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Abstract

fom thermodynamic principles, species, kinctic temperature and stale cquations are defined. The
Giferent equilibrium models to compute a two-tempyeraturc plasma composition are presented. The
dfect of lowering of ionization potential on plasma composition is found to be very small. Expres-
dons for two-temperature plasma transport coefficients are presented. Using the expressions for
setron and heavy particle transport coefficients, the properties of non-equilibrium argon plasma arc
computed and the computed values in the limit ) = 1 agree satisfactorily with the exact theory.

Keywords: Local thermodynamic equilibrium, two-tecmperature plasma, ambipolar and reactive
keat diffusion coefficients, electrons, heavy-particles. transport propertics.

1, Introduction

a recent years, a great deal of attention has been paid to studies of high temperature
In¢quilibrium plasma situations such as glow discharges, constricted arcs, plasma
™, shock-heated plasmas and magneto-gasdynamic energy conversion devices'™5. 1n
e ﬂbOT'e cases, the non-equilibrium effects observed are ionization non-equilibrium,
mlﬂipﬂﬂiﬁcm.qf translatioral energy between electrons and heavy particles ard
<! non-cquilibrium depending on the physical situation. For example, 1n a
;T:::llﬂj are, the processes which tend to promotc these no_ru-quilibfium effects arc
olior ecAtnc ﬁelc!, th{fl:rflal'conduction, ::tml?lpolar diffusion and elastrc/mc!_asl:c
%Teq;lirean effective utilization and explolta?mn a‘af the plasma under such situa-
& knowledge of the thermodynamics of a plasma state first and subse-

"z.drasﬁﬂoo ical Engincering, College of Engineering, Anna University, Guindy,
25,
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quently the study of transport processes based on a proper kinetjc theory v:
coeflicients. bl Tangpor

Oaly those refcrences related to the study of thermodynamics and
mena of a two-‘cmperature plasma are cited in the present work Qin
available on this subject is wide and & vast growing one. The
the study of thermodynamics of two-tcmperature plasma follows that of
Pfendor'® and Bose?”. Devoto®’° has presented expressions for (rap X
bascd on a rigorous kinectic theory for an argon plasma under equilibrium copgy
Kannappan and Bose!’!* have reviewed several methods for calculation ofc otnd“mm‘
pconeriies of a plasma under equilibrium and non-equilibrium conditionsmn;m
temperature plasma composition and transport propeities were presented by Ilhem‘;&
argon and helium plasmas for electron to heavy particle tempcrature ratio of lh:eem

FANSpOrt phey,
PToach of
DT&Winil
Sport ngfﬁ,ciem

The highlights of the present paper are as follows : 1. Two different equilibrig
composition models based on the Saha equation are presented. The partial deriva
tives of clectron mole fraction with respcct to electron and heavics  temperaturs are
discussed for the two models. 2. The concept of ambipolar diffusion is extenced to
t wo-temperature plasma situc tions. 3. Equations are presented to compute heat fux
due to conduction and diffusion-reaction.

Part 1 deals with the definitions of local thermodynamic equilibrium ard kiret
temperatures of species. Multiple temperature concept is introcuced in copler
with non-equipartition of energy. Thermodynamic state equatiors ard the &3
cquation are described/discussed in computing the plesra compesition. Also
shown in this section is the derivation of transport cocflicients for a two-temperti
plasma. Simplified expressions for the transport properties of eleciron ard Ea®
subgases constituting an ionized gas mixture obtained from a rigorous kiretic theory
are presented in Part 2. The computed transport properties for argon at 7= et

are presented followed by a brief discussion on the variation of specics (razsfol
properties with temperature.
1.1. Local thermodynamic equilibrium

ﬁiaﬁ@ﬂs

In order to allow a laboratory plasma system to have thermal and chel}“‘al ‘ copcep

and still be characterized by a unique temperature and pressure 21 2 point, the gt

local thermodynamic equilibrium originated. Under the restrictiors of ldw:amic

state of a system at a point is defined uniquely by a definite set of th'[:rmtr't:*s,ralf:
functions in conjunction with the equilibrium law of mass action. Howeveh ™

parame’crs are allowed to vary spatizlly.

