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A study of the dependence of transport coefficigtttermal conductivity, viscosity, electrical conductiyity
of local thermodynamic equilibrium Hplasmas on the presence of electronically atomic excited states, H
is reported. The results show that excited states with their “abnormal” cross sections strongly affect the
transport coefficients especially at high pressure. Large relative errors are found when comparing the different
quantities with the corresponding values obtained by using ground-state transport cross sections. The accuracy
of the present calculation is finally discussed in the light of the selection of transport cross sections and in
dependence of the considered number of excited states.
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[. INTRODUCTION much depending on the selection of collision integrals, the
accuracy of which was poor at that time. Ainusualeffect
Transport properties of Jthermal plasmas have been cal- was also observed for the so-called reactive thermal conduc-
culated by many authors due to their importance in man)ﬁiVity [9]. This contribution, which represents the diffusion of
technological application§1—-4]. The reiteration of these Ionization energy through the temperature gradient existing
studies is usually justified by the improvement of the inputin the plasmg10], is expressed as a ratio of two determi-
data (collision integralg entering in the relevant equations. Nants, whose order depends on the number of independent
Moreover, more recently an effort to understand the role ofhemical reactions occurring in the plasma. Diagonal and

thermodynamics and kinetics in affecting the data has beefiondiagonal terms appear in the equation. The unusual effect
reported[5,6]. In all cases the presence of electronically ex_o_bserved consisted in the_ fact that when the (_:o_mplete equa-
Hon was used, the reactive thermal conductivity appeared

cited states in affecting the transport coefficients has beepractically independent of the presence of excited states with

completely ignored. The justification is the low concentra- heir ab | . h bei h
tions of electronically excited states compared to that in thé elr abnormay cross sections, the reverse being true when

: o . . only diagonal terms were taken into account. This point has
ground state. This point is however a little contradictory

. . . been recently confirmed by our gro{ipl] in a new attempt
when comparing the similar effort made by different authorsy, gheq jight on the role of electronically excited states on the

in the calculation of partition functions and thermodynamic aactive thermal conductivity. In this paper, however, we
properties of hydrogen sp(_acies. Inspection of these results i,ye shown that compensation effects of diagonal and non-
fact shows that the specific heat of hydrogen atoms reachggagonal terms for atmospheric plasmas disappear at higher
values orders of magnitude higher than the correspondingressures. The increase of pressure shifts the ionization equi-
translational contribution, thus indicating a role of electroni-|ibrium to higher temperatures where the electronically ex-
cally excited states with high principal quantum numbers incited states start being populated without losing their abso-
affecting the thermodynamics of hydrogen plasifiés It is lute concentrations.

indeed true that the specific heat of the single species reaches More recently we have reanalyzed the role of excited
its maximum when entropic effects shift the equilibrium to- states in affecting the viscosity of hydrogen plasiiid. In
wards ionization so that excited states should lose theithis case too we have shown a strong effect of these states in
strong effect in determining the total quantities. Despite thisaffecting the viscosity, especially at high pressure. Moreover,
one overlooks that excited states have cross sections dramajfie have confirmed the importance of including the off-
cally depending on the principal quantum number, so thatliagonal terms in the equation for the viscosity. Empirical
neglecting excited states in the transport equations could apules for calculating viscosity must be ruled out; probably

pear a strong approximation. one should use, in this case, higher approximations of the
Many years ago an attempt to estimate the role of excite€hapman-Enskog method.
states in affecting the transport properties gfthlermal plas- To conclude our work we present in this paper the influ-

mas was made by one of (18,9]. The results, which were ence of excited states on the translational thermal conductiv-
limited to plasmas operating at atmospheric pressurdty of hydrogen plasmas as well as on the contribution of
showed some dependence of the transport properties on tledectrons to thermal and electrical conductivity. These last
presence of excited states. This dependence however was t@rms require a strong effort in the evaluation of the relevant
diffusion and viscosity type transport cross sections. More-
over, the calculation of diffusion transport cross sections for

