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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. lllustrative results are presented for a thermal plasma in different mixtures
of argon and hydrogen at 1 bar, for temperatures up to 25000 K and different ratios of electron to heavy
species temperature.
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I. INTRODUCTION ordinary and thermal diffusion coefficients and convey an
overall description of the diffusion in a plasma. As a conse-
Thermal plasmagl] are widely used in material process- quence, theN—1 species conservation equations can be re-
ing, for example, for deposition, cutting, welding, or surfaceplaced by a single gas conservation equation.
modification. Their applications are diverse, encompassing Diffusion is an important phenomenon in thermal plasmas
the alteration of optical, mechanic@hardness, corrosion, in gas mixtures, and the combined diffusion coefficient for-
wear, thermal barri¢r and electronic properties of the mate- mulation has been used to model diffusion in many different
rials. The reproducibility of plasma processes is improvingtypes of thermal plasmas in LTE. For example, Murp8y]
because of, on one hand, the increasing understanding bhs modeled demixing in free-burning arcs in mixtures of
plasma properties and, on the other hand, the development afgon with nitrogen, helium, oxygen, and hydrogen. As well
plasma flow modeling. as causing major departures from fully mixed compositions,
Plasma flow modeling requires the solution of conservademixing can lead to significant changes in other properties;
tion equations of mass, momentum, and energy, and speciegy example, the anode heat flux can be enhanced by as much
taking into account boundary conditions and the plasma geas 50% due to the influence of demixing in argon-hydrogen
ometry. To solve these conservation equations requires tharcs. Fudolig and co-workers modeled an arc reactor in a
knowledge of transport coefficients. Because these coeffimixture of argon and nitrogefi0], and the heat transfer to
cients are difficult to measure, especially at high temperaturenetal beads in an argon-hydrogen Ett]. Chen, Sugasawa,
(above 6000 K much effort has been put into their calcula- and Kikukawa[12] modeled a radio-frequency plasma torch
tion. They are usually calculated under the assumption ofvith argon and hydrogen as the working gases. Zhetra.
local thermodynamic equilibrium{LTE) [2-5], using the [13] investigated the effect of polytetrafluoroethylene abla-
Chapman-Enskog method for the approximate solution of théion on the operation of a sulfur hexafluoride circuit breaker.
Boltzmann equatiofi6]. The distribution function of species Many authors have presented evidence of departures from
is assumed to be a Maxwellian, perturbed by a first-ordet.TE (see, for example, Refgl4-16) in thermal plasmas, in
perturbation function that introduces forcésoncentration, particular, close to the electrodes of free-burning arcs, for
pressure, and temperature gradigraissociated with trans- which the kinetic temperature of electrofig is different
port phenomena. from that of heavy specieg,,. The modeling of plasmas in
The treatment of diffusion in modeling is often complex which T.# T,, requires the determination of two-temperature
since, when considering a plasma wibh species,N(N  (2T) transport coefficients. A particularly relevant example is
—1)/2 linearly independent ordinary diffusion coefficients the discrepancies found in a recent stiidy] between the
Dj; andN—1 linearly independent thermal diffusion coeffi- composition determined by spectroscopic measurements and
c:ientsDiT have to be calculated, amdi— 1 species conserva- by modeling of a free-burning arc in a mixture of argon and
tion equations have to be solved at each position in thdydrogen. The model used combined diffusion coefficients
plasma. To overcome this complication, Murphy simplified calculated assuming.= T}, . Close to the cathode, the mea-
the treatment of diffusion by defining combined diffusion surements revealed a much greater level of demixing than
coefficients. These were derived for binary mixtures ofthe calculations, while at a greater distance from the cathode,
homonuclear gases that do not react with each offifr good agreement was found. It was hypothesized that the dis-
under the assumption of chemical equilibrium. This approaclkerepancies found near the cathode were due to deviations
enables the description of diffusion in terms of gases insteatfom LTE.
of species. The combined diffusion coefficients depend on Devoto[18,19 introduced a simplified theory of transport
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properties, later modified by Bonnefd0], which assumes a diffusion velocity of theith speciegthe index 1 is attributed
complete decoupling between electrons and heavy specie electron relative to the mass-average velocity in a non-
and which was used to derive 2T transport coefficients. Reequilibrium thermal plasma is written, without taking into

