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Diffusion in two-temperature thermal plasmas
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Combined diffusion coefficients, which allow species to be grouped into their parent gases, are derived in a
thermal plasma in which the kinetic temperature of the electrons is different from that of the heavy species. As
in previous calculations of combined diffusion coefficients for a one-temperature plasma, chemical equilibrium
is assumed, and a plasma in a mixture of two homonuclear nonreacting gases is treated. Expressions for
ambipolar diffusion in a two-temperature plasma are derived. Coupling between the electrons and the heavy
species is retained in the calculations. It is confirmed that the values of the diffusion coefficients are consistent
with mass conservation, in contrast to previous calculations that were based on a theory in which the electrons
and heavy species were decoupled. Illustrative results are presented for a thermal plasma in different mixtures
of argon and hydrogen at 1 bar, for temperatures up to 25 000 K and different ratios of electron to heavy
species temperature.
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I. INTRODUCTION

Thermal plasmas@1# are widely used in material proces
ing, for example, for deposition, cutting, welding, or surfa
modification. Their applications are diverse, encompass
the alteration of optical, mechanical~hardness, corrosion
wear, thermal barrier!, and electronic properties of the mat
rials. The reproducibility of plasma processes is improv
because of, on one hand, the increasing understandin
plasma properties and, on the other hand, the developme
plasma flow modeling.

Plasma flow modeling requires the solution of conser
tion equations of mass, momentum, and energy, and spe
taking into account boundary conditions and the plasma
ometry. To solve these conservation equations requires
knowledge of transport coefficients. Because these co
cients are difficult to measure, especially at high tempera
~above 6000 K!, much effort has been put into their calcul
tion. They are usually calculated under the assumption
local thermodynamic equilibrium~LTE! @2–5#, using the
Chapman-Enskog method for the approximate solution of
Boltzmann equation@6#. The distribution function of specie
is assumed to be a Maxwellian, perturbed by a first-or
perturbation function that introduces forces~concentration,
pressure, and temperature gradients! associated with trans
port phenomena.

The treatment of diffusion in modeling is often comple
since, when considering a plasma withN species,N(N
21)/2 linearly independent ordinary diffusion coefficien
Di j andN21 linearly independent thermal diffusion coeffi
cientsDi

T have to be calculated, andN21 species conserva
tion equations have to be solved at each position in
plasma. To overcome this complication, Murphy simplifi
the treatment of diffusion by defining combined diffusio
coefficients. These were derived for binary mixtures
homonuclear gases that do not react with each other@7#,
under the assumption of chemical equilibrium. This appro
enables the description of diffusion in terms of gases inst
of species. The combined diffusion coefficients depend
1063-651X/2002/66~5!/056407~9!/$20.00 66 0564
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ordinary and thermal diffusion coefficients and convey
overall description of the diffusion in a plasma. As a cons
quence, theN21 species conservation equations can be
placed by a single gas conservation equation.

Diffusion is an important phenomenon in thermal plasm
in gas mixtures, and the combined diffusion coefficient f
mulation has been used to model diffusion in many differ
types of thermal plasmas in LTE. For example, Murphy@8,9#
has modeled demixing in free-burning arcs in mixtures
argon with nitrogen, helium, oxygen, and hydrogen. As w
as causing major departures from fully mixed compositio
demixing can lead to significant changes in other propert
for example, the anode heat flux can be enhanced by as m
as 50% due to the influence of demixing in argon-hydrog
arcs. Fudolig and co-workers modeled an arc reactor i
mixture of argon and nitrogen@10#, and the heat transfer to
metal beads in an argon-hydrogen arc@11#. Chen, Sugasawa
and Kikukawa@12# modeled a radio-frequency plasma tor
with argon and hydrogen as the working gases. Zhanget al.
@13# investigated the effect of polytetrafluoroethylene ab
tion on the operation of a sulfur hexafluoride circuit break

Many authors have presented evidence of departures f
LTE ~see, for example, Refs.@14–16#! in thermal plasmas, in
particular, close to the electrodes of free-burning arcs,
which the kinetic temperature of electronsTe is different
from that of heavy speciesTh . The modeling of plasmas in
which TeÞTh requires the determination of two-temperatu
~2T! transport coefficients. A particularly relevant example
the discrepancies found in a recent study@17# between the
composition determined by spectroscopic measurements
by modeling of a free-burning arc in a mixture of argon a
hydrogen. The model used combined diffusion coefficie
calculated assumingTe5Th . Close to the cathode, the me
surements revealed a much greater level of demixing t
the calculations, while at a greater distance from the catho
good agreement was found. It was hypothesized that the
crepancies found near the cathode were due to deviat
from LTE.