*Email address: cscpmcO5@area.ba.cnr.it the interaction of Hf)-H(m) based on the resonant excita-
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tion transfer cross sections must be revised when these cross The considered interactions include neutral-neutral
sections become lower than the contribution due to the elagH,-H,, H,-H, H-H), ion-neutral (H -H,, H"-H), electron-
tic collision. At the same time, the diffusion-type collision neutral €-H, e-H,) and charged-charged (He, H"-H™,
integrals for the interactions ij-H* based on charge trans- e-e) types.
fer cross sections must be refined to include the elastic con- The relevant collision integrals have been discussed by
tribution. The last can be obtained by considering a polarizGorse and Capitellil4]. The only difference from the data
ability model with the dependence of the polarizability onreported in Ref[14] is in the charged-charged collision in-
the principal quantum number of excited states. tegrals which have been calculated interpolating the numeri-
The complicated nature of the present problem needs toal values given by Masoat al. [15] rather than using the
be stressed. The results, based on a set of transport crosell-known Liboff's equationg 16].
sections derived by simple traditional methods, as well as on
the use of standard transport equations, could generate the
sensation of the completely solved problem. Unfortunately, o o ) .
this is not the case, as will be clear in the following. We We limit our description to the interactions hi¢H",
therefore anticipate the qualitative nature of the present caH(n)-H(m), ande-H(n). The interaction of molecular hy-
culations which should generate further work on the subjectdrogen and excited atomic hydrogen can be disregarded due
The paper is organized as follows. Section Il deals withto the practical disappearance of hydrogen molecules in the
the calculation of transport cross sections for excited statemperature range where the electronically excited states of
(called “abnormal” cross sections Section Il reports the hydrogen atoms start being populated.
transport coefficientéviscosity, different contributions of the ~ For the present calculations we need the collision inte-
total thermal conductivity, electrical conductivitgalculated ~ grals of different orders, depending on the different approxi-
with this set of cross sections. The results are always coninations used in the Chapman-Enskog method. To this end
pared with the approximation that calculates the cross sedve have used a recursive formyte3]
tions of excited states equal to the ground sttte so-called s
“usual” cross sectionp Section IV analyzes the accuracy of Qbstl=T
the present calculations emphasizing, in particular, the em- aT
pirical approach, making heavy use of crude averaging ap-
proximations to obtain the necessary transport collision inteNote also that we have used thedluced collision integrals
grals. Summary and future perspectives are reported in thiee., the collision integrals normalized to the rigid sphere
Conclusions. model.

B. Transport cross sections of excited states

+

3 €
S+ E)Q S, (©)]

1. The interactionH(n)-H(n)

Il. TRANSPORT CROSS SECTIONS Viscosity-type collision integrals)(>2* | for the interac-

A. Transport cross sections for ground-state atoms and tion H(n)-H(n) up ton=>5 have been calculated by Celib-
molecules ertoet al. [17] by using potential-energy curves obtained by

. . c]pnfiguration interaction method. The data have been inter-
Transport cross sections can be calculated as a function g

the gas temperatur€ according to the following equations polated at different temperatures and then extrapolated to
[13]; =12 with suitable fitting procedurd48].

Diffusion-type collision integralsQ®Y*  up to n=5

KT (+= have been obtained by integrating the momentum transfer
Q= \/2 f e Yiyr 30O (g)dy, (1)  cross sections reported by Celibegbal. [17]. These data
THijJo have been extrapolated upre- 12 with the same procedure
described previously.
. The recursive formuld3) has been then used for the col-
U(ﬂ)(g)zzwf [1—co<(y)]bdb, 20 lision integrals QA i, and QS . A sample of
0 viscosity-type collision integrals has been reported in Fig. 1
as a function oh’ =2—1/n?, n being the principal quantum
number of atomic hydrogen.

where yizj zmng/ZkT, g is the reduced relative velocity
is the reduced mass of the colliding particlg?s_the deflec- 2. The interactionH(n)-H(m)

tion angle,b is the impact parameter, and? is the gas- _ o L

kinetic cross section of ordef that can be derived from _ Let us start with the diffusion-type collision integrals.
measurements or computed from the intermolecular potentidlN€Se collision integrals contain two contnl()eugi)ns_, one com-
V(r). In the last case the collision integrals are tabulated fofd from theresonant excitation exchandee, ™" , i.e., by
different forms of the intermolecular potentiéxponential the process

repulsive, Morse, Lennard-Jones potent[dl3]. Simple in-

terpolations among tabulated data furnish the needed colli- H(n) +H(m)—H(m)+H(n),
sion integrals once the parameters entering in the potential
are known. the other one by thelastic contributionQ 9% .
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300 1 ‘ L L e — To estimate the contribution due to elastic collision we
5 n=51 have used a polarizability model including the dependence of
B0 \V“ polarizability on the principal quantum number The fol-
-~ r 7 ] lowing equation can be used:
o 2001 M=
_ C W] al?
- r ': (1.1 = po
. % 150 QH(n)_H+p0|(T)—425.4Z T (8
azE : S
o F 10.0 - o e . .
G S . whereZ represents the ion charge ang,, is the atom po-
sobk v L ] larizability expressed in A The dependence af,,, on the
) AR L po
D S ONSREESS - ] principal guantum numbert has been obtained K9]
0.0 L | L | L | L | L | ' ]
1.0 1.2 14 1.6 1.8 2.0 Apol= %agn4[ 17n2_ 3(n1— n2)2_ 9m2+ 19], (9)
n'=2-1/n’

where theparabolic quantum numbers;randn, are defined
FIG. 1. Viscosity-type collision integrals as a function mof as

