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ABSTRACT

Thermodynamic and transport properties such as plasma com-
position, enthalpy, specific heat at constant pressure, electri-
cal conductivity, thermal conductivity, and viscosity have been
computed for a two-temperature argon plasma at atmospheric
pressure. Results are presented in graphical form and compared
with equilibrium calculations (Tg=Tp) which show excellent
agreement; but there are substantial disagreements for 6 > 1
with data available in the literature. Possible reasons for
these discrepancies are discussed.

1. INTRODUCTION

There is increasing evidence that deviations from kinetic
equilibrium in thermal arc plasmas are rather common, in par-
ticular in the arc fringes and close to confining walls and/ot
electrodes (l). Since thermodynamic and transport properties
are a pre-requisite for arc modeling, there is a growing need
for calculating non-equilibrium properties.

Although some computations of thermodynamic and transport
properties for a thermal argon plasma are available in the 1lit-
erature, e.g. (2-4), there are relatively few papers concerned
with the calculation of two-temperature properties (5-7). Un-
fortunately, the usefulness of the data based on a two-tempera~
ture model is limited due to uncertainties and the lack of
completeness of these data.

In this paper the electron gas and the heavy species are
treated as two different perfect gases. A Maxwell-Boltzmann
distribution shall prevail among electrons as well as among
heavy particles, but with different temperatures. The particle
number densities are determined from a generalized mass action
law. Thermodynamic and transport properties are computed for
a two-temperature argon plasma at atmospheric pressure with the
electron temperature T varing from 1,000 K to 25,000 K and the
ratio Te/'l‘h from 1 to TO.
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2. PLASMA COMPOSITION AND THERMODYNAMIC PROPERTIES

For the case of various ionization stages of a monatomic
gas in which the excitation temperature (governed by electron
collisions) equals the electron temperature, the generalized
mass action may be written as (8)
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where m, is the electron mass, h is Planck's constant, k is

the Boltzmann constant, ne is the number density of electrons,
ny and 72, are the number density and the excitational partition
function of atoms (r=0) or ions (r>1), respectively. (Ep4)-
AEr+l)is the lowered ionization potential at the rth ioniza-
tion state. According to Griem (9), lowering of the ionization
potential due to Coulomb interaction may be evaluated from

AE . = 418 (2)

where ¢ is the dielectric constant, and e is the elementary
charge.” The Debye shielding length Ap for the case under con-
sideration is
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If the temperature is below 25,000 K, ionization beyond r=3
(Ar ) is negligible. The modified Saha equations for this
temperature range are
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Since the correction term for the ideal gas pressure con-
sidering Coulomb interactions is very small, Dalton's law
becomes

P = nekTe # (n0+nl+n2)kT (6)

h

where P is the total pressure of the mixture. Quasi-neutrality

requires that n, = n ton (7

1 2
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Therefore, the composition of a four-component, two-tempera-
ture plasma can be determined from equations (4), (S), (6),
and (7).

With the calculated plasma composition, thermodynamic
properties of this plasma can be determined. The mass density
is obtained from

p=ngm, + (no+nl+n2)mAr (8)

By using the methods of statistical mechanics, the total en-
thalpy of the mixture (hT) may be divided into there components

hp = hh+hi+he (9)
where
1 5 2 alnz alnz dlnz
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he = 5 l:ZkTene] (12)

The enthalpy of the heavy species hy, includes the trans-
lational energy and the excitational energy, h; respresents
the chemical energy (ionization), and he is the electron en-
thalpy. Taking T as an independent variable and 8 (To/Th) as
a parameter the average specific heat and its components at
constant pressure may be defined as

T =chcly e (13)
p P p p

Cj . hj(Te+ATe)*hj(Te) , Jj=h,i,e (14)
P ATe 9

3. TRANSPORT PROPERTIES

Computations of non-equilibrium transport properties of
pPlasmas are based on the solutions of the Boltzmann integro-
differential equation. For local thermodynamic equilibrium,
the distribution function is nearly Maxwellian, assuming the
form

£. = £9 (1+9,)
o i i i ] .
where f; represents the Maxwellian distribution function and L3
represents a small deviation. Because of the relatively small
mass of the electrons, the electrons may be decoupled from the

Boltzmann equation of the heavy-species. By applying the
Chapman-Enskog approach (10), the transport coefficients of
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electrons and heavy species can be computed independently (11).
As a first step in this approach %; is expanded as a Ffunction
of the temperature gradient, the mass velocity gradient and
other driving forces. By substituting the corresponding equa-
tions into the simplified Boltzmann equations and by comparing
the coefficients of corresponding gradients, a set of integral
equations can be derived for the unknown coefficients. These
equations are then solved by expansion, using finite Sonine's
polynominals in velocity space. The solutions in terms of
these coefficients provide then the desired transport coeffi-
cients. The resulting expressions which contain many collision
cross sections are rather complex defying a simple physical
interpretation.