cently, Ratet al. [21,22 showed that this simplified theory account the ambipolar electric field, as follows:
leads to unphysical results when calculating the combined

diffusion coefficients of Murphy 7] at equilibrium. In par- = N - P

ticular, Ratet al. showed that mass conservation is not satis- Vi= npkT, 21 m;(Dj;dj+Djjg;VIn6)

fied if the simplified transport properties theory is used. To ! 1

correct this problem, they developed a 2T theory of transport DT D

properties that retains coupling between electrons and heavy ——Vin Th— —Vine, (2.1
species. Two-temperature diffusion coefficients, thermal and niMm n;m;

electrical conductivity, and viscosity were derived. The ré- . here
sults of the application of the theory to a pure argon plasma

[23] have been presented. They showed the dependence of N . . 0 0
transport coefficients on the degree of deviation from equi-d, =p ﬂE nF; r1 (L_ ﬂ) VInp+ =5 Vxq |,
librium, and demonstrated that retaining the coupling be- N D »p D

tween the electrons and heavy species gives electrical and (2.2
thermal conductivities that are significantly different from

N =
thoiﬁi:t;tamed using the simplified theory. ' ‘i: o ﬂE nE - nJ_FJ+ Xj P,)V» np
pproach has been extend@d,25 to a mixture of ppish p D »p
argon and hydrogen, which is widely used, for example, in
plasma spraying deposition processes. The 2T reaction ther- ﬁxj xj(6—1)
mal conductivity was defined such that it is independent of to5 " pz VX (2.3

the method of 2T plasma composition calculati@g]. Once
again, significant _discrepancies have been observeq berveng p, p, andn are, respectively, the total pressure, total
the results of this approach and those of the S'mp“f'ecbensity, and total density number in the mixtune: x; , p; ,

theory. T,, andm; are, respectively, the number density, molar frac-

The purpose of this paper is to derive combined diffusionjq, * gensity, kinetic temperature, and mass of ithe spe-
coefficients in a thermal plasma in which the kinetic tem- . ; , -
cies, andk is Boltzmann’s constant; is an external force

perature of the electron3,, is different from that of heavy ) . . - T
species,T;,. The degree of deviation from equilibrium is actlng on thdth species. The coefficients; , Dy, ij » and
described by the parameté=T,/T,. As in previous calcu- Di‘9 are, respectively, ordinary diffusion coefficients, thermal
lations of combined diffusion coefficients, we assume chemidiffusion coefficients, ordinary diffusion coefficients due to
cal equilibrium and consider a plasma in a mixture of twogradients in the nonequilibrium parameter, and thermal dif-
homonuclear nonreacting gases. fusion coefficients due to gradients in the nonequilibrium
In Sec. Il, ambipolar diffusion coefficients are derived parameter. The factdd is defined ad=1+x,(6—1), and
from the nonequilibrium diffusion fluxes of species intro- g;=x:p(1—X,)/D? for electrons andy; = —x;x,p/D? for
duced by Ratt al.[21]. In addition, 2T combined diffusion heavy species.
coefficients are derived in the presence of gradients in the We consider an electrostatic force
concentration, pressure, heavy species temperature, and the . .
nonequilibrium parametef. In Sec. Ill, the method is ap- Fi=ezZE, (2.4
plied to an argon-hydrogen plasma. The dependence on tem- .
perature of the combined ordinary and thermal diffusion co-acting on theith species, where, Z;, andE, are, respec-
efficients is investigated for different molar percentages otively, the elementary charge, the charge number ofithe
argon and for different values df. Particular attention is species, and the ambipolar electric field. Substituting Eq.
paid to the conservation of mass. Conclusions are given if2.4) into Egs.(2.2 and(2.3) using the following neutrality
Sec. IV. condition,