e

Dcpending upon the putpose of study, the plasma system conditior® ardredlaiis

* definition of temperature, numerous definitions of LTE are possible.

the reader is referred to the works of Pfender'® and Drawin®. Itis s¢!

appropriale interpretation depends upon which modes of encrgy S10T28°

ar
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asma under given conditions. In the present work of collision-dominated three-
for heni slasma, the domirant modes of energy storage are the species, thermal
comport 1d the ionizetion energy. Hence LTE exists when 7, = T, = T, = T, at

cnﬁyoizt in the plasma where cach 7T'is defined via the appropriate equilibrium cquation.
¢ac

Nan-ctmfﬂdrtftfan of encrgy and multiple femperature concepts
12

qiricted aTC, Incropera and Viegas® made a time-scale study in which a

ative relaxation time- was assoctated with each of the physical mechanisms
Fcprcfiﬁed (o promote non-equilibrium. Non-equipartition can te studied with referer.ce
tdtﬂlﬂgic collisions in 2 gas mixture contcining species of disperate mwess. McDaniel'®
:;s Esiéwn that, on the average, the fraction of the initial kiretic energy possessed by

. with mass. M, and trapsfcrred to a less energetic species with masgs, my, Quring

]naCO

5ape;n,‘,-’,le elastic collision. It is given by :
.?.H?i'?f,'
AE= (m; + m,)* (l)

(m=my DE=112

For an argon atom m, = m, = 6°635 X 10-*¢ kg and for an eleciron, m, = 9-1 X
% kg. the energy exchange 1s A E =3 X 107,

Thus it is apparent that energy transfer during an elastic collision between specics of
equal mass is highly efficient whercas it is highly incfficient between specics of dispara‘e
mASS.

Consider now the perturbation due to applied electric field, on a partially-10nized
pasma at 2 certain instant in space. The electrons will very quickly equilibrate amorg
lemselves and approach an equilibrium (Maxwellian) thermal energy distribution,
lln_l heavier particles equilibrate among themselves and approach Maxwellian distri-
Wion. Under this condition of non-equipartition of energy, two distinct equilibrium
Wrbutions of thermal energies corresponding to lighter (electrons) and heavy particles
' tslablished. Hence the mixture of species of disparate mass is described by two
Ufirent Kinetic temperatures T, and T,

E »
Ttmmm 4n energy balance at steady-state condition?, the departurc of the election
*Mture from the gas temperature is given by the following expression

T. — T 2"11& j » 2
$ 3k o ('3”:) "

W 1y
er :
% modynamic state equations and composition of a two-temperature plasma
¢ fol]

Dwin . N . P Ty M .
g are assumptions, approximatiors, definitions and derived relatiors :
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(1) Assumptions
1. The argon plasma is a three-compopent mixture of free clectrong
singly charged ions and atoms or ncutrals. > broung gy,

2. All species thermal velocity distributions are Maxwellian witl, APPToDriate L
temperatures. Atoms and ions have the samce velocity or atom an dDir:]ate Kineti,
tures are equal (73). 0 tempers,

3. The plasma is quasi-ncutral with cqual clectron ard ion number dersit
Sitles,
All particle collisions arc clastic binary collisions.

5. All radiation is optically thin, henee the influcnce of radiation term IS not inglyg
in the present analysis. o

6. Energy storage in the form of internal clectronic excitation is negligible.

(1) Thermodynamic state cquations of a two-temperature plasma
Equation of statc
p=nkgle + kgly 2 1 : B)

jeH
= nkgT,[x,(0 — 1) + 1}/0, where 0 = TT,
j e H means that species, j corresponds to a sct of heavy particles, H.

Caloric cquations of state of spccics

5 kgT, "

hy = 3 |
Equation (4) defines actually species translation enthalpy. Howeer, in tke calculallﬂil:
of heavy species enthalpy, the cnergy residing in the plasma in the form of electron

3 > . ) . I =
excitation, though small, is taken into account. Accordingly, the specics total enftalp}
is

5 | 8
I, = 5 R* Ty ¥ hyjexee + Py,0,i0n
where |
Bym = R*T? M“bZT’:
Ziyezee = ;::H g xp | - EulksT,]
f;,, = heat of formation at 0° K

Enthalpy of mixture is

5
h= 3 R*[x,T, + (I = x) T,] + z X6
.2 jeH (0
- + R* Z _\._(gﬂ‘-Ejk,kB) exp [.,— L, /ksT.]
' . g €XP ( — b_‘;k/kBTl)

1e€H
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cimations and definitions

(iii) Appr 0.