Devoto@18,19# introduced a simplified theory of transpo
©2002 The American Physical Society07-1
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properties, later modified by Bonnefoi@20#, which assumes a
complete decoupling between electrons and heavy spe
and which was used to derive 2T transport coefficients.
cently, Ratet al. @21,22# showed that this simplified theor
leads to unphysical results when calculating the combi
diffusion coefficients of Murphy@7# at equilibrium. In par-
ticular, Ratet al. showed that mass conservation is not sa
fied if the simplified transport properties theory is used.
correct this problem, they developed a 2T theory of transp
properties that retains coupling between electrons and he
species. Two-temperature diffusion coefficients, thermal
electrical conductivity, and viscosity were derived. The
sults of the application of the theory to a pure argon plas
@23# have been presented. They showed the dependenc
transport coefficients on the degree of deviation from eq
librium, and demonstrated that retaining the coupling
tween the electrons and heavy species gives electrical
thermal conductivities that are significantly different fro
those obtained using the simplified theory.

This approach has been extended@24,25# to a mixture of
argon and hydrogen, which is widely used, for example
plasma spraying deposition processes. The 2T reaction
mal conductivity was defined such that it is independent
the method of 2T plasma composition calculation@26#. Once
again, significant discrepancies have been observed betw
the results of this approach and those of the simplifi
theory.

The purpose of this paper is to derive combined diffus
coefficients in a thermal plasma in which the kinetic te
perature of the electrons,Te , is different from that of heavy
species,Th . The degree of deviation from equilibrium i
described by the parameteru5Te /Th . As in previous calcu-
lations of combined diffusion coefficients, we assume che
cal equilibrium and consider a plasma in a mixture of tw
homonuclear nonreacting gases.

In Sec. II, ambipolar diffusion coefficients are derive
from the nonequilibrium diffusion fluxes of species intr
duced by Ratet al. @21#. In addition, 2T combined diffusion
coefficients are derived in the presence of gradients in
concentration, pressure, heavy species temperature, an
nonequilibrium parameteru. In Sec. III, the method is ap
plied to an argon-hydrogen plasma. The dependence on
perature of the combined ordinary and thermal diffusion
efficients is investigated for different molar percentages
argon and for different values ofu. Particular attention is
paid to the conservation of mass. Conclusions are give
Sec. IV.

II. NON-EQUILIBRIUM DIFFUSION

A. Ambipolar diffusion coefficients

Because of their small mass, electrons diffuse more r
idly than heavy species in the presence of a concentra
pressure or temperature gradient, resulting in the creatio
a charge separation between electrons and ions. The d
sion velocities of species are influenced by the resulting
bipolar electric fieldEW a , leading to an alteration of the stan
dard diffusion coefficients. It has been shown@21# that the
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diffusion velocity of thei th species~the index 1 is attributed
to electrons! relative to the mass-average velocity in a no
equilibrium thermal plasma is written, without taking int
account the ambipolar electric field, as follows:

VW i5
n

nirkTi
(
j 51

N

mj~Di j dW j1Di j
u gj¹W ln u!

2
Di

T

nimi
¹W ln Th2

Di
u*

nimi
¹W ln u, ~2.1!

where

dW 15pF r1

rp (
i 51

N

niFW i2
n1FW 1

p
1S x1u

D
2

r1

r D¹W ln p1
u

D2 ¹W x1G ,

~2.2!

dWj5pF r i

rp (
i 51

N

niFW i2
njFW j

p
1S xj

D
2

r j

r D¹W ln p

1
¹W xj

D
2

xj~u21!