N
Il. NON-EQUILIBRIUM DIFFUSION ;1 enz;=0, (2.5

A. Ambipolar diffusion coefficients .
it can be shown that

Because of their small mass, electrons diffuse more rap-
idly than heavy species in the presence of a concentration, aj: —(enZ; Ip)E,+ aj’ , (2.6)
pressure or temperature gradient, resulting in the creation of
a charge separation between electrons and ions. The diffyvhere
sion velocities of species are influenced by the resulting am-

bipolar electric fieldE,, leading to an alteration of the stan- s [[Xf_pie 0 &
dard diffusion coefficients. It has been shoy&i] that the dr=p D »p Vinp+ szxl ' @7
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(X el VXX
dj—p{(D p)VInp+D

j(0—-1) -

D2 Vxl} (j=2).

(2.9

When a stationary state is reached, the sum of current density

vectors vanishes:

N
E eniZi\7i :6 (29)
=1

Inserting Egs.(2.1) and (2.6) into Eq. (2.9), the ambipolar
electric fieldE, is written as follows:

en. 1 np% ZiE b.d!
—|—2, =2 m
pk % BlpkE T =
np Zi )
e 21 T ]Zl m;D{g;VIn ¢
N T N o*
ZD; . N
-> LV InT,—- 2, " Vinel|,
i=1 i i= i
(2.10
where
N N Z
2 2 ?Zn mD;; (2.11)
with T{=Tg, andT;=T, if i=2.
Using Eq.(2.6), Eq. (2.1) is written as
N
= n enz. .
o= N Y I 4.V
v, nikaiJZl mJ{D,J( ;- Ea +d/ |+Dfig;Vine
T o
I = I =,
——VInT,———ViIno. 2.1
im " nim, 213

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

S np Qs i 9j =
Vi_niPkTijzl mj| Dfjdj+ — = Vino
Ta fax
——VInT,———V1Ine, (2.13
nym; it
with
N
; Z({
Dﬁ:Dij+Elng—€D(j, (2.1
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N T
a m; Z€D€
D/ =D+ —— , 2.1
I BTl =1 m({ ( 3
a N
i €
Dﬁa_Dﬁ+Elgl = D). (2.16
0*
pa* _ P a;m; ZgDe
DI =D{" + o 2~ (217
N
2 nm,Z;D;; , (2.18

and withT,=T,, andT;=T, if i=2.

The diffusion coefficientD} and D® are, respectively,
the ordinary and thermal diffusion coefficients in 2T thermal
plasmas. Whe .=T,,, they reduce to the respective coef-
ficients of Murphy[7], which are defined at equilibrium. The

diffusion coe1‘f|C|entsDﬁa and Di”a* due to gradients in the
nonequilibrium parameter do not, of course, have equivalents

at equilibrium.

B. Two-temperature combined diffusion coefficients

We consider a nonequilibrium thermal plasma consisting
of electrons with a kinetic temperatuile, that may be dif-
ferent from that of the heavy speci€g. We assume that the
plasma is in chemical equilibrium. Following Murphy’s no-
tation[ 7], two partially ionized gase& andB are assumed to
be homonuclear and to not react with each other. The index 1
is attributed to electrons, the indices 2,...p correspond to
species in gag, and the indices=p+1,...N correspond to
species in ga8. N represents the total number of species.