(m,/m) €1 Wy = T e = B

¢
" R*
a= Hu!("'g % ”H)" R™ = !{BNA‘ = : Mh
kB I - -
i ’ w = - /1 9 : »

¥, = il P z Fis T Re [(n;,fm.) Flg k) ”?“)_] . (7)
) Plasma composition and discussion of models A and b
v
S computation of transport properties of cocfficients requires an accurate
;a[ualiﬂﬂ of plasma composition for which two diffcrert equilibrivm composition

qodels are used.

Following the principle of minimum chemical potentizl, Monti and Napolité no’?
od Veis'®? has given the following expression for a three-comporent plaswa in a
qate of chemical, not thermal, equilibrium, which we refer to as model A.

%5 176
S = nx, T) (8)

|

from the basics of kinetics and use of the product of partition function evaliated at
deciron temperature T, Kerrebrock® presented the followirg expressior-mccel B.

S =n (&’ Vi1 9)

Xy

wiere the subscript 7 = 1 for neutral particles and i = 2 for singly charged lors.

Tne Saha function, S, is given by

Z‘ 1 2””1,‘(37-!
Z, h

I 0. (9): l; is the ionization potential and A /; takes into account the lowering of
‘[hf 0aization potential due to fields of the charged particles. The exprcssion for A 7,
% the present case is as follows :

Al ~ {2 VIn, (0 + 1)/T ] (11)

Itis . .
dmtf“"d that AT, is very small even if 7, is small, for example, near & cold wall.  Cor.si-
[“nuizn of AJ, affects the mole fraction only very marginally’®. The partition

" Zi1, Z; are evaluated using the Unsd!d criterion™ for cuttirg cff the series.

S‘=2

3 /2
] exp — (I, — A I)ksT)] (10)

:
Om the following definitions

x=+ z ,1’,:1 (12)

i€tH -
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XNa & (f = 1) A4 s o f'.\'.pl’
' ion { tel A in th . (13
a generalized form of the Saha equation for model A in the present case i
- 6 8 _
x?j;l o ixf-l'l + (f + 2) S; Xg:1 — Si = ()

(14)
Figures 1 to 4 present representaﬁve results of calculation of argon ¢

: Tfefics role I'[a,z_
rions at one atmosphere of pressure and for 0 values up to 10 for both moggl 4 y

&

-0
“—ﬂ
10 i Sc—gy
Xe
16"
MODEL - A
i
ﬁ of v
wy
| o
= & r
Q =2
‘;10
g
N .
- o
o | '
=
.3
10 = ' H, \
l ‘
!

0" " - 20
"0 g 1 8 12 6
Electrcn Temperature Te (10

‘1 A‘."
_ qr for Mod¢
F1G. 1. Com)osition of two-tecmnerature argon plasma at p=1Dba
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Fig, g
% Composition of two-temperature argon plasma at p = 1 bar for Model B.

B From §

yeh 1 gs. 1 and 2 itis seen that the variation of x, with T, for 0 > 1 is gencrally
Tge

Fin model A4 than in model B.

Table | Shows t

Atoypg 15000° he values of electron mole fraction for various values of T, and 0.

K and at one atmosphere the number densities of equilibrium species
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FiG. 3. Electron mole fraction vs. heavy particle temperature with electron temperature as parameter

g o |
in an argon plasma are almost equal. However, the trend of variation of ¥ moct
A in the range 5000 to 15000° X is different from that above 150C0° K.

ext secl Ul

In the expressions for species, diffusion flux and heat flux shown in the n ik

V x, appears and it is also noted that x, is a function of electron and heavy D
temperatures.
Accordingly, the expression of x, is

_ X, dTy | dx, dT,
~dT, dy T, dy

(19
7,

. . and
. L [} L] - = ‘ [0 '
Closed form analytical expressions for partial derivatives of x, with respec