=(2—1/n?), for H(n)-H(n) interactions, aff=10* (triangle$ and
2x10* K (circles. Circles and triangles represent data of Celiberto n=n—¢—1
etal[l =n;—N,=n—2¢{—1—|m|. 10
[17] ny=¢—|m| 17 N2 [m| (10)
The contribution coming from the excitation transfer pro-
cess has been calculated by Capitetlial. [11]. The elastic
contribution has been estimated by averaging the corr
sponding diagonalnot affected by excitation transfer pro-

fﬁ:zi;opr;érigﬂtirﬁlﬂz H(Q)-H(n), H(m)-H(m) according to Qg(}?))fm('r):\/(Qg's)*)zﬂﬂffdf)*)z- (11)

The total diffusion collision integrals have been obtained
by averaging the charge transfer and polarizability contribu-
Sions according to the following equation:

As in the case of H{)-H(n) interaction, the diffusion-type
collision integrals are dominated by resonant charge ex-
change cross sections, the elagpiolarizability) contribution
not exceeding 10%.
The viscosity-type collision integrals, not affected by
(€,9)% _ 9" \2 @92 resonant charge transfer cross sections, have been obtained
Qb om (T = V( Qe )2+ (@)% ® by extrapolating the corresponding values calculated in Ref.
£17] for n<5 to n=12. Their dependence as a function of
T’ andn’ is given by

¢, _ €, €,
Qf—l(ﬁng(m)el(T) = %(Q&(ﬁﬁfh(n) + Ql(-i(rsn))*-H(m))- (4)

Finally the diffusion-type collision integrals have been cal-
culated according to the following equation:

In general, excitation transfer process dominates th
diffusion-type collision integrals; the elastic contribution
starts being predominant for large differences in them Q22 B — ,
values. -+ (T)=exdgin 92T %+exp(gan’ —gs)] (12)

Viscosity-type collision integralénot affected by the ex-

citation transfer processhave been obtained by a simple With T'=T/1000, g,=4.0349, g,=09, g3=-3.442

x107%, g,=15.6,gs=30.25.

average,
2,2 _ 2,2 2,2 4. The interaction eH(n
QS (T) = 2(QEE iy + Qi (m) - (6) ()
Momentum transfer cross sectiomﬂ]ﬁ(n) , for the colli-
3. The interactionH(n)-H™* sion e-H(n) have been calculated by Ignjatovét al. [20]

The diffusion-type collision integrals have been calcu-us'_?ﬁ t.he partial wave rr21ethhod. b fitted f . f
lated, as in the case of H{-H(n) interaction, by averaging eir cross sectiorfsag] have been fitted as a function o

the contribution fromresonant charge transfeand elastic ~ €NergyELeV] and of the principal quantum numbeiby the

collision. following expression:
The contribution due to charge transfer has been calcu- A
lated by Capitelliet al. [8,11] and fitted according to the ol (E)= Eln[l+Bn4Ez][1+Cexp(—D\/E)],

following expression: 13
1,1)% 4 4 '
Qfﬂ(n))-H*ct(T):qufln T st exp(fan’ —f5)]  (7) The relevant parametews, B, C, and D have been re-
) , ported in Table 9 of Ref.20]. The momentum transfer cross
W'th_zT =T/1000, f,=3.519, f,=0.77, T3:(1_2)2'732 sections have been transformed in diffusion-type collision
x107°, 4,=15.9, f5=30.3. The correspondin®, +.; integrals by direct integration of Egl).
and(),(j(’f))_H+ct collision integrals have been obtained by the  The recursive formulé3) has been used for obtaining the

recursive formula3). other collision integralﬂg,f(),j‘) 2=<s=<5. The viscosity-type
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2s00F " T T T T T T T T ed0d Lir oo L xa
1 Y . :M : L1y L1y
2000 T =4 o / :
(:‘-\ r v 1 L/Ll . LMM X,u L . L
< 1s00f T Xt - Xu O g .
x 2 i . (15
NG 2
SE 10001 7
G r v,.’ 1 Elements of the determinants are expressed as a function
s00F R .v’ 3 of temperature, collision integrals, and mass of the species
S ,,-' ] (explicit equations can be found in R¢f.3]). The order of
0,00 i e Y ] the determinant is controlled by the number of chemical spe-
1.0 12 14 1.6 1.8 20 cies (u) considered in the calculation. In the present case we
n'=2- 1n? consider up to 15 specigsl,, H*, e H(n)].