D2 ¹W x1G , ~2.3!

and p, r, and n are, respectively, the total pressure, to
density, and total density number in the mixture;ni , xi , r i ,
Ti , andmi are, respectively, the number density, molar fra
tion, density, kinetic temperature, and mass of thei th spe-
cies, andk is Boltzmann’s constant.FW i is an external force
acting on thei th species. The coefficientsDi j , Di

T , Di j
u , and

Di
u* are, respectively, ordinary diffusion coefficients, therm

diffusion coefficients, ordinary diffusion coefficients due
gradients in the nonequilibrium parameter, and thermal
fusion coefficients due to gradients in the nonequilibriu
parameter. The factorD is defined asD511x1(u21), and
g15x1p(12x1)/D2 for electrons andg152xix1p/D2 for
heavy species.

We consider an electrostatic force

FW i5eZiEW a ~2.4!

acting on thei th species, wheree, Zi , and Ēa are, respec-
tively, the elementary charge, the charge number of thei th
species, and the ambipolar electric field. Substituting
~2.4! into Eqs.~2.2! and ~2.3! using the following neutrality
condition,

(
i 51

N

eniZi50, ~2.5!

it can be shown that

dW j52~enjZj /p!EW a1dW j8 , ~2.6!

where

dW 185pF S x1u

D
2

r1

r D¹W ln p1
u

D2 ¹W x1G , ~2.7!
7-2



ns

al
f-
e

nts

ing

-

x 1

.
e
n,

DIFFUSION IN TWO-TEMPERATURE THERMAL PLASMAS PHYSICAL REVIEW E66, 056407 ~2002!
d̄ j85pF S xj

D
2

r j

r D¹W ln p1
¹W xj

D
2

xj~u21!

D2 ¹W x1G ~ j >2!.

~2.8!

When a stationary state is reached, the sum of current de
vectors vanishes:

(
i 51

N

eniZiVW i50W . ~2.9!

Inserting Eqs.~2.1! and ~2.6! into Eq. ~2.9!, the ambipolar
electric fieldEW a is written as follows:

2
en

rk
EW a5

1

b S np

rk (
i 51

N
Zi

Ti
(
j 51

N

mjDi j dW j8

1
np

rk (
i 51

N
Zi

Ti
(
j 51

N

mjDi j
u gj¹W ln u

2(
i 51

N ZiDi
T

mi
¹W ln Th2(

i 51

N ZiDi
u*

mi
¹W ln u D ,

~2.10!

where

b52(
i 51

N

(
j 51

N
Zi

Ti
ZjnjmjDi j ~2.11!

with T15Te , andTi5Th if i>2.
Using Eq.~2.6!, Eq. ~2.1! is written as

VW i5
n

nirkTi
(
j 51

N

mjFDi j S 2
enjZj

p
EW a1dW j8D1Di j

u gj¹W ln uG
2

Di
T

nimi
¹W ln Th2

Di
u*

nimi
¹W ln u. ~2.12!

Substituting Eq.~2.10! into Eq. ~2.12! to take into account
the ambipolar electric field, we obtain

VW i5
np

nirkTi
(
j 51

N

mj S Di j
a dW j81

Di j
uagj

p
¹W ln u D

2
Di

Ta

nimi
¹W ln Th2

Di
ua*

nimi
¹W ln u, ~2.13!

with

Di j
a 5Di j 1

a i

b (
,51

N
Z,

T,
D, j , ~2.14!
05640
ity

Di
Ta5Di

T1
a imi

bTi
(
,51

N Z,D,
T

m,
, ~2.15!

Di j
ua5Di j

u 1
a i

b (
,51

N
Z,

T,
D, j

u , ~2.16!

Di
ua* 5Di

u* 1
a imi

bTi
(
,51

N Z,D,
u*

m,
, ~2.17!

a i5(
j 51

N

njmjZjDi j , ~2.18!

and withT15Te , andTi5Th if i>2.
The diffusion coefficientsDi j

a and Di
Ta are, respectively,

the ordinary and thermal diffusion coefficients in 2T therm
plasmas. WhenTe5Th , they reduce to the respective coe
ficients of Murphy@7#, which are defined at equilibrium. Th

diffusion coefficientsDi j
ua and Di

ua* due to gradients in the
nonequilibrium parameter do not, of course, have equivale
at equilibrium.