The number flux of specidsrelative to the mass-average
velocity and taking into account ambipolar effects, is written,
according to Eq(2.13, as

= np Ij gj
gi= PkTuE Did] + Vine
Ta fa*
——VInT,— Vine. (2.19
m;

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

(Q¢|

p
Z (2.20

N
Z N (2.22)

(Q,Ll

where thes; are stoichiometric coefficients defined Pgj
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p p N
=b; 2 X / > by, 2<i=p, (2.22 Vxg == 2, Vx;, (2.26

k=2 k=2 =2

N
91=—2, 9j, (2.27

b E Xk E kak, p+1$|$N ! 1=2 ]
k=p+1 k=p+1
(2.23 and

Introducing Eq.(2.19 into Eq.(2.20), it can be shown that A= 2 mij}X,- ) (2.28

np Dfag. Since we have assumed the plasma to be in chemical equi-
—> mj( Dad’ + ';) 'V In 9) librium, the plasma composition depends on the relative con-

=2 | pkTi=2 i centrations of gase8 and B, the total pressure, the heavy
Ta pa* species temperatuii, , and the nonequilibrium parameter
i InT,— r.n Yo (2.24 We can therefore write
| ' o\ (o o 0%,
VXJ': — VXB Vp (9T VTh+ _6 Vg
Hence, using Eq92.7) and (2.8 2] P
(2.29
N 6—1)A, mD%6 whereXa, Xg, Ma, Mg, respectively, the mole fractions of
= 2 _np 2 ( ) 1 Vx. gasA andB and the average masses of the heavy species of
da Si ) 2 2 Xj .
i=2 pkTh =2 D D D gasesA andB, are given by
p Ta D_f)a p
I = I = —_
-> si(—V InT,+—VIn 0) Xa= >, (1+Z)%;, (2.30
i=2 o\ m m i=2
+2 Si—— np m; D3 Xig— P1 L
i kT i1\ D p XB_| % (1+Z )X, 1- XA, (231)
N Xi  pi p p
+ m»Df"‘(—J— —') Vin _
jgz D p P mA:iZ2 m;X; 22 X, (233
p
+>'s % _mD%g.VIng. (2.29 N
=2 i~ mDityg M= > mMX; E X; . (2.33
i=p+1 i=p+1

The following relationships were used in deriving E2.25: Inserting Eq.(2.29 into Eq.(2.29), it can be shown that

_n [ 12 X ( (0—1)A mlo?"la) X | | =
o= —Mg)| — S: mDa+ L : —_J VXg
9a p e mBizz |j22 iDij D D oxe B
NERS YL +§ ool PP} [ o4, (0-DA mDRE| fax) ]l
m:Bi:2 Si| MDj;| X160 —— =) m; ij Xj— T m; ij D D p % np
1 P [Df* n2 3 (6—1)A;, mD% 6\ [ ax
— _|lm- W D&+ ! ! J
o mAiZz s,{ m P ;2 m; Dj; D D T (&Th VInTh
n_[12 s (0-1)A, mD&6\ [ox;\]|.
= o fa + §+ i il v
P m_Ai:EZn T2 {(m;D{P—m;D/P)g;}+| m;D 5 5|0 o5 |Vine
1 PoDf| L
——|ma>, s——|VIne. (2.34
mA i=2 |
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Hence, the diffusion number flux of gdsmay be written as N (-1)A,
™ oL 3 o3 (o 0
_ n2___)_ . DLB* Mmpi=p+l [=2
ga= —mg(DAgVXg+DRgVInp)— —VInT, a
p Ma B mlDi1'9) ﬁ) (2.42
2 o D oxa)” '
+| —mgDYs— —2|VIno, (2.35 LN 5
P Map b P1
BA= m:i=§:+1 Si| mlDial(Xle_ _)
where AP
N pD
12 X 6—1)A, mD&6\ [ ox: +> m»Dﬁ(x-—'—)
DQB—:Z si_E (mij}-i-( D = lDIl —L], S A N
mB|=2 j=2 5XB a
(2.36 . (=LA myD{36) [ox
5 P1
Rs =_E s;{ m;D .1(X19—— + > [mjDi"’}(xj (2.43
mB| P j=2
N Ta 2 N
D n 0—1)A,
jD a (0_ 1)AI ml Iale axj DBA_ mBA 2 S| _I_ I ( m] |6}+ ([)#
_T + mlej D D % s i=p+1 m; pj=2
(2.3 _ M) (9%
. D Th T | (2.49
p Ta 2
_ D;%n 0—1)A,
Dag=Ma>, S| — — >, (mjD?‘*'Q N o
=7 m opi= ! D — 1 Si
Dga= = > 2 (m]D -mD{M)g
a My i=p+1 nkTh =2
mlD”a)T ( ax"” (2.39
- D h ﬂ_Th ! ’ a (0 1)A| mlD 10 5XJ
+| m;Djj + D D 0 70| (2.495
12 N
Dpe= — 2, 2 (mD{~m;D g, D/
mg =2 NKTh =2 mB Z s; (2.46
. (0=DA m;D{, 0 IX; )
+{ m;Djj D D Y In order for the sum of mass fluxes relative to the average
mass flux to vanish, the 2T combined diffusion coefficients
(2.39 have to obey the following symmetric relationships:
and As=DEa; (2.47
p fa* J— P
Dj Rg=—DB 2.4
D =ma> s— (2.40 AB BAI (2.48
=2 i -
I DAs=—Daa, (249
The coefficientsD%5, DR, and D,y are, respectively, the
2T combined diffusion coefficients due to gradients in con- Df\B— DSA, (2.50
centration, pressure, and heavy species temperature. The co-
efficients D% and D% are 2T combined diffusion coeffi- DAL= —Dgh (2,51