If the interaction potentials between any combination of
two different species are known, the collision cross sections
may usually be computed and, therefore, the transport coeffi-
cients can be determined. Because of uncertainties and

incomplete information about collision cross section and/or
interaction potential data, the calculated transport coefficients
will also suffer from these problems.

In this paper, the collision cross sections or interaction
potentials of argon plasmas are taken from (4). For calculat-
ing the heavy particle transport properties, the first approx-
imation is used and the third approximation is applied for cal-
culating the electron transport properties. It is assumed that
viscosity is entirely due to the heavy particles and only the
electrons contribute to the electrical conductivity.

4. RESULTS AND DISCUSSION

Figure 1 shows the electron mole fraction (fg = neg/(ne+
No*ni+ny) with the electron temperature Ty varying from 1,000 K
to 25,000 K and the ratio 6 = Tg/Th from 1 to 10. The curves
show a crossover point at a temperature of approximately 15,000K
(ne = n1 = ng) and beyond this the electron mole fraction re-
mains essentially independent of 6. At the crossover point it-
self ne does not depend on Ty, (Eq. 4) and the electron mole
fraction assumes a value of T/}. The mass density is illustrat-
ed in Fig. 2. The curves for 8 > 1 reveal higher densities
because there are more heavy particles involved.

The total enthalpy and its components hy, hj, he for ther-
modynamic equilibrium are shown in Fig. 3. As expected, the
heavy species dominate at low temperatures and the contribution
by chemical reactions becomes important at high temperatures.
The corresponding components of the specific heat, at constant
pressure are plotted in Fig. 4, indicating that Cp is the main
contribution to the total specific heat at constant pressure
for T>10%K (large number density of ions). The total enthalpy
and the total specific heat for different 8 are illustrated in
Fig. 5 and 6. The relatively sharp peaks are associated with
the rapid change of the ionization rates around 15,000 K.

The viscosity shown in Fig., 7 reveals at low temperature
the classical behavior (proportional to the square root of the
heavy particle temperature). Therefore, the curves for 6 > 1
are shifted downward in the low temperature region. When the
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temperature rises, the number density of ions increases and
the mechanism of momentum transport is dominated by ion-ion
interactions. Because of the very large collision cross sec-
tion of charged particles, the viscosity drops sharply above
12,000K.

The curves in Fig. 8 represent the electrical conductivity
for different 8. By comparing Fig. 8 with Fig. 1, it is ob-
vious that the relative position and the trend of all the
curves in these two figures are similar. This finding suggests
that the number density of electrons determines primarily the
electrical conductivity, The electrical conductivity for dif-
ferent 8 shows a substantial spread at low T_ and becomes al-
most independent of 8 for Te>15,000K. Because of the big change
of the electrical conductivity in non-equilibrium situations,
the current density distribution in low temperature regimes
as, for example, in the fringes of thermal arcs will be strong-
ly affected by this variation.

The electron thermal conductivity and the total thermal
conductivity (heavy species + electrons + reaction) are shown
in Figs. 9 and 10. At low Te, the mixture is essentially
composed of heavy species and the energy transport is due to
collisions of the heavy species. As soon as chemical reactions
become important, the energy transfer due to ionization begins
to dominate. This effect is enhanced as 0 increases because of
rapid change of ionization rates near Te = 15,000 K. At high
Te, the thermal conductivity is dominated by the electrons
because of their high mobility.

The results of this work for 6=1 compare favorably with
equilibrium calculations available in the literature. The
work reported in (5) shows higher viscosities in the high
temperature region even for 8=1. One possible reason for this
discrepancy is the choice of the ion-ion collision Cross sec-
tions in (5). The fact that the results of this work are in
excellent agreement with equilibrium calculations reported in
the literature (3,4) supports the reliability of the data pre-
sented in this paper.

ACKNOWLEDGEMENT

This work has been supported by the National Science
Foundation under grant NSF/CPE-8008950.



- 149 -

REFERENCES

(1)

(2)

(4)

(5)

(6)

(7)

(8)

(10)

(11)

E. Pfender, "FElectric Arcs and Arc Gas Heaters," in Gaseous
Electronics, Vol. 1, Academic Press, New York (1978).

K.S. Drellishak, C.F. Knopp, and A.B. Cambel, "Partition
Functions and Thermodynamic Properties of Argon Plasma’
The Physics of Fluids, Vol. 6, No. 9, 1280 (1963).

M. Capitelli, E. Ficocelli, and E. Molinari (1970), "Equili-
brium Compositions and Thermodynamic Properties of
Mixed Plasmas, I: He-N2, Ar-N3 and Xe-N; Plasmas at
1 atm, between 5000 and 35000 K," Centro di Studio per
la Chimica dei Plasmi del Consiglio Nazionale delle
Ricerche-Instituto di Chimica Generate e Inorganica-
Univ. degli Studi-Bari, Italy.