B. Two-temperature combined diffusion coefficients

We consider a nonequilibrium thermal plasma consist
of electrons with a kinetic temperatureTe that may be dif-
ferent from that of the heavy speciesTh . We assume that the
plasma is in chemical equilibrium. Following Murphy’s no
tation@7#, two partially ionized gasesA andB are assumed to
be homonuclear and to not react with each other. The inde
is attributed to electrons, the indicesi 52,...,p correspond to
species in gasA, and the indicesi 5p11,...,N correspond to
species in gasB. N represents the total number of species

The number flux of speciesi, relative to the mass-averag
velocity and taking into account ambipolar effects, is writte
according to Eq.~2.13!, as

gW i5
np

rkTi
(
j 51

N

mj S Di j
a dW j81

Di j
uagj

p
¹W ln u D

2
Di

Ta

mi
¹W ln Th2

Di
ua*

mi
¹W ln u. ~2.19!

The number fluxes of gasesA and B, relative to the mass-
average velocity, are, respectively,

gW A5(
i 52

p

sigW i , ~2.20!

gW B5 (
i 5p11

N

sigW i , ~2.21!

where thesi are stoichiometric coefficients defined by@7#
7-3
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si5bi (
k52

p

xkY (
k52

p

bkxk , 2< i<p, ~2.22!

si5bi (
k5p11

N

xkY (
k5p11

N

bkxk , p11< i<N.

~2.23!

Introducing Eq.~2.19! into Eq. ~2.20!, it can be shown that

gW A5(
i 52

r

siF np

rkTi
(
j 51

N

mj S Di j
a dW j81

Di j
uagj

p
¹W ln u D

2
Di

Ta

mi
¹W ln Th2

Di
ua*

mi
¹W ln uG . ~2.24!

Hence, using Eqs.~2.7! and ~2.8!,

gW A5(
i 52

p

si

np

rkTh
(
j 52

N H mjDi j
a

D
1

~u21!Ai

D2
2

m1Di1
a u

D2 J ¹W xj

2(
i 52

p

si S Di
Ta

mi
¹W ln Th1

Di
ua

mi
¹W ln u D

1(
i 52

p

si

np

rkTh
H m1Di1

a S x1u

D
2

r1

r D
1(

j 52

N

mjDi j
a S xj

D
2

r j

r D J ¹W ln p

1(
i 52

p

si

n

rkTh
(
j 52

N

$mjDi j
ua2m1Di1

ua%gj¹W ln u. ~2.25!

The following relationships were used in deriving Eq.~2.25!:
05640
¹W x152(
j 52

N

¹W xj , ~2.26!

g152(
j 52

N

gj , ~2.27!

and

Ai5(
j 52

N

mjDi j
a xj . ~2.28!

Since we have assumed the plasma to be in chemical e
librium, the plasma composition depends on the relative c
centrations of gasesA and B, the total pressure, the heav
species temperatureTh , and the nonequilibrium parameteru.
We can therefore write

¹W xj5S ]xj

]xB
D ¹W xB1S ]xj

]p D¹W p1S ]xj

]Th
D¹W Th1S ]xj

]u D¹W u,

~2.29!

wherexA, xB, mA, mB, respectively, the mole fractions o
gasA andB and the average masses of the heavy specie
gasesA andB, are given by

xA5(
i 52

p

~11Zi !xi , ~2.30!

xB5 (
i 5p11

N

~11Zi !xi512xA, ~2.31!

mA5(
i 52

p

mixiY (
i 52

p

xi , ~2.32!

mB5 (
i 5p11

N

mixiY (
i 5p11

N

xi . ~2.33!