PHYSICAL REVIEW E6, 056407 (2002

cients due to the grad|ent in the nonequilibrium parameter. )
Defining the diffusion flux of the ionized gag; We may separate the components of the combined thermal

diffusion coefficient corresponding to thermal diffusion and

Y DT ordinary diffusion as follows:
0g= — A(DBAVXA+ DBAV Inp)— 229 In Th
p Mg Dig=D1+DAL, (2.52
2 O%
n“_ —— - where
+<—mA Dl —=|VIne, (2.4))
p mg P pra
Dr=ma>, —— (2.53
it can also be shown that ATTRS m, '
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and <~ 0.040 4
- N 0.0354 -, ——99 mol% Ar
—n (6—-1)A ] /‘ \
Dit=—m,— > s| >, (m-Da+ ] AR - - - 75mol% Ar
AB p iS5 i = Iiadl] D 0.030. \.‘\-‘. _____ 50 mol% Ar
0.025 4 h ~-=-~25 mol% Ar
m, D7 6 T 9Xi (2.54 1 —+-=-=1 mol% Ar
D h (ﬂ—h . 0.020

0.015

IIl. APPLICATION TO AN ARGON-HYDROGEN

0.010
THERMAL PLASMA 1

0.005 -
In this section, we investigate the behaviors of the com-

bined ordinary and thermal diffusion coefficients in an

argon-hydrogen mixture for different compositions and for

different values of the nonequilibrium parametef

=T./T,. Particular attention is paid to mass conservation. FIG. 1. Dependence on electron temperature of the combined

For the purposes of this paper, we assume @hatffixed, and  ordinary diffusion coefficient for different molar percentages of ar-

consequently, diffusion coefficients due to gradient® e  gon in an argon-hydrogen mixture at 1 bar #or T, /T,=1.6.

not evaluated. The individual ordinary and thermal diffusion

coefficients are calculated to the third order of approximamospheric pressure thaD% ., =D¥_, and DL_H =

tion. The values of the combined diffusion coefficients are —— 2 2 2

altered only negligibly when the second order of approxima- DHz-Af for all temperatures up to at least 25000 K, for all

tion is used. argon-hydrogen molar ratios, and for all valuesfaip to at
Methods to calculate the composition of non-LTE thermalleast 3.0.