T, are given in Appendix I for both models 4 and B.
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 electron MOIC fraction at various values of T, and 0 for argon

T —
gy BO=B XU

T'.‘K iy _

//:;’;3 0-000402 0- 000105

w 0-1072 0-0078 0- 00068

0
0-2816 0-0850 0-03985

0 )

PR B 1S 0-2711 0-1926

0 0-4314 0+ 4865 0-49%0

g 097 0- 50 0- 50

———__________———————__—___——-—-——- =

view of the peculiarity of variation in x, in model 4, we attempt to study and
seepret the partial derivatives with physical relevance to our study. With the atm of
derstanding the situation further, x, is plotted in fig. 3 for both the models as a func-
nof T, with T, as parameter and in fig. 4 as a function of T, with T, as parameter. It
een from fig. 3 that dx,/dT, is positive at all T, and T, for both the models while
3T, can be seen in fig. 4 to be slightly negative for model 4 at T, ~ 16000° K.
" can also be verified numerically from the expressions provided in Appendix L.

tisalso well known and is the basis of electron temperature measurement with the
“vof electrostatic probes®, that T, does not change significantly near the cooled
&, whereas T, changes from wall temperature to the freestream temperature.
:m[ore. at T,> 15,500° K, atleast theorctically for model 4 to be valid, there
?Inbea small electron flux.and resultant heat flux by diffusion from lower to higher
Teature. However, model 4 violates the second law of thermodynamics
lﬁ;;:‘j; Ogﬁlﬁﬂron temperatures and also the total hcaf flux due to pure conduction
oy absf:ﬂ ecomes h?wer than (_iue to pure conduction alone. It1s als? found

ute magnitude of this reactive heat flux for both the models Is much

“ller | : : ’
’aaunm Comparison with the pure conductivity values. In view of the above

1

ne it ; _
*‘xnitgis“ s Suggested to put dx, AT, =0 for model A at this temperature rangc
negative,

Y g

*SPecies diffi el . o
iffusion velocities and current densities

i
he kno
x%lo wledge of the equilibrium chemical composition of argon plasma, we

Stud ; _ . o e
Ythe spccles d]ffuslon \'f_:!OCltleS and Current anSItl’ES due 10 concentra-
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FiG. 4. Electron mole fraction vs. electron temperature with heavy particle tempera

i
. - °g? v m wndlllﬂﬁ
tion gradients and applicd electric field under thermal non-equilibriv

This follows from classical approach? s,

It is assumed that in any given state (p, T,. T;) only electrons, 1 ;‘ip -
are present in the gas. From eqns. (12) and (13), x, and Xg1 8¢ ™
of x, as (16)

Xy=1i—=(+1)x, (i
Xpp=1+1i(x,—1)
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(ing with del operator, cqns. (16) and (17) arc written as
ra
ypon OF°

V\'iﬁ “"(1 +') V'ru ([8)
gx1 =1V ¥ | (19)
densities of species in 2 plasma with impressed electric field and conceniration
enl )
rc:ienls are as follows -
¥ j=—con y, = en, b,E + eDn 7 x,
¢ ik ¢

J.=( - 1) enV, = e(i—DnbE —e(i -1) nDiin
i
]‘-1=f€"i”1 V: 1 = (’in‘i]_ b‘l-] E — Pi”D‘}-l vxi'l (l9 a""f)

ituting the gradients of mole fractiop of individual species given in eqns. (18) and
5“”‘. to (19 a-¢) current densities of species / and (i + 1) can be written in terms of Vx,.
19) ip ressions for the species diffusive velocities in the absence of applicd field, F,
ﬂh:‘:i;:;pfrom eqns. (19 a-c), are expressed in terms of ¥ x,

V; = - (D’_/I,) V X,
pr=—( +1) (Difx)) V X,
V:'l = '.(Di"lfrxi "1) V Xe (20 a_c)

i may be observed that eqns. (20 a-c) satisfy the condition, Zp, ¥/ =0.