Inserting Eq.~2.29! into Eq. ~2.25!, it can be shown that
gW A5
n2

r
mBHF 1

mB
(
i 52

p

si (
j 52

N S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D S ]xj

]xB
D G¹W xB

1F 1

mB
(
i 52

p

siFm1Di1
a S x1u

r1D

r D1(
j 52

N H mjDi j
a S xj2

r jD

r D1S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D pS ]xi

]p D J G G¹W ln pJ
2

1

mA
FmA(

i 52

p

si H Di
Ta

mi
2

n2

r (
j 52

q S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D DThS ]xj

]Th
D J G¹W ln Th

1
n2

r
mAF 1

mA
(
i 52

p
si

nkTh
(
j 52

N

$~mjDi j
ua2m1Di1

ua!gj%1S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D uS ]xj

]u D G¹W ln u

2
1

mA
FmA(

i 52

p

si

Di
ua*

mi
G¹W ln u. ~2.34!
7-4
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Hence, the diffusion number flux of gasA may be written as

gW A5
n2

r
mB~DAB

x ¹W xB1DAB
p ¹W ln p!2

DAB
T

mA

¹W ln Th

1S n2

r
mB DAB

u 2
DAB

u*

mA
D ¹W ln u, ~2.35!

where

DAB
x 5

1

mB
(
i 52

p

si (
j 52

N S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D S ]xj

]xB
D ,

~2.36!

DAB
p 5

1

mB
(
i 52

p

si H m1Di1
a S x1u2

r1D

r D1(
j 52

N FmjDi j
a S xj

2
r jD

r D1S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D pS ]xj

]p D G J ,

~2.37!

DAB
T 5mA(

i 52

p

siFDi
Ta

mi

n2

r (
j 52

N S mjDi j
a 1

~u21!Ai

D

2
m1Di1

a u

D DThS ]xj

]Th
D G , ~2.38!

DAB
u 5

1

mB
(
i 52

p
si

nkTh
(
j 52

N F ~mjDi j
ua2m1Di1

ua!gj

1S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D uS ]xj

]u D G ,
~2.39!

and

DAB
u* 5mA(

i 52

p

si

Di
ua*

mi
. ~2.40!

The coefficientsDAB
x , DAB

p , and DAB
T are, respectively, the

2T combined diffusion coefficients due to gradients in co
centration, pressure, and heavy species temperature. Th
efficients DAB

u and DAB
u* are 2T combined diffusion coeffi

cients due to the gradient in the nonequilibrium paramet
Defining the diffusion flux of the ionized gasB,

gW B5
n2

r
mA~DBA

x ¹W xA1DBA
p ¹W ln p!2

DBA
T

mB

¹W ln Th

1S n2

r
mA DBA

u 2
DBA

u*

mB
D ¹W ln u, ~2.41!

it can also be shown that
05640
-
co-

.

DBA
x 52

1

mA
(

i 5p11

N

si (
j 52

N S mjDi j
a 1

~u21!Ai

D

2
m1Di1

a u

D D S ]xj

]xB
D , ~2.42!

DBA
p 5

1

mA
(

i 5p11

N

si H m1Di1
a S x1u2

r1D

r D
1(

j 52

N FmjDi j
a S xj2

r jD

r D
1S mjDi j

a 1
~u21!Ai

D
2

m1Di1
a u

D D pS ]xj

]p D G J ,

~2.43!

DBA
T 5mB (

i 5p11

N

siFDi
Ta

mi
2

n2

r (
j 52

N S mjDi j
a 1

~u21!Ai

D

2
m1Di1

a u

D DThS ]xj

]Th
D G , ~2.44!

DBA
u 5

1

mA
(

i 5p11

N
si

nkTh
(
j 52

N F ~mjDi j
ua2m1Di1

ua!gi

1S mjDi j
a 1

~u21!Ai

D
2

m1Di1
a u

D D uS ]xj

]u D G , ~2.45!

DBA
u* 5mB (

i 5p11

N

si

Di
ua*

mi
. ~2.46!

In order for the sum of mass fluxes relative to the avera
mass flux to vanish, the 2T combined diffusion coefficien
have to obey the following symmetric relationships:

DAB
x 5DBA

x , ~2.47!

DAB
p 52DBA

p , ~2.48!

DAB
T 52DBA

T , ~2.49!

DAB
u 52DBA

u , ~2.50!

DAB
u* 52DBA

u* . ~2.51!

We may separate the components of the combined the
diffusion coefficient corresponding to thermal diffusion a
ordinary diffusion as follows:

DAB
T 5DA

T1DAB
T1 , ~2.52!

where

DA
T5mA(

i 52

p Di
Ta

mi
~2.53!
7-5
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and

DAB
T1 52mA

n2

r (
i 52

p

siF (
j 52

N S mjDi j
a 1

~u21!Ai

D

2
m1Di1

a u

D DThS ]xj

]Th
D G . ~2.54!

