0 and Ar, determined as
Nz-1
A h;f 2+ B

Arzzrz, k41— Ty, k= Nr—1
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Fig. 4. — Pressure field in the divergent nozzle of exit diameter 20 mm.

An auxiliary grid is also introduced for the calculation of different discretized terms:
Earp2, azp2 = E{ru kx1y2 = (K £ 1/2)Ary, 2,410 = (1 +1/2)Az}.
The numerical solution is assumed to be converged when the following condition is verified:

(F 1 by,

T EE |

The previous numerical method is used to elaborate the simulation program of plasma jet. This
program allows to analyse the flow for different shapes of nozzle with the angle of divergence
varying from 0° (cylindrical nozzle) to 80° and for different operating parameters of plasma
torch.

4. Results

The calculations are performed for cylindrical and divergent nozzles. The diameter of the
cylinder is 4 mm. Two shapes of divergent nozzle are studied: inlet diameter of divergent
is the same 4 mm, while the exit diameters are different: 20 mm and 40 mm. We have
also compared the results for two different lengths of the nozzle: 44 mm and 88 mm. The
calculations are carried out for the inlet pressure of 95 kPa, the mass flow rate of 0.5 g s~ !
and arc current of 400 A. For these different geometrical conditions and the constant operating
plasma torch conditions, the temperatures, velocities, pressure and plasma composition are
investigated.

The inflow boundary conditions are specified at the beginning of the divergent part of the
nozzle. At first, the calculations are performed for the entry temperature and velocity distribu-
tions shown in Figure 3 and for the real wall with no-slip conditions on velocities, Tyan = 1000 K
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Fig. 5 — Axial veloaty field in the divergent nozzle of exit diameter 20 mm.
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Fig. 6. — Heavy particle temperature field in the divergent nozzle of exit diameter 20 mm.

and T, wan = 6000 K. Because of strong gradients near the wall, a fine grid is used and the
calculation becomes very time consuming. Therefore, we use imaginary wall with adiabatic
and slip conditions (Fig. 3). The calculating test for both wall conditions proves little influence
on the results in the central part of the nozzle except in thin layer near the wall. It’s the reason
why we used the numerical model with assumption of adiabatic wall.
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Fig. 7. — Axial distributions of pressure for different shapes of nozzle.
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Fig. 8. — Axial distributions of velocity for different shapes of nozzle.

The pressure, velocity and temperature in the cylindrical nozzle (with mass flow rate 0.5 g s~1
and arc current 400 A), vary very slightly compared to the divergent nozzle case: the pressure
decreases along the axis from 95 kPa to 83 kPa, consequently a small increase of the axial
velocity (from 1630 to 1740 m s™1) is observed due to the weak value of the term dp/dz in the



N°6 INFLUENCE OF TORCH NOZZLE GEOMETRY... 1371

T, Te(K)

1200084 |
1.0000E4 |
8.0000€3 |
6.0000€3 |

4.0000E3

0.000 0.010 0.020 0030 0.040

z(m)
Fig. 9. — Axial distributions of heavy particle and electron temperatures for different shapes of nozzle.
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Fig 10. — Pressure field in the divergent nozzle of exit diameter 40 mm.

momentum conservation equation, the temperatures remain high (from 13 700 K at the inlet
to 12 800 K at the exit) and in equilibrium during all the evolution. An important influence of
the wall conditions on the temperature distribution, due to the radial conductive heat flux, is
observed.
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Fig. 11. — Axial velocity field in the divergent nozzle of exit diameter 40 mm.

The fields of the pressure (Fig. 4), axial velocity (Fig. 5) and heavy species temperature
(Fig. 6) in the divergent nozzle of exit diameter 20 mm are shown. The expansion of the plasma
jet causes sudden decrease of the pressure, from 95 kPa to 539 Pa (Fig. 7), which provokes
a strong increase of axial velocity, from 1630 m s™! to 4030 m s~! (Fig. 8). Because of this
effect the convective term in the energy equation becomes dominant and a strong decrease of
temperature, from 13 700 K to 4940 K, is obtained (Fig. 9). As temperatures decrease, the
thermal non-equilibrium appears at 2.5 mm from the entry where T = 10 000 K, and at the
exit, a difference of 400 K is obtained (7' = 4940 K, T, = 5340 K).

The fields of the pressure (Fig. 10), axial velocity (Fig. 11) and heavy species temperature
(Fig. 12) are presented for 40 mm exit diameter of divergent nozzle. For this nozzle, the
expansion is much stronger than for 20 mm exit diameter, the pressure decreases from 95 kPa
to 84 Pa (Fig. 7). The temperatures decrease from 13 700 K to T = 3180 K for heavy
particles and to T, = 4060 K for electrons (Fig. 9). At the distance more than 5 mm, the
radial conductive heat flux is small compared to convective term and the wall condition does
not influence the radial variation of the temperature (Fig. 13). A more important deviation
from equilibrium condition is observed (Fig. 9). The decrease results in the pressure has for
consequence the increase of the velocity (from 1630 m s~! to 4 360 m s~') which is higher than
for the case of nozzle with 20 mm diameter (Fig. 8). In the two divergent cases, the strong
variations of plasma jet parameters are observed at the distance of 10 mm from the entry of
nozzle due to the expansion effect.

In the core of the plasma jet, where temperature is high (more than 10 000 K), the thermal
equilibrium condition is verified, while for lower temperatures (especially near the wall) the
thermal non-equilibrium appears.

The degree of ionization « varies only slightly in the nozzle (from 0.27 to 0.25), except
near the wall because of the low temperature in that region (close to the wall o ~ 1073).
The electron density varies from the inlet of the nozzle 1.3 x 1023 m~2 to its exit 4.3 x 1020 m~3.
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Fig. 12. — Heavy particle temperature field in the divergent nozzle of exit diameter 40 mm.
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The radial velocity distribution depends on geometrical shape of the nozzle but its value
is negligible compared to the axial velocity (u/v < 20%). If the radial velocity is not taken
into account in the resolution of plasma equations, the results obtained show a difference for
velocity below 15% and for the temperature below 10%.

For the nozzle 88 mm in length with the same angle than that of the nozzle 44 mm in
length and 40 mm in exit diameter, and for the same inlet conditions, at the exit of the nozzle
the temperature decreases to 1324 K, the heavy species and electron densities decrease to
7.45 x 10 m~3 and to 2.06 x 102° m~2, respectively, resulting in an important reduction of
the pressure from 95 kPa to 17 Pa, the axial velocity is being only slightly increased (2%).

5. Conclusions

It is well-known that different plasma jets can be obtained changing the operating parameters
of plasma torch, however the possibility of obtaining wide variety of plasma, jets by this mean is
rather limited. The presented calculations show that a wide variety of regimes and properties
can be obtained from a geometrical change of the plasma torch nozzle. The results prove
that by changing the angle and the length of the nozzle, the plasma jets can be supersonic or
subsonic with Mach numbers [6] in the range 0.1-5, as well as in equilibrium or non-equilibrium
states. With the geometrical change, the plasma jet can be produced in the range of pressures
100 kPa — 10 Pa, temperatures 16 000-1000 K, electron densities 1029-10%* m™3.

Our calculation proves the necessity of optimising the nozzle design, in order to obtain
maximal performance of plasma torch and desired values of flow parameters. This numerical
code can be used to simulate plasma jets and help in the designing of new plasma torches.
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