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ABSTRACT

A three-fluid model is applied here for the numerical simulation
of the axisymmetric flow and temperature fields in a non-equilibrium
argon plasma jet under the mirror type magnetic field. Equations
of conservation for each plasma species coupled with the generalized
Ohm’s law, Maxwell’s equations and the equation of state are simul-
taneously solved taking into account variable transport properties.

INTRODUCTION

Plasma is one of the multi-functional fluids having high energy density,
various working gas selectivity, and it is chemically high active and is easy to be
controlled by applying the magnetic field. Therefore, applications of plasma for
plasma material processing, MHD generation, plasma propulsion, plasma com-
bustion and also environmental control etc., have been extensively developed [1].
In these industrial applications, effective utilization of its function and precise
control of plasma are closely related to get higher energy conversion.eﬂ‘ﬁziency
and process efficiency. Among a number of external control parameters, the mag-
netic control is effective to control precisely the plasma characteristics from both
macroscopic and microscopic points cleanly and stably [2]. However, there are few
released papers for detailed numerical simulation for the purpose of the magnetic
control of plasma [3].

In the present study, for selective and functional control of plasma, species in
a non-equilibrium plasma jet by applying the mirror type magnetic field as shown
in Fig.1, three-fluid model is adopted. The governing equations are derived takin
into account plasma elementary processes, temperature, pressure dependent an
anisotropic transport properties and interactions between plasma species. Then,
we make clear by numerical simulation about the variations of the velocity and
the temperature fields of electrons, ions and atoms by applying the magnetic field,
and further, the energy transfer between plasma species in the magnetic field.

THEORETICAL A

In order to obtain the governing equations, following assumptions are in-
troduced as follows:
(1) Working fluid is argon gas, and plasma is regarded as ideal gas and continuum.

(2) Jet is axisymmetric subsonic laminar flow with swirl.
(8) Viscous dissipation in energy equations is neglected.
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(4) Plasma is optically thin, and for elementrary process, only two-body collisional
ionization and three-body recombination are considered.
(5) Self induced magnetic field is neglegibly small, and applied magnetic field is
iven by Biot-Savart’s formula.

6) Transport properties have temperature and pressure dependence and anisotro-

Dy.
(7) Mass difference between argon atom and argon ion is neglected.
(8) Pressure gradient current of electron (o, Vp,/en,) in Ohm’s law is neglected.

The governing equations for all plasma species of s kinds are summarized
as follows:
conservation of mass :

0 190 .
a(psug) + ;E;(Tﬂsva) =Mmsn (1)
according to the charge consevation law:
Ne = Nj = Ny (2)
the net production rate of electrons is given by

. dn,
Ne =

T = kion(Te) NeNp — kre(Te) nzni (3)

where the ionization coefficient ko, (7.) and the recombination coefficient kre(Te)
are yielded by ’

kion(T2) = 88 (2rme) ™4 (KT) (21?12 + 1) exp (— 1:11") (4)
_ kion(Te)
kre(Te) = K. (T.) )

The equilibrium constant K.,(T.) is given by Saha equation :

2G; (2nm kT, 3 €;
K., (T.) = ! (*L—f) exp (— w") (6)
! Gﬂ h%lanck kTe

conservation of momentum :
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conservation of energy :

a (5 10
E(ZnUkT) r~a—;<2rnsv kT)

) oT,\ 10 oT, ps _ Op,s
=7 (W%)ha ( (s )r?)Jf( B2 1Y ar)
+_8_( HU)—{———Q(T HV)-I—i'sz—Ex
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where the underlined terms in equation (10) is added only for electrons.
Ohm’s law :

. B:\?| J. B, [ B\ J- B\ Jp
EZ"{”s(f) }Z“S(§> (f);‘ﬂe<§);§
i IBA BN & A% Js
Ep= =8 (‘B*) (E‘)Z+{1+3(7§> } +he (*) B
(B J. B\ % Jo
—ﬁe(i)z“ﬂe(f)z“”s);;

(8)

(9)

(10)

(11)

(12)

(13)

J,, J», Jg are components of current density in z, r, 8 directions and they are

given as following equations :

Je=diz+ Jez = e(niUi - neUe)
Jr=Jdip + Jer = e(niVi = neVe)
J9 = JiO + Je9 = e(niWi = neWe)
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equation of state :
ps = nskT, (17

The momentum transfer M, and the energy transfer Ez, by collision be-
tween s Sfecies particle and r species particle are given as following equations
respectively.

M, = Znaﬂsrmsr(us - uy) (18)
2m 3
= —T = s — 47 )Vsr s 1
Ez, E ms+mr2k(T Ty )0srn (19)

r

Here, v,,,m,, are the elastic collision frequency and the conversion mass respec-
tively. The viscosity 7, and the thermal conductivity A, of each plasma species
are obtained by following equations using the mean free path length £, and the
thermal velocity c,.