III. APPLICATION TO AN ARGON-HYDROGEN
THERMAL PLASMA

In this section, we investigate the behaviors of the co
bined ordinary and thermal diffusion coefficients in
argon-hydrogen mixture for different compositions and
different values of the nonequilibrium parameteru
5Te /Th . Particular attention is paid to mass conservati
For the purposes of this paper, we assume thatu is fixed, and
consequently, diffusion coefficients due to gradients inu are
not evaluated. The individual ordinary and thermal diffusi
coefficients are calculated to the third order of approxim
tion. The values of the combined diffusion coefficients a
altered only negligibly when the second order of approxim
tion is used.

Methods to calculate the composition of non-LTE therm
plasmas may be divided into two main classes. In the fi
class, a stationary kinetic calculation~neglecting diffusion
and convection! is used, based on the work of Richley an
Tuma@27#. In this case, many reaction paths are conside
in contrast to the second class, which are multitempera
methods based on mass action laws~Potapov@28#, van de
Sandenet al. @29#, Chen and Han@30#, and Andre´ @31#!. The
two classes of methods lead to very different results@26#.
Here, for the purposes of illustration, we give results
plasma compositions calculated using a stationary kin
calculation. The method of calculation, the required data,
the resulting compositions are described in detail elsewh
@25#. Briefly, the method consists of determining the kine
coefficients of the forward and reverse reactions involv
the species that are considered. In order to calculate the n
ber density of species, linear systems of equations with c
straints on pressure, charge conservation, and the ar
hydrogen molar ratio are solved. An atmospheric press
plasma has been considered with eight species: electrons
Ar1, Ar21, H2 , H, H2

1 , and H1.

A. Mass conservation

It was shown in an earlier paper@22# that the 2T com-
bined diffusion coefficients derived using the simplifie
theory of transport properties, i.e., neglecting coupling
tween the electrons and the heavy particles@18–20#, did not
satisfy Eq.~2.49! even at equilibrium (Te5Th), except when
the degree of ionization was very low. When the ionizati
degree exceeded 8%, Eq.~2.49! was not satisfied, and henc
mass conservation was violated.

We have checked that Eqs.~2.47! and~2.49! are satisfied
using the 2T combined diffusion coefficients derived in S
II B, and hence that mass conservation is satisfied. In part
lar, we confirmed that for an argon-hydrogen plasma at
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mospheric pressure thatDAr-H2

x 5DH2-Ar
x and DAr-H2

T 5

2DH2-Ar
T for all temperatures up to at least 25 000 K, for a

argon-hydrogen molar ratios, and for all values ofu up to at
least 3.0.

B. Results

1. Two-temperature combined ordinary diffusion coefficients

Figure 1 shows the electron temperature dependenc

the combined ordinary diffusion coefficientDAr-H2

x for differ-

ent molar percentages of argon in an Ar-H2 mixture for u
51.6. At temperatures close to the dissociation tempera
of hydrogen, and the ionization temperature of argon a
hydrogen, the coefficient depends on the percentage of a
in the mixture. This is because the degree of dissociation
ionization depends on this percentage, and as Eq.~2.36!
shows,DAr-H2

x depends on the concentration of the individu

species.
The combined ordinary diffusion coefficient increas

with the electron temperature until the degree of ionization
high; it then starts to increase as a result of the high collis
cross sections for interactions between charged species.

A change of slope occurs at 12 500 K for the case of 7
argon by mole. This is due to the rapid increase in the nu
ber density of Ar1 ions between 11 000 and 12 500 K for th
composition, so that the number density of Ar1 ions is
greater than that of H1 ions at 12 500 K. This is in contras
to the case of 50% argon by mole~at 12 500 K,nAr155.68
31022 m23 and nH153.6631022 m23 for 75% argon by
mole, compared tonAr151.4231022 m23 and nH156.80
31022 m23 for 50% argon by mole!. The collision integral
Q̄H1,H

(1,1) is larger thanQ̄Ar1,H
(1,1) between 11 000 and 12 50

K ( Q̄H1,H
(1,1) /Q̄Ar1,H

(1,1) '5 at 12 500 K!, so an increase innAr1

relative tonH1 causes the diffusion coefficient to decrea
less rapidly.