Figure 3a) reports the ratioi/\}, i.e., the ratio between

FIG. 2. Diffusion-type collision integrals as a function of  the translational thermal conductivity values calculated with
=(2-1in?), for e-H(n) interactions, af=10" (triangles and 2 the abnormal cross sectiok§ and the corresponding results
X 10* K (circles, obtained by integration of cross section data from calculated with the usual cross sectiorsas a function of
Ref. [20]. temperature for different pressures. The temperature range

considered in the different figures is*0T<3x 10* K. For
collision integralsﬂgﬁ(’r’f) have been considered equal to the T<10* K the presence of excited states does not alter the
oy ones, while the collision integrals of the order results.
Q(e?,’_?é,’{) have been again calculated by the recursive formula. Inspection of Fig. 8) shows that the differences in the
A sample of results is reported in Fig. 2 ratio A /N } strongly increase with the pressure. By defining a
relative error aerr=|\j—\p|/\3x 100 we can appreciate
that the maximum error in the curves is 7%, 40%, and
240% for 1, 10, and 100 atm, respectively.

Transport coefficients have been calculated by using the It should be noted that the small effect observed at 1 atm
third approximation of the Chapman-Enskog method for thgs due to a compensation effect between diagonal and off-
electron component and the first nonvanishing approximadiagonal terms in the whole representation of the transla-
tion for heavy component§.e., the first approximation for tional thermal conductivity of the heavy componejsse Eq.
viscosity and the second one for the contribution of the(15)]; this compensation disappears when we consider only
heavy components to the thermal conductiv(t®d]. the diagonal terms in Eq15). In this case, in fact, the rela-

Saha and Boltzmann laws have been used for calculatintive error reaches a value of 160% when comparing the
the equilibrium composition of the plasma {HH, H, e)  translational thermal conductivity calculated with the two
and the concentration of excited states of atomic hydrogen igets of collision integrals.
the different principal quantum numbeif H(n)] (see Capi- The compensation between diagonal and nondiagonal
telli et al.[11]). In general we have considered 12 electroni-terms disappears at high pressure as a result of the shifting of
cally excited states; at high pressure we have reduced ttBe ionization equilibrium towards higher temperatures,
number of excited states to 7 to take into account the dewhere excited states are more easily populated. The results of
crease of the number of electronically excited states withFig. 3(@) have been obtained by considering in all cases 12
increasing the pressure as discussed in Réf. excited states. However, as pointed out in the Introduction,
the number of excited states to be considered in the partition
function should decrease with increasing pressure. As in Ref.
[11], applying a very simple cutoff criterion, we have esti-

The total thermal conductivity,,; of a local thermody- mated ton=7 the maximum principal quantum number to
namic equilibrium(LTE) plasma has been calculated by add-be considered at 100 atm. As expected, the differences in
ing the different contributions, i.e., Np/\p strongly decrease when reducing the total number of
excited stategsee the dotted line in Fig.(8]. The relative
error can reach in this case a value of 42%.

Let us now consider the effect of excited states on the
where the members on the right-hand side of the equatiotranslational thermal conductivity of free electrons. In this
represent, respectively, the translational contribution oftase we have used the third approximation of the Chapman-
heavy particles, the translational contribution of electronsfEnskog method. The relevant equations can be written as
the contribution of internal degrees of freedom, and the ref21]
active thermal conductivity.

The first term can be expressed through the second ap- 75
proximation of the Chapman-Enskog method according to N.=—10%n k(
the following equation: R ¢

IIl. TRANSPORT COEFFICIENTS

A. Thermal conductivity

Mot=AptNet Nipet Ay, (14

27T|(Te> 12 g% s
q

Me 11q22_(q12)2’
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090 F qH=82nQL” +8 % nj(zQé%”*—lsQSf”*
_ o.sof—
< omw: +12Q<elj*3>*), (17)
3;‘ o.sof—
050 12_g.2n 7 (22% _ py23 +8ﬂ2_1 n EQ(“)*
0.40 £ a= €l 4 <ee ee = 16 ej
£ (@ n=12
Chow  mwo om0 ~ 315 (12 (1,3) (1,4)
\2)% ,3)* A%
10000 15000 20000 25000 30000 _ ?er + 57Qe] _ 3(xgej ) , (18)
Temperature [K]
100 ke 77
L q22:8\/§ne 1_6Q((5%é2)*_7Q((3%é3)* +5Q((9%é4)*>
095 n L1225 735 399
Ze 1,1 1,2 1,3
< +83, | ooy - oo+ Fag
o 090F 1=
T<d)
0ss | —210Q¢; " + 90Q¢; ™ ) : (19
ogo — v ] wherem,, T,, n, represent the electron mass, density, and
10000 15000 20000 25000 30000 temperature of electrons, respectively, anQi(f )%

Temperature [K] =) i(f’s)* .