5

Ns = 3—721:msnsescs (20)
57

/\3 = ﬁnsk&cs (21)

At the arbitrary ionization degree, the electrical conductivity o, is given using
the electrical conductivity of fully ionized plasma o, and that of partially ionized
plasma op.

=2+ i]_l (22)

o, Op

Finally, the anisotropic transport properties are given using Hall parameter
B, and the ion slip coefficient s.

Ns 1+ ) Ns
/\s (COS ¢ &= m Sin ¢> /\3 (23)

Oe /) , Te
Ns Ns
Xe | = |sing+ _1__—?_ cos ¢ As (24)
o Lty + 52 -

T

where ¢ means the gradient of the magnetic lines of force which shows counter
clockwise from z axis.

Above the governing equations from eq.(1) to eq.(17) are to determine the
number density, the velocity and the temperature fields for plasma species and
the induction electric field.” As the boundary conditions shown in Fi .1, there
are non-slip condition and adiabatic condition at the wall BC and CD. There
are symmetrical condition at the centerline AE. At the outflow boundary DE
the mass flow rate is conserved and the radial component of the velocity, an
further the second order gradients of the swirl velocity and the temperature are
zero values.

NUMERICAL RESULTS AND DISCUSSION
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The outflowing conditions at the nozzle exit AB are constant total enthalpy,
constant mass flow rate. As ideal conditions every plasma species are assumed to
have the equal velocity (un, = u; = u.) and the equal temperature (T, = T; = Te).
The axial velocity and the temperature distributions are one dimensional top hat
at the nozzle exit. To utilize the axisymmetric magnetic effect, the swirl velocity
of ws/ug = 0.1r/r¢ is given at the nozzle exit. The calculation conditions of the
plasma jet and at the nozzle exit are listed in Table 1. For governing equations,
the flow and the temperature fields are calculated using SI%/IPLE method, and
the magnetic field is calculated by the control volume method.

Figures 2(a) to (f) show the isocontours of the temperature and the velocity
of each plasma species for Bpax = 0, 1.0[T]. In the region from the outer jet fringe
to near wall, where collision between plasma species is poor, then it is shown
the thermal non-equilibrium as T, > T; = T,. And the temperature of each
plasma species increases in the region from jet fringe to near walFby applying the
magnetic field. The electron temperature increase in this region is considered to
cause the increase in the degree of ionization. And the electron velocity is 1.2
times faster than the heavy particle velocity, and it is changed in near central
region by applying the magnetic field. This is considered why the mass and the
viscosity of electron is considerably smaller than those of heavy particle. And at
just after the nozzle exit, the ion velocity is rather faster than the atom velocity
due to the induced electric field, but in the downstream they become almost same
and both are scarcely influenced by the magnetic field.

Figures 3(a) to ée) show the variation of the electron velocity by the different
applied magnetic field intensity B,. = 0.0, 0.25, 0.5, 0.75 and 1.0 T. With
tﬁe increase of magnetic field intensity, the electron velocity decreases sharply
immediately after the blowout from the nozzle exit and later increases once along
the axial direction, and then decreases again. And by even the small magnetic
field intensity, the electron velocity at plasma core shows remarkable change.

Figure 4 shows the variation of the energy transfer between plasma species
on eq.(19) by different magnetic field intensity. The energy transfer between the
heavy particles is little influenced by the magnetic field intensity, but the energy
transfer between the electrons and heavy particles increases sharply at first, and
later it increases gradually with the magnetic field intensity. This is because that
under even small magnetic field intensity, the electrons are constrained at near
central axis, then the number density and also collision frequency increase.

CONCLUDING REMARKS

In this paper, a theree fluid model has been applied for the numerical
simulation of a non-equilibrium argon plasma jet with various magnetic fields
raniin from 0 to 1.0 T. The calculation indicated that the electron temperatures
are higher than the heavy particle temperatures in the domain from the jet fringe
to the wall, and the velocities of electrons are strongly influenced by the magnetic
field. The effects of the magnetic field on the energy transfer between the plasma
species have been discussed.
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- Table 1 Calculation conditions
m Working gas Argon
9012 300 .
0.009 ' Gas constant of argon R =208.1 J/(kgK)
0.006 : Specific heat
0.003 : (p=1.013 x 10*Pa, Ty = 13495.3 K) Cp = 10.16 kJ/(kgK)
0. - - -t ‘Nozzle radi =3 -2
000 10006 12000 10006 ozzle radius o =3.0x 10 m
m U|(m/s] Tube radius rin =120 x 107 m
0.0
0.009 Tube length Lo =120.0 x 10> m
0. 00§ Total enthalpy at Nozzle exit ho = 1.2x10° J/kg
0.003
0.000 Mass' flow rate m=1.0x10"¢ kg/s
: 2 o S o - d Input power Pingor =120 kW
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Fig.2 Isocontours of temperature and Fressure et norsle exit po = 1013 X 10° P
velocity for plasma species Maximum magnetic flux density Buue = 00,0.25,0.5,0.75,1.0 T
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