A discontinuity occurs at about 11 000 K for the cases
which there is at least 50% hydrogen by mole present. Th

FIG. 1. Dependence on electron temperature of the comb
ordinary diffusion coefficient for different molar percentages of
gon in an argon-hydrogen mixture at 1 bar foru5Te /Th51.6.
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due to the onset of an ionization avalanche, which is d
cussed in detail in Ref.@25#. Briefly, the ionization of argon
and hydrogen atoms is limited by charge transfer reacti
(Ar11H2→Ar1H2

1 and H11H2→H2
11H) and dissocia-

tive recombination reactions of hydrogen molecules (H2
1

1e→2H) until the number density of H2 reaches a critically
low value ('531020 m23), whereupon an ionization ava
lanche occurs.

Figure 2 depicts the dependence on electron tempera
of the combined ordinary diffusion coefficients in a mixtu
of equal molar percentages of argon and hydrogen for dif
ent values ofu. It can be seen that the diffusion coefficien
decrease asu increases for any given value ofTe . The re-
sults of Murphy@2# for the same percentages of argon a
hydrogen foru51 are also shown. The agreement betwe
our results and those of Murphy is excellent.

A discontinuity caused by the onset of an ionization a
lanche is again seen at 11 000 K. The shape of the disco
nuity is different foru53.0 andu<2.0, depending on the
dominant hydrogen species. The dominant species is H2 for
u53.0 and H foru<2.0, for temperatures below that
which the discontinuity occurs, because of the shift of dis
ciation toward higher electron temperature asu increases
@25#. The collision integralQ̄Ar,H2

(1,1) is larger thanQ̄Ar,H
(1,1) , so the

diffusion coefficient is relatively low for temperatures belo
that at which the discontinuity occurs foru53.0. For u
51.0, the diffusion coefficient is already decreasing
11 000 K, and there is no discontinuity.

2. Two-temperature combined thermal diffusion coefficients

The dependence on electron temperature of the comb

thermal diffusion coefficientDAr-H2

T is shown in Fig. 3 for

different molar percentages of argon in the Ar-H2 mixture for
u51.6. The combined thermal diffusion coefficient depen
strongly on the molar percentage of argon through]xj /]T,
as shown by Eq.~2.38!.

Figure 4 shows the dependence on electron temperatu
the combined thermal diffusion coefficient for different va

FIG. 2. Dependence on electron temperature of the comb
ordinary diffusion coefficient for different values ofu5Te /Th in an
argon-hydrogen mixture~50% by mole! at 1 bar.
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ues ofu in a mixture of equal molar percentages of argon a
hydrogen. It can be seen that the diffusion coefficients
crease asu increases forTe.12 500 K. The first group of
peaks, at low temperature, is associated with the dissocia
of H2 . They occur atTh'3800 K; when plotted againstTe ,
the curves are shifted according to the value ofu. The second
group of peaks, at aboutTe'14 500 K, is associated with th
ionization of atoms. Foru53.0, dissociation is not complete
and the dissociation peak does not reach its maximum,
fore the onset of ionization. The results of Murphy@2# for the
same percentages of argon and hydrogen foru51 are also
shown. The agreement is not as good as that found for
combined ordinary diffusion coefficient. In particular, fo
Te'5000 K, there is a significant difference between o
results and those of Murphy. We have carefully investiga
this discrepancy, and found that it is due to small differen
in the individual ordinary diffusion coefficientsDi j

a that are
used to calculateDAr-H2

T1 . The differences become significan

becauseDAr-H2

T1 is the sum of relatively large positive an

negative terms, since theDi j
a are multiplied by]xj /]Th be-

d
FIG. 3. Dependence on electron temperature of the comb

thermal diffusion coefficient for different molar percentages of
gon in an argon-hydrogen mixture at 1 bar foru5Te /Th51.6.