15, Ambipoldr diffusion coefficient

Wep diffusion is considered, one of the two possible approaches is used to calculate
ifision flux. One approach involves the use of individual species momentum equa-
.ops which are solved to give separate species diffusion velocities as well as resultant
etnc field intensity due to space charge set up by charge separation. A second
mproach involves invoking the quasi-ncutral assumption, thereby equal electron and
w diftusion velocities and an anpropriate ambipolar diffusion model is used. In the
went study, the later approach is employed by neglecting thermal diffusion.

from eqe. (19 a—c), we get

fy _ixgb,Dyey + Xgr1byra D

e
n
€ Iﬂbu + x.ii,nlb‘pl .

y_r;xebei"l + xi"lbi an n<J x
xﬂbd e

=n(iD,., 4 Xeirbin ;
( i1 T x5, DE)VJ, 1)
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)

Hence, the ambipolar diffusion cocflicient for a two-‘emperatyre plasma :
J

the relation

Dﬂﬂﬂl=i(l +0£§ﬂ“ D‘-"’l
- ()

Equation (23) is a relation for an ® effective diffusion coefficient ang ;s a functj

ratio of electron to heavy temperature, mole fraction and diffusion Cﬂffﬁcientl:;mm"“’f
This relation also holds good even in the absence of applicd field, E. For g _sllm“
i =1, eqn. (23) reduces to the familiar expression for diffusion under fq;ilib;z:l
conditions. The numerical results and discussion on ambipolar diffusion s givep

in Part 2.
1.6. Reactive heat conductivities and heat fluxes of species

For a reacting and radiating gas mixture uncer certain circumstances, two components
of energy transfer mechanisms which give rise to an effective increase in the value of
the thermal conductivity coeflicient, were identified. They zre diffusion and radiation
processes. A total thermal conductivity coefficient of j-th spectes in a mixwreis
defined as

kj= ke + kp, + kg ()
If ¥ is the relative velocity due to diffusion of j-th species carryirg an enthalpy,
the total enthalpy flux due to diffusion carried on to the colder region in & two-iempr:
ture plasma, is given by

H=%X p;Vih, j=e,iand n ®)
the following

Since p; = (kg/R*) mp; = mpy/N 4 and H, = mji; we can arrive at
expression for enthalpy flux and using cgns. (20) and (23)

n DIIHI 16)
A

Upon realizing eqn. (15), eqn. (26) leadsto two expressions for
of electrons and heavy particles

reactive conductvine

nDim 11" ('?n
]{ra == ( NA b) [!{n + ]I"_F-l L H{] ;TE )
%
D dx (’ -
k - n emb _ DA
- ( N« )[H‘ L R 1 "
- jal10
The total heat flux due to conduction and diffusion in the absenct LT Paﬂiclf.s

. . . \.
now be written in terms of gradients of temperature of electrons and heaVy

under LTE conditions as :



TWO-TEMPERATURE NOBLE GAS PLASMAS 193

q=-—-—f-’,5v T;.—":-VT,'F"EH/J; Vi, |
o (ha + kD V Ta=hee + £,) VT,
-k VD— kT . (29)
. most ideal casc of 0 = constant (similarity of clectron exd hezvy particle
::ﬂ:;rawfc fields), eqn. (29) reduces to

q=""(kh+0ku)vTﬁ=_vah (30)

Discussion of thermodynamics and transport coefficients
7

| therma/ equilibrium, specics’ Kinetic temperatures and state cquatiors are Ccfircd/
- ed for a two-temperature plasma based on thermodyramic principles. Also
émde re the transport coefficients for a multiplc-lonized non-equilibrivm plasma and
dcrwisi:ns for species hecat flux.  Plasma composition is obtained for argon up to
:Tiu at pressure on¢ bar and e¢lectron he:avy partitz:le temperatures up to 200C0° K.
wiile Model B gives positive values of partial derivat_n'es wfth ?espect to electron‘ and
gavy particle temperatures correctlyt atleast th.e partial derivative becomes neg?.twt? at
wtain temp:ratures for model A, which results into a small heat flux due to diffusion
4 2 direction opposite to that duc to the pure conduction. A suggestion is madc
o handle such a situation for Model 4.