plasmas may be divided into two main classes. In the first

class, a stationary kinetic calculatigneglecting diffusion B. Results

and convectionis used, based on the work of Richley and

Tuma[27]. In this case, many reaction paths are considered,

in contrast to the second class, which are multitemperature Figure 1 shows the electron temperature dependence of

methods based on mass action laietapov[28], van de  the combined ordinary diffusion coefficieDty.,, for differ-
Sanderet al.[29], Chen and Hafi30], and Andre[31]). The ent molar percentages of argon in an Ag-hhixture for 6

two classes of methods Iee}d to very dn‘fere_nt res(a). =1.6. At temperatures close to the dissociation temperature
Here, for the purposes of |Ilustrat|qn, we give results forof hydrogen, and the ionization temperature of argon and
plasma compositions calculated using a stationary kmet'ﬁydrogen the coefficient depends on the percentage of argon

calculation. The method of calculation, the required data, an . . . o
. g . . . in the mixture. This is because the degree of dissociation and
the resulting compositions are described in detail elsewherg

[25]. Briefly, the method consists of determining the kinetic'omzatlog depends on this percentage., and as (2(36)
coefficients of the forward and reverse reactions involvingSNoWS:Dar, depends on the concentration of the individual
the species that are considered. In order to calculate the nurBpecies.
ber density of species, linear systems of equations with con- The combined ordinary diffusion coefficient increases
straints on pressure, charge conservation, and the argowith the electron temperature until the degree of ionization is
hydrogen molar ratio are solved. An atmospheric pressurBigh; it then starts to increase as a result of the high collision
plasma has been considered with eight species: electrons, A0ss sections for interactions between charged species.
Art, A2t H,, H, |-|2+ ,and H". A change of slope occurs at 12 500 K for the case of 75%
argon by mole. This is due to the rapid increase in the num-
ber density of Af ions between 11 000 and 12 500 K for this
composition, so that the number density of *Aions is

It was shown in an earlier pap¢2?2] that the 2T com-  greater than that of Hions at 12500 K. This is in contrast
bined diffusion coefﬂment_s dgrlved using the S|m_pI|f|ed to the case of 50% argon by malat 12500 K,n,+ =5.68
theory of transport properties, i.e., neglecting coupling be-< 10?2 m~3 and n,;+ =3.66x 1022 m~3 for 75% argon by
tween the electrons and the heavy parti¢ls—20, did not  mole, compared ta,+=1.42<x102 m 2 and ny-=6.80

satisfy Eq.(2.49 even at equilibriumTe=Ty), exceptwhen 1022 m~3 for 50% argon by mole The collision integral
the degree of ionization was very low. When the ionizationa(l,l) ~(1.1)

degree exceeded 8%, Hg.49 was not satisfied, and hence <H"H 's larger thanQy,, between 11000 and 12500
mass conservation was violated. K (G‘Hl;fL/_gﬁ’i?H~5 at 12500 K, so an increase imy,+

We have checked that EqR.47) and(2.49 are satisfied relative tony+ causes the diffusion coefficient to decrease
using the 2T combined diffusion coefficients derived in Secless rapidly.
[I B, and hence that mass conservation is satisfied. In particu- A discontinuity occurs at about 11 000 K for the cases in
lar, we confirmed that for an argon-hydrogen plasma at atwhich there is at least 50% hydrogen by mole present. This is

0.000 . T v T v T v T T 1
0 5000 10000 15000 20000 25000
Electron temperature (K)

Combined ordinary diffusion coefficient (mzs

1. Two-temperature combined ordinary diffusion coefficients

A. Mass conservation
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FIG. 3. Dependence on electron temperature of the combined
rmal diffusion coefficient for different molar percentages of ar-
gon in an argon-hydrogen mixture at 1 bar ## T,/T,=1.6.