The presence of excited states affects only the interaction
of electrons with H(). Figure 3b) reports the ratiod/Ag
calculated with the two sets of collision integrals as a func-
tion of temperature at different pressures. We observe that
the excited states increase their influence with increasing the
pressure. The relative error, defined s =|\3—\J|/\2
] X100, reaches maximum values of 0.5%, 4%, and 25% for
] 1, 10, and 100 atm, respectively. The last deviation reduces
to 5% when considering only seven excited stdtee the

1.00 e .
0.90

0.80 |

n=7

AP /A9
=
3

100atm

0.50 |- . . .
Lo n=12 ] dotted line in Fig. 8)].
040 L R L ] Let us now examine the reactive thermal conductivity.
10000 15000 20000 25000 This contribution has been extensively analyzed in Reff].

The main conclusions follow the trend illustrated fof and
\e in the present paper. In particular, FigicBreports the

100 ratio N\2/\}' as a function of temperature at different pres-
055 ¢ sures. The relative error, again defined asr=|\2
o0 —\/|/\2Xx 100, reaches maximum values of 40%, 37%, and
f’/j 0385 120% for 1, 10, and 100 atm, respectively. In the last case
% 080F the maximum error reduces to 47% when inserting seven
43 . excited states. _ o
Tk Finally we want to point out that the larger contribution to
0.70 Nint comes from the vibrational and rotational degrees of
0.65 - freedom of the molecular 41 Electronically excited states of
060 e e atomic hydrogen should contribute to the thermal conductiv-
10000 15000 20000 25000 30000 ity when the reactive thermal conductivity considers only the
Temperature [K] ionization from the ground state, i.e., when use is made of

the usual collision integrals. This means that in the tempera-

FIG. 3. Ratio between transport coefficients calculated by using}ure ra”ge 16-3x10° K the Ipternal Com”_bU“F’” of mol-
abnormal (a) and usual (u) collision integrals, as a function of €cules disappears, while the internal contribution due to the
temperature, at different pressures and for different number ofl€ctronically excited states is already inserted. in-
atomic levels.(a) Translational thermal conductivity of heavy par- ~ NOW we compare the total thermal conductivity calcu-
ticles; (b) translational thermal conductivity of electror(s) reac-  lated according to the two sets of collision integrals. Figure
tive thermal conductivity{d) total thermal conductivity. 3(d) reports the ratio\{,/\i,; as a function of temperature
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TABLE I. Total thermal conductivity (W m*K~1) in the tem- TABLE II. Viscosity [Kgm 1s 1] in the temperature range
perature range (£6-3x10* K), at different pressures and for dif- (10°—3x 10" K), at different pressures and for different number of
ferent number of atomic excited levels. atomic excited levels.

P=1 atm P=10 atm P=100 atm P=1 atm P=10 atm P=100 atm

T n=12 n=12 n=7 T n=12 n=12 n=7

10000 3.81%10"° 3.543x10"° 3.742x10"° 10000 9.37K10°° 1.012x10 * 1.041x 104
11000 4.41%10%° 4.106x10"° 4.024x10"° 11000 8.76410°° 1.075x10°4 1.135x10°4
12000 5.03% 10"° 4.700<10"° 4.477x107° 12000 7.10%10°° 1.084x 104 1.219< 104
13000 5.825% 10" 5.248<10"° 5.035x 10"° 13000 5.04%10°° 1.012x10°* 1.283<10°4
14000 6.64x10™° 5.759< 10"° 5.641x 10"° 14000 3.28k10°° 8.641x10°° 1.309< 104
15000 6.98% 10™° 6.313<10"° 6.241x10%° 15000 2.05610°° 6.796<10°° 1.285< 104
16000 6.54%k 10™° 6.905< 10"° 6.801x 10%° 16000 1.29%10°° 5.054< 10" ° 1.207x 104
17000 5.56% 10"° 7.386x10%° 7.327<10%° 17000 8.64% 106 3.662<10°° 1.082< 104
18000 4.59%10"° 7.583x10"° 7.842<10%° 18000 6.29410 6 2.653<10°° 9.336x10°°
19000 3.94x10"° 7.443x10"° 8.362x10"° 19000 5.08% 10 © 1.960x10°° 7.827x10°°
20000 3.61%10"° 7.075x10"° 8.869x 10"° 20000 4.52&10 6 1.502x10°° 6.459x 10 °
21000 3.52%10"° 6.657x10"° 9.329x 10"° 21000 4.33x10 ¢ 1.208x10°° 5.308x<10 °
22000 3.60k10"° 6.330x 10"° 9.711x10%° 22000 4.34%10° ¢ 1.025x10°° 4.387x10°°
23000 3.77410"° 6.155<10"° 1.001x 10"* 23000 4.49%10°° 9.161x10°© 3.674<10°°
24000 4.01x10%° 6.139<10"° 1.024x<10%! 24000 4.72%10°° 8.564x10°© 3.134x10°°
25000 4.29%10%° 6.258<10"° 1.043<10%! 25000 5.016¢10 8.300<10°© 2.733x10°°
26000 4.615%10%° 6.484x< 10"° 1.063<10"! 26000 5.346x 10 8.267x10°© 2.440<10°°
27000 4.96%10"° 6.794x< 10"° 1.086x10"*! 27000 5.70410 ° 8.396x 10 © 2.231x10°°
28000 5.33%10"° 7.167x10"° 1.116x10"* 28000 6.096¢10 © 8.642x 10 © 2.086x10 °
29000 5.73x 10"° 7.591x 10"° 1.152x<10"* 29000 6.51%10 ¢ 8.977x 10 © 1.991x10°°
30000 6.14% 10"° 8.055x 10" ° 1.195<10"* 30000 6.95X 10 6 9.381x 10 © 1.934<10°°