Pt 2. Trapsport properties of a two-temperature argon plasma

laview of the difficulties In obtaining experimental values over a wide range of tempce-
aures and pressures encountered in plasma situations, we find that a theoretical method
o alculating the non-equilibrium transport properties is best suited for our study.
Vb a small perturbation in distribution function and following the method of Chap-
W-Enskog, solutions®® are reported for transport coefficients of heavies and electron
dbgases, We extensively use the results of Devoto® in conjunction with the expressiorns
“weloped in Part 1 for numerical computation of two-temperature argon plasma trans-
M properties. The average cross-sections required for the determination of trans-

P:glgopcrties of a singly ionized two-tcmperature argon plasma are as in Kannappan
ose!!,

I, ;
Heavy particte transport coefficients

W ; |
irszp:sem !lcre‘on[y the simplified expressions for heavies transport cocflicients to the
PProximation. These expressions arc linked with the two-tempcrature plasma

Posity ; : :
i r::i:l results in Part 1. The heavy particles (atoms and ions) are treated &s a
ure.
Dey

olip T ] _ . - .
"9, andg gm diffusivities of the pair i~j in a binary and 2 multi-compor ent mixture
y Tespectively, the diffusion coefficient is given by the expression
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B Xy (m1z/my) Dy, — Dy
D‘j = ."D” [1 + xiwik + xjﬁﬁi + x;ﬁ);; (3
l
where |
B = “;* 2RkBTn 1
i — 16” T Qi,fnil)

The subscripts { and j take the following combinations in the CXpression for p
G)=G+1,0, G+1,0), (ei) and (e, i + 1) "

D D
i = D, .[l == il il ""(1 = o BB ):]
Diiy,e i1, ity Dy, e s )

and D,,, for a two-temperature plasma is given by eqn. (23) in Part 1.

Thermal conductivity ard viscosity with the first approximation are calculateg (om
Devoto®. The viscosity of the mixture has been assumed to be entirely dus to the heavy
paricles. The ion contribution of eclectrical condcuctivity is neglected because it is of
the order of + (m,/m,) times thc clectron contribution.

2.2. Electron transport coefficients

For the calculation of electron subgas transport properties, fourth approximation i
used.

g3 |, nes ()
qﬂl q:'l‘l'. q33
The clectrical conductivity due to electrons is
o =e?nD,lkgT, AlVm

The cxpression for thermal conductivity is (reactive heat conguctn
Part 1).

(4)

ity is goen &

ol 02 03 )
. ¥ Tl (3

7502 kg (2nkgTN'/* 1 , Mg =
k'=_ﬂ?§—§( mﬂ.) R K A A A

q:n q:r:. q33 i

8
: : ‘« are from Devoic”
The determinant, | g | and the expressions for elements g5 arc {:’physifal grow"s
contribution of electron to the mixture viscosity is ncglected on ; i1s Mass:
that the viscosity of a species is proportional to the suqare root ol

2.3. Discussion of transport properties .« of M7

In figs. 5-8, only representative of the two-temperature t‘ranspoﬂ[ . all the ]
plasma is shown at p = 1 bar. Those curves for whlch_ﬂ ;he esulls ©
correspond to the case of equilibrium conditions and agree with t
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i, 5. Ambipolar diffusion coefficient of a two temperature argon plasma.

Figuie 5 shows @ uniform variation of D, with T, and figs. 6 and 7 the total
deiron 2nd heavies thermal conductivity coefficients respectively. The total thermal
sductivity variation of heavies is different frcm that of electrons as obscrved in
i 6 and 7 respectively. The electron heat conductivity coefficient increases steeply
pto T, ~ 140000° K whereas the temperature above 140C0° K, there is no appreciable
nreese, This is due to the fact that electrors up to 7, =~ 140C0° K, acquire high
mbiity and also lesser fraction of neutrals present in the mixture (refer fig. 3 x, vs
lwith parameter, 7,). The contribution of heavies to total mixture corductivity is
Diecizble at lower temperatures and is negligible at higher temperatures. The
Tture total thermal conductivity at lower temperatures is due entirely to the atoms
I.mng. 0 the large neutral particle cross-sections. Figure 8 shows the variation of
{ﬁ El:::i:?“d“m"i‘_)’.with electron temperature and 0 as parameter. 'The increa:_se
sy ao conduct_mty beyond a certain electron temperatur_e shf::m'n m,ﬁg. 8 w.nh
“-térﬁn gtc values is due to the domination ?f c!narged‘ particle interaction at high
Wlows fro:ﬁi]mures- The decrcase in o with increasing 0 values for a given T,
b The reg lﬁ R&msaugr cffect (i.e., domination of e¢-A interaction at fow '\-'E:.l}ies of
lthimng hi Ets shown in ﬁg._ 8 also de-m_onstrate quantitatively the possibility cf
The v, ueforvalue of clecmcal_ conductivity at reaso;}ably lower ges tcicn]?cratures.
Wiy o "ff‘-HSDOTt properties of argon s;hown in figs. 5-8 are hputcd to o
lag e Perature of 20000° K because Art* ion should be considered in comipu-