FIG. 2. Dependence on electron temperature of the combineﬂ1e
ordinary diffusion coefficient for different values 6&=T, /T, in an
argon-hydrogen mixturé&50% by mol¢ at 1 bar.

ues oféin a mixture of equal molar percentages of argon and
hydrogen. It can be seen that the diffusion coefficients de-
grease ag increases foiT,>12500 K. The first group of
peaks, at low temperature, is associated with the dissociation
of H,. They occur aff,=~3800 K; when plotted against,,

the curves are shifted according to the valu#@.ofFhe second
group of peaks, at aboiii,~14 500 K, is associated with the
ionization of atoms. Fo#= 3.0, dissociation is not complete,
and the dissociation peak does not reach its maximum, be-
t5re the onset of ionization. The results of Murgi2y for the

of the combined ordinary diffusion coefficients in a mixture percentages of argon and hydrogendferl are also
of equal molar percentages of argon and hydrogen for differ=

ent values off. It can be seen that the diffusion coefficients shown. The agreement is not as good as that found for the
. X combined ordinary diffusion coefficient. In particular, for
decrease a# increases for any given value @f.. The re-

sults of Murphy[2] for the same percentages of argon andTe~5000 K, there is a significant difference between our
P X P 9 9 results and those of Murphy. We have carefully investigated
hydrogen for6=1 are also shown. The agreement betwee

our results and those of Murphy is excellent. This discrepancy, and found that it is due to small differences

A discontinuity caused by the onset of an ionization ava" the individual ordinary diffusion coefficientS;; that are

lanche is again seen at 11000 K. The shape of the discontised to calculaté)Ll_Hz. The differences become significant
nuity is different for §=3.0 and¢<2.0, depending on the becauseDyy, is the sum of relatively large positive and
dominant hydrogen species. The dominant species,i®oH o qa1ive terms, since tH22 are multiplied byax; /3T, be-
6#=3.0 and H for#<2.0, for temperatures below that at 4 !
which the discontinuity occurs, because of the shift of disso-
ciation toward higher electron temperature @sncreases

due to the onset of an ionization avalanche, which is dis
cussed in detail in Ref25]. Briefly, the ionization of argon
and hydrogen atoms is limited by charge transfer reaction
(Arf+H,—Ar+H, and H" +H,—H, +H) and dissocia-
tive recombination reactions of hydrogen molecules, (H
+e—2H) until the number density of {reaches a critically
low value (=5x10°° m~3), whereupon an ionization ava-
lanche occurs.

)

T, 0.00007 4

S

4

[25]. The collision integraQ{:}) is larger tharQ:), so the 0.000064 7>~ 1:2

diffusion coefficient is relatively low for temperatures below 0000057 ... 0=16

that at which the discontinuity occurs fad#=3.0. For 6 0.00004 7 —-=--9=2.0 g
=1.0, the diffusion coefficient is already decreasing at g 0.00003717"~" Zf?-g Y
11000 K, and there is no discontinuity. 0.00002 = 15 ey

0.00001
2. Two-temperature combined thermal diffusion coefficients 0.00000 |
The dependence on electron temperature of the combinec 5 -0.00001 i
e = - X
thermal diffusion coefﬂmenDL_H2 is shown in Fig. 3 for -0.00002 ]
i i i -0.00003 .
different molar percentages of argon in the Agidixture for : 5050 O AU B

Combined thermal diffusion coefficient (kg m

0=1.6. The combined thermal diffusion coefficient depends

strongly on the molar percentage of argon througl/JT,

as shown by Eq(2.38). FIG. 4. Dependence on electron temperature of the combined
Figure 4 shows the dependence on electron temperature @fermal diffusion coefficient for different values 6&T,/T,, in an

the combined thermal diffusion coefficient for different val- argon-hydrogen mixturé50% by mol¢ at 1 bar.