for different pressures. The relative error in this case assumes TABLE llI. Electrical conductivity (Sm'?) in the temperature
the values of 3%, 15%, and 60% for=1, 10, and 100 atm, range [10*-3%x10* K], at different pressures and for different
respectively; the last error reduces to 18% when insertingiumber of atomic excited levels.

seven excited states.

Numerical values of the total thermal conductivity, at dif- P=1 am P=10 atm P=100 atm
ferent pressures, as a function of temperature, have been re- T n=12 n=12 n=7
ported in Table I. Note that we have reported fpr 10000 1.78% 10+3 8.918% 10*2 3.389x 10*2
=100_atm the values_ calculated by_ mcludln_g in the relatlve11000 287K 103 1.741x 10*3 7 473 102
equations seven excited states. This selection should be Pre5000 3094102 2 858¢10+3 1.409¢ 10" 2

e 13000 5.07% 103 4.130<10*3 2.346x10"°

™ 1 14000 6.07%10"° 5.447<10"3 3.534x10"3

1 3 15000 6.97& 103 6.734<10%3 4.921x10"3

i 1 16000 7.78%10"3 7.954<10"3 6.439< 1073

3 080 5 17000 8.505% 103 9.095< 103 8.023< 103
£ I R 18000 9.15& 10" 1.016x10"* 9.622<10"3
2 060 ] 19000 9.766 103 1.116x<10%4 1.120<10"*
& I 1 20000 1.03%10"* 1.210<10"* 1.274<10"*
L 1 21000 1.09x 10" 1.299< 10"* 1.423<10"*

040 - ] 22000 1.14%10**  1.385¢10"*  1.566x10"*

i 1 23000 1.20%10"4 1.468<10™* 1.704x 10"

0.20 — e 24000 1.26& 104 1.549<10"4 1.837x10"4
10000 15000 20000 25000 30000 25000 1.31% 104 1.628<10"4 1.965< 10" 4
Temperature [K] 26000 1.37&104 1.706x10"4 2.088<10"4

27000 1.43%10™* 1.784x10"* 2.208x10"*

FIG. 4. Ratio between the viscosity values calculated by usingz8000 1.49% 104 1.860<10"* 2.324x10"*
abnormal (a) and usual (u) collision integrals, as a function of 29000 1.55% 1074 1.936x10"* 2.436<10"*
temperature, at different pressures and for different number 080000 1.61& 104 2.011x 10 2.546x 10™*

atomic levels.
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ferred to that which considens=12, as discussed in Ref. values of 9%, 48%, and 250% fe=1, 10, and 100 atm,
[11]. respectively; the last error becoming 45% when inserting
seven excited states.
B. Viscosity Again we observe larger deviations when the off-diagonal
terms in the viscosity equation are neglected in the calcula-

co;ther:ggusggﬁ ?;Ceelﬁﬁtrodr:;&ﬂgsggc([/sg ﬁf\fgsugr;(;htiewfslr“ n. As an example, at 1 atm the maximum error increases
y y m 9% to 100%. Numerical values of viscosity at different

approximation of the Chapman-Enskog method which aSpressures are presented in Table Il. Againder100 atm we

sumes a form very similar to E¢15) [13]. report only the values calculated including seven excited
The results are in line with those discussed for the heav}étates

particle translational contribution to the total thermal con-

ductivity. In particular, Fig. 4 reports the ratig?/ 7" as a

function of temperature for different pressures. As in the case C. Electrical conductivity

of translational thermal conductivity the viscosity values cal-

culated with the abnormal cross sections are less than the Electrical conductivity(Table Ill) has been calculated by
corresponding values calculated with the usual cross sewsing the third approximation of the Chapman-Enskog
tions. The maximum relative error in this case assumes thmethod which can be written 481]