FIG. 4. Dependence on electron temperature of the comb
thermal diffusion coefficient for different values ofu5Te /Th in an
argon-hydrogen mixture~50% by mole! at 1 bar.
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fore being summed@see Eq.~2.54!#. In contrast, the terms
making upDAr-H2

x are all positive, so the small differences

the Di j
a have little effect on the combined ordinary diffusio

coefficient.
Figure 5 shows the dependence on electron temperatu

the combined diffusion coefficientDAr
T and the ambipolar

thermal diffusion coefficientsDAr
Ta , DH2

Ta , DH
Ta for u53.0 and

a mixture of equal molar percentages of argon and hydrog
We expect similar behavior to that pointed out by Murp
@7# for an equilibrium mixture; i.e.,DAr

T should reflect the
values ofDTa of the dominant species present. BelowTe
'4000 K, where Ar and H2 dominate, it can be confirme
that DAr

T 'DAr
Ta'2DH2

Ta . Moreover, betweenTe'5000 and

8000 K, where Ar and H are the main species,DAr
T 'DAr

Ta

'2DH
Ta . However, when significant ionization occurs, su

simple relationships between diffusion coefficients canno
found.

IV. CONCLUSIONS

Diffusion is an important phenomenon in thermal pla
mas, for example, in demixing in free-burning arcs@8#. Com-
bined diffusion coefficients, which allow diffusion to b
treated in terms of gases rather than species, have bee
fined for LTE conditions@7#. However, close to the elec
trodes of free-burning arcs, where deviations from equi
rium occur, non-LTE combined diffusion coefficients a
required@17#.

FIG. 5. Dependence on electron temperature of the compo
of the combined thermal diffusion coefficient corresponding to th
mal diffusion coefficientDAr

T and the ambipolar thermal diffusio

coefficientsDAr
Ta

, DH2

Ta
, andDH

Ta in an argon-hydrogen mixture~50%
by mole! at 1 bar foru5Te /Th51.6.
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In this paper, we have derived two-temperature combin
diffusion coefficients from the nonequilibrium diffusio
fluxes recently introduced by Ratet al. @21#. Combined dif-
fusion coefficients due to gradients in concentration, te
perature, pressure, and the nonequilibrium parameteu
5Te /Th have been defined in a thermal plasma consisting
two homonuclear nonreacting gases, where the kinetic t
perature of electronsTe is different from that of the heavy
speciesTh . Illustrative results have been presented for
plasma in a mixture of argon and hydrogen. The plas
composition was obtained from a nonequilibrium stationa
kinetic calculation@25#.

We found that, in general, the combined diffusion coe
cients decrease withu5Te /Th for a given value ofTe . Two
different behaviors can be distinguished, separated by an
ization avalanche at electron temperatures of around 11
K. Below 11 000 K, the combined diffusion coefficients a
governed by the heavy species temperature, and feature
lated to the dissociation of hydrogen molecules are shifte
higher electron temperatures asu increases. Above 11 000 K
the combined diffusion coefficients depend on the elect
temperature, since ionization dominates. If the plasma c
position had been calculated using multitemperature meth
based on mass action laws, different values of the combi
diffusion coefficients would be obtained, but similar tren
would be observed, apart from the absence of the ioniza
avalanche, which is only found in the stationary kinetic c
culation of composition.

It has been shown previously@22# that the simplified
theory of transport properties, in which coupling betwe
electrons and heavy particles is neglected@18–20#, leads to
values of combined diffusion coefficients for which ma
conservation is not satisfied. The combined diffusion coe
cients derived in the current paper are derived using the n
equilibrium expressions for diffusion fluxes defined in Re
@21#, in whose calculation the coupling between electro
and heavy particles is taken into account. We have confirm
that these combined diffusion coefficients satisfy the re
tionsDAB

x 5DBA
x andDAB

T 52DBA
T , indicating that mass con

servation is satisfied.
The two-temperature combined diffusion coefficien

have many potential applications. There are regions ou
LTE in all thermal plasmas, and some, such as microw
plasmas, haveTe@Th everywhere. We are planning to us
the two-temperature diffusion coefficients derived here
model demixing in an argon-hydrogen arc. By comparing
results of this modeling with the predictions of the equili
rium model and the spectroscopic measurements of Mur
and Hiraoka@17#, it may be possible to obtain an indirec
experimental validation of the approach of Ratet al. @21#.
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