cﬁ . . . - . 5
MPosition and transport cocflicients beyond this limit.
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3. Summary and conclusion linle

i . rey an (jon’
In part 1 we have discussed the LTE. the non-cqulpamtllonnc:i S;:Ej]{ic ale e?l;ipfﬁ'
temperature concept in a two-lemperaturc plasma. Ther . deri\r’ﬁti ons © . !
and Saha cquation are defined/discussed. Also shown are Variation of electt
sions for transport coefficients of a two-temperaturc plasma.
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e, 1, :
Heavy particle total heat conductivity coefficient of a two-temperature argon plasma.

iﬁ 1 . -
Mdd: % a function of electron and heavy particle temperatures is studied for both

Thtparz:lh dsp?da_l reference to argon at p = 1 bar and temperatures up to 20000° K.
directio “Tivalives of x, with respect to T, and 7, are discussed ?mh reference to
%Ents 0?“‘:' heat flux diffusion. In Part 2 are shpwr! the expressmns_of transport -
U CleClron and heavies subgases constituting a plasma mixture. The
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FiG. 8. Electrical conductivity of a two-temperature argon plasma.

\ 16

= |

, lasma &t 7
computed results of transport properties of two-temperature argon P of

. casc
z . ; S ecml
bar are shown and discussed. Comparison with earlier results for the SP
a plasma under thermal equilibrium shows a good agreement.

Nomenclature

a, b variables defined in Eqn. (4. 5)
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mobility coefficient
Jiffusion coefficient
binary diffusion coefficient

electric field
ntary charge of electron

functions defined in EQns. (A. 3, 4 ard 4. 8, 9)

molar enthalpy

speCiﬁc enthalpy

planck constant

ionization potential

ionization index, for neutrals i =1
current density

Boltzmann constant
pure heat conduction coefficient

reactive heat conduction coefficient
mass of a particle
molar mass

Avagadro number
qumber density

pressure

heat flux vector
universal gas constant
Saha function
temperature

diffusive velocity

mole fraction

partition function

degree of ionization
energy loss factor
density

temperature ratio, T,/T

&hﬂ’iptg

_'h_'—'.':ﬂﬂi'gmﬁ

conduction
electron
equilibrium
heavy particle, ion or atom
ih:::.;’lcs_ (io_ns plus neutrals)

Zation index, for neutrals 1 = |
Species

T . . ]
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Appendix A

Two_temperalure Saha equation and Its partial derivative expressions

he following apalytical expressions of partial derivatives for model A are used in the
RE f species coefficients, and fluxes as well as in the systems of equations

rormulated to sudy the energy transfer processes.

Model A
o, _ 80 (A.1)
3T, [T,
x, & 1[50 Iy :, (A.2
ﬁ;_-—fTu+f [25T=+(k575)2 )
where
_[0(X.+ﬂ)+xc) _ [02(1 _bxe) "b(l — xu)_O] (A3)
/==, + a) (0 —bx)) [, (0 — D) + 1]
__(d-x) _ A.4
g - [1', (0 _ l; + 1] loge (S/xg) ( )
a=( - i, b=+ i (A.5)
The following are the expressions for model B.
, _ & A.6
T, [T, S
EE“ = —g._ : Ir2.5 [‘ A.T
7, fT, f[f T (kBT,)‘*’] 7
Where |
fe 2X+a -1 —2bx)-b (A.8)
X, (xa + a) (1 — bx,) [IE (0 — l) =t l]

= 1 = X,
: x.(0-T1) ¥ § (A.9)

:
‘ " b from tquation (A.S5).