_3 - 2 1/2 11q22_(q12)2
Ue_fe Ne Mgk T, oo[qnqzz (q12 2]+q01(q12 02_ °1q22)+q°2(q°1q12— qoqul)’ (20
|
w1 cited states existing in the plasma.
q%= 8ne_2l n, Q(1 D (21 These points need some comments. Let us consider first
=

the most important interactions that affect our results. In the
case of heavy particle componenfisanslational thermal
q°’=8n E n: (1 L _ 3Q(1 2) (22) conductivity gnd wsposﬂMhe viscosity-type collls_lon inte-
e ] grals for the interaction H()-H* have a large role in affect-

ing the results. These collision integrals have been obtained

nlap 21 by extrapolating ta>5 the collision integrals calculated in
q%%= 8”e2 nj( 5 Q(e% Dx 5 Q(l 2)k +6Q(1 3)*) Ref. [8] by_ adiabatically.averaging th(nT co_ntribution coming
=1 from the different potential curves arising in a particular col-

(23 Jision. In turn the potential curves of Hare exact, since the

hydrogen molecular ion is one of the few examples treated
exactly by quantum mechanics. The problem in this case is
the extrapolation of the results to higher A completely

The presence of electronically excited states can affgct
through the collisionse-H(n). The trend of the electrical
conductivity follows that one described for the contribution
of electrons to the thermal conductivity as can be appreciatec
in Fig. 5 where we have reportetf/os . The relative error B
calculated as before increases from 1% at 1 atm to 45% a 0.95 F
100 atm. The last error reduces to 10% when only sever E
states are considered. The results at 1 atm are similar to thosg ,,

1.00 e

0.90 |

reported in Ref[20], being however different at 10 atm. This E 0.85
is probably due to the simplified equation used in R2€)] S0 osob
for the calculation of the electrical conductivity. ©
075 F
IV. COMMENTS 0.70
The results reported in the previous sections indicate & Y T R ‘
strong dependence of the transport coefficients of LTE H 10000 15000 20000 25000 30000

plasmas on the presence of electronically excited states. Thi
conclusion is reached when comparing the transport coeffi-
cients calculated with the two sets of collision integrals. A F|G. 5. Ratio between the electrical conductivity values calcu-
natural question arises on the accuracy of the presented rgted by usingabnormal(a) and usual (u) collision integrals, as a
sults which, of course, depend on the adopted set of collisiofunction of temperature, at different pressures and for different
integrals for excited states as well as on the number of exaumber of atomic levels.

Temperature[K]
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T T ] the diffusion-type collision integrals for the interaction

H(n)-H*. In the present study we have taken into account in
this collision also the contribution coming from the polariz-
ability. A comparison of\,, calculated by using in both
cases abnormal collision integrals with and without the po-
larizability contribution, shows no appreciable differences,
thus meaning that the charge transfer cross sections dominate
the diffusion-type collision integrals.

The contribution of electrons to the thermal and electrical
conductivity depends on the collision integrals for the inter-
020 L o e actione-H(n). The quantum mechanical calculation of the

10000 15000 20000 25000 30000 momentum transfer cross sections performed by Ignjatovic
and Mihajlov[20] seems adequate for the present aim. Also
in this case we have neglected in the transport cross sections
FIG. 6. Ratio between the viscosity values calculated by usin he eﬁegts due to .|nelast|c and reactive collisions which
Q22* _ pased on the polarizability modédol), andabnormal(a) trongly_ Increase with. Moreover, the use of the pre§ent

Hn)-H ™ : : Iculations to higher pressures can be open to question due
collision integrals, as a function of temperature, at different pres-ca g P P . q -
sures and for different number of atomic levels. to _the many body effects neglected by Ignjatovic and Mi-

hajlov [20] (e.g., see Ref.25]).

Let us now examine the effect of the number of excited
different way to calculate the viscosity-type collision inte- states on the transport properties. This point has been par-
grals should be to calculate them with a polarizability modelially discussed above where we have shown calculations
taking into account the dependence of the polarizability orperformed by considering excited states upnte7 for p
the principal quantum number. A comparison of collision in- =100 atm. This problem derives by the finite number of
tegrals calculated in this way with the corresponding onesxcited states existing in the plasma. Several cutoff criteria
used in the present work shows that the polarizability modehave been proposed in the literature to truncate the partition
gives a much stronger dependence of collision integrals on function of an atom. Despite this, till now no universal cri-
specially forn>5. At the same time the viscosity data ob- terion existed. All the criteria however indicate that the num-
tained by the transport cross sections from polarizabilityper of excited states to be considered in a plasma decreases
model are lower than the corresponding values used in thgith increasing the electron density or the total pressure. In
bulk of the present worksee Fig. 6. Again the differences Ref.[11] we have calculated an approximate number of ex-
become more and more important with increasing the prescited states at 100 atm of 7 by using a very simple criterion,
sure, thus emphasizing the need for further studies one., by considering excited states with a classical Bohr radius
viscosity-type collision integrals for the interaction not exceeding the interparticle distance.