Electron temperature (K)
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0.000008 1 In this paper, we have derived two-temperature combined
diffusion coefficients from the nonequilibrium diffusion
fluxes recently introduced by Rat al.[21]. Combined dif-
fusion coefficients due to gradients in concentration, tem-
perature, pressure, and the nonequilibrium paraméter
=T./Ty have been defined in a thermal plasma consisting of
two homonuclear nonreacting gases, where the kinetic tem-
perature of electron3, is different from that of the heavy
speciesTy. lllustrative results have been presented for a
plasma in a mixture of argon and hydrogen. The plasma
composition was obtained from a nonequilibrium stationary
kinetic calculation25].

We found that, in general, the combined diffusion coeffi-
cients decrease with=T./T,, for a given value ofl,. Two

FIG. 5. Dependence on electron temperature of the componerifferent behaviors can be distinguished, separated by an ion-
of the combined thermal diffusion coefficient corresponding to ther-ization avalanche at electron temperatures of around 11 000
mal diffusion coefficientD 5, and the ambipolar thermal diffusion K. Below 11 000 K, the combined diffusion coefficients are
coefficientsD ], DLz, andDLa in an argon-hydrogen mixtur®0%  governed by the heavy species temperature, and features re-
by molg at 1 bar for6=T,/T,=1.6. lated to the dissociation of hydrogen molecules are shifted to

higher electron temperatures @screases. Above 11 000 K,
the combined diffusion coefficients depend on the electron

fore being summedsee Eq.(2.54]. In contrast, the terms temperature, since ionization dominates. If the plasma com-
making upDﬁr_Hz are all positive, so the small differences in position had been calculated using multitemperature methods
theDf} have little effect on the combined ordinary diffusion based on mass action laws, different values of the combined
coefficient. diffusion coefficients would be obtained, but similar trends

the combined diffusion CoefﬂCie“D_T and the ambip0|ar avalanChe, which is Only found in the Stationary kinetic cal-
Ta Dﬂér, DIfor p=3.0and culation of composition.

thermal diffusion coefficient® ., . o
. AT It has been shown previously22] that the simplified
a mixture of equal molar percentages of argon and hydrogeqheory of transport properties, in which coupling between

We expect similar behavior to that pointed out by I\/lurpm/electrons and heavy particles is negledi#8—20, leads to

[7] for an eT(luiIibrium mixture; i.e.D,_T\, should reflect the /31465 of combined diffusion coefficients for which mass
values ofD* of the dominant species present. BelGW  qnseryation is not satisfied. The combined diffusion coeffi-
%4O£K’ V\gere AFT:‘”d B dominate, it can be confirmed  ¢jonts derived in the current paper are derived using the non-
that Do ~Dr~— Dy, . Moreover, betweeT~5000 and  equilibrium expressions for diffusion fluxes defined in Ref.

8000 K, where Ar and H are the main speci£~ D2 [21], in whose calculation the coupling between electrons
~—DJ2. However, when significant ionization occurs, such and heavy particles is taken into account. We have confirmed

simple relationships between diffusion coefficients cannot bdhat these combined diffusion coefficients satisfy the rela-
found. tionsDXg= D}, andD pg= — D}, indicating that mass con-
servation is satisfied.

The two-temperature combined diffusion coefficients
have many potential applications. There are regions out of

Diffusion is an important phenomenon in thermal plas-LTE in all thermal plasmas, and some, such as microwave
mas, for example, in demixing in free-burning af8$ Com-  plasmas, havd ;> T, everywhere. We are planning to use
bined diffusion coefficients, which allow diffusion to be the two-temperature diffusion coefficients derived here to
treated in terms of gases rather than species, have been deedel demixing in an argon-hydrogen arc. By comparing the
fined for LTE conditions[7]. However, close to the elec- results of this modeling with the predictions of the equilib-
trodes of free-burning arcs, where deviations from equilib-rium model and the spectroscopic measurements of Murphy
rium occur, non-LTE combined diffusion coefficients are and Hiraoka[17], it may be possible to obtain an indirect
required[17]. experimental validation of the approach of Ratal. [21].

—
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