R.S. Devoto, "Transport Coefficients of Ionized Argon,"
The Physics of Fluids, Vol. 16, No. 5, 616 (1973).

D. Kannappan and T.K. Bose,"Transport Properties of a
Two-Temperature Argon Plasma," The Physics of Fluids,
Vol. 20, No. 10, 1668 (1977).

E.J. Miller and S.I. Sandler, "Transport Properties of
Two-Temperature Partially Ionized Argon," The Physics
of Fluids, Vol. 16, No. 4, 491 (1973).

U. baybelge, "Transport Properties of Two-Temperature Par-
tially Ionized Plasmas,” Ph. D. Thesis, Stanford
University (1968).

A.V. Potapov, "Chemical Equilibrium of Multitemperature
Systems," High Temperature, Vol. 4, No. 1, 48 (1966).

lH.R. Griem, "Plasma Spectroscopy," McGraw-Hill, New York
(1964) .

J.0. Hirschfelder, C.F. Curtiss, and R.B. Bird, "Molecular
Theory of Gases and Liquids," Wiley, New York, 1964.

R.S. Devoto, "Simplified Expressions for the Transport
Properties of Ionized Monatomic Gases," The Physics
of Fluids, vVol. 10, No. 10, 2105 (1967).



- 150 -

o o
= -
So 0o
e x -
oN X
& !
s 3
b ~
s ot
Qo | EEC?‘
ﬁjTA 280
_J o]
o A
o Eéité?zisasn
So —O —
Q] Bai T
il |
o o
. T T T T "{l T T 44
r 0 S 10. 15. . 20 25, i 0 O 10. 1S. 20 25.
ELEC TEMP (10%K) ELEC TEMP (10%K)
Fig. 1: Electron mole fraction of a Fig. 2: Mass density of a two-
two-temperature argon plasma at p=1 temperature argon plasma at p=1
atm; O=T /T, . atm; 0=T /T .
e h e 'h
= w
03_.
=
o
—_— x‘—:*
Qe S
= O
) 5
e 1 E
4 1w
> T
a. -7
2 o
T | oo
=y @
Z
i
hhi:;::f,‘;éf
e
“ T T he T °- !
0 5. 10. 15. 20. 25. 0 5. ‘10. 15.J 20. 25.
ELEC TEMP (10°K) ELEC TEMP 110°K)
Fig. 3: Total enthalpy and its com- Fig. 4: Total average specific heat
ponents for thermodynamic equili- at constant pressure and its compon-
brium (6=1) argon plasma at p=1 atm. ents for thermodynamic equilibrium

(8=1) argon plasma at p=1 atm, o



o
m*
%)
X
- /////
I 222;*’”’//
- <
- o=
> 1\\
o_
o ]
< ~.
oy 5
=5
w 1
1]
/'/
o b &
o o iz
T T |

0 5 15.

. 10. 2
ELEC TEMP (10°K)

29.

Fig. 5: Total enthalpy of a two-
temperature argon plasma at p=1

atm; 0=T /T, .
e "h

- 151 -

5.0
|

4.0

( J/KG*K)

SPEC HEAT
3.0

2.0

LOG10

1.0

0 5 10. 15.. 20. 5.
ELEC TEMP (10°K)

Fig. 6: Total average specific heat
at constant pressure of a two-tem-
perature argon plasma at p=1 atm;
9=T9/Th.

.
0 5 10. 15. . 20.
ELEC TEMP (10°K)

Fig. 7: Viscosity of a two-tempera-
ture argon plasma at p=1 atm;
0=T /T, .

e h



- 162 -

o o
0 ol
| -
e
- *
SO e=i el
om 2 . g
I -
= 3
b o
5 Z
[ &)
= 1 O
8o ] e
=i 1
& it
i 8]
1
1]
o
— O O
0 e (=N
o —t —
| Lot
=}
]
o ()
o T T | L , . T T T 1
v 0 5. 10. 15.1 20. 25. Yo 5. 10. 15.’ 20. 25.
ELEC TEMP (10°K) ELFEC TEMP (10K}
Fig. 8: Flectrical conductivity of Fig. 9: Electron thermal conduc-
a two-temperature argon plasma at tivity of a two-temperature argon
p=1 atm, 6=Te/1h, plasma at p=1 atm; 9=Te/Th.
) S———
o 8-l
-
*
Z0o
S -
i
oy
=
o
O
a O
wh
T
=
—
o
—
()
o
ey
o
0
=
ST 1 1 1 | N
Yo 5 10, 15

5 ’ SH 20.

ELEC TEMP (10°K)

Fig. 10: Total thermal conductivity
(heavy speciestelectronstreaction) of

a two-temperature argon plasma at p=1
atm; 0=T /T, .
e "h