H(n)-H". Differences in the viscosity values are well evi- At higher pressures, of course, the number of excited
dent also at 1 atm. states should further decrease. However, increasing the pres-

Another set of collision integrals which can affect the sure the ionization equilibrium is shifted to higher tempera-
viscosity is that relative to the interaction K)¢H(n). These tures so that the concentration of excited states with low
collision integrals have been calculated taking into accounprincipal quantum number can be sufficient to affect the
only a few potentials in each interaction. As an example, theransport properties. This point can be better appreciated by
interaction between (2)-H(2) species occurs adiabatically |ooking at the behavior of the different quantities at 1000 atm
through a lot of 23, 131, %A stated22], while the colli-  (see Fig. 7. In this case we have reported the different quan-
sion integrals calculated in RfL7] include only the contri- tities by varying the number of excited states. We can see
bution coming from the states. | and 1Hg. The difference that in this case already the first excited state-Q) affects
in the two sets of collision integrals does not exceed a factothe results. Of course, the 1000 atm case presents other prob
of 1.7 which can be taken as an indication of the accuracy oflems linked to nonideality of the plasma under these condi-
our collision integrals. These differences do not propagate itions[4,25].
the calculated viscosity values for the temperature and pres- Another interesting point deals with the accuracy of the
sure ranges considered in the present paper. present calculations with respect to the Chapman-Enskog ap-

Note, however, that when dealing with the interaction ofproximation used in the present work. Let us first discuss the
excited states, inelastic and reactive tefi23,24 can affect viscosity and the translational thermal conductivity of the
the results. Insertion of these effects should increase thkeavy components. We have used for these quantities the
transport cross sections exalting in any case the role of exXirst nonvanishing approximations of the method given in the
cited states in affecting the results. Similar considerationsleterminantal form of the type of E§l5). These approxi-
apply to the translational thermal conductivity of heavy mations are very accurate when neglecting the presence of
components. excited states. In the presence of excited states with their

The dependence of the reactive thermal conductivity orabnormal transport cross sections these approximations
the collision integrals has been examined in detail in Refcould not be sufficient. A signal in this direction is given by
[11] where we have shown that this term mainly depends oithe strong differences occurring when neglecting the off-

1 (pol) / n(a)

Temperature [K]
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FIG. 7. Ratio between transport coefficients calculated by usbmgprmal(a) andusual(u) collision integrals at pressure of 1000 atm,
as a function of temperature, and for different number of atomic leyalsTranslational thermal conductivity of heavy particléb)
translational thermal conductivity of electror(s) reactive thermal conductivityd) total thermal conductivity(e) viscosity; (f) electrical
conductivity.

diagonal terms in these approximations. which the inclusion of excited states does not alter appar-
A similar conclusion could be extended to the reactiveently the situation. Our calculations at 1 atm are in good

thermal conductivity. Probably a better formulation of the agreement with the existing theoretical and experimental val-

Butler-Brokaw equation could be necessary when considemes. To conclude this section again we want to point out the

ing electronically excited states. semiempirical nature of the selected transport cross sections,
Finally the electron propertigshermal and electrical con- indicating a qualitative validity of the present transport coef-

ductivity) calculated in the present work with the third ap- ficient calculations.

proximation of the Chapman-Enskog method could require

higher approximations due to the strong differences in the

collision frequency between electron-ground state and

electron-excited state interactions. In the present paper we have shown the dependence of
The final answer to the role of excited states in affectingtransport coefficients of LTElocal thermodynamic equilib-

the transport properties of a LTE plasma should be an experrium) atomic hydrogen plasmas on the presence of electroni-

mental validation of these quantities. At the moment the exeally excited states. Our results emphasize the importance of

perimentg 26] have been limited to atmospheric plasmas, forthese states in affecting the transport coefficients especially

V. CONCLUSIONS
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at high pressure. This point can open new perspectives in theresent results. The proposed improvements, while increas-
understanding of transport coefficients for high temperaturéng the accuracy of the present results, should not affect their
plasmas. qualitative validity.

The present results must be regarded at this stage of the Dedicated experiments at high pressure will be welcome
development from the qualitative point of view. Future im- to validate the present theoretical values. Extension of these
provements should consider both an improvement of thédeas to divertor plasmas and/or to unusual astrophysical
transport cross sections as well as a better theory for thsituations as well as to nonequilibrium situations should be
calculation of the number of excited states in the actuakncouraged.
plasma. In particular, more advanced quantum mechanical
r_nethods sh_ould be l_Jsed to calculate the relevant cross sec- ACKNOWLEDGMENTS
tions especially at high pressure when many body interac-
tions cannot be neglected. Higher approximations of the This study was supported by A8IR/055/023 and MIUR
Chapman-Enskog method should also be used to improve theof.2001 Project No. 2001031223-009
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