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Résumé. 2014 Les coefficients de transport (conductivité thermique totale, viscosité, conductivité
électrique) des mélanges N2-H2 ont été calculés, à la pression atmosphérique, dans tout l’intervalle
de température 2 000 K-20 000 K. Les résultats ont été obtenus en utilisant les approximations supé-
rieures de la méthode de Chapman-Enskog, après une sélection appropriée des intégrales de collision.
La précision des résultats est discutée et quelques-uns de ces résultats ont été comparés à des valeurs
expérimentales.

Abstract. 2014 The transport coefficients (total thermal conductivity, viscosity, and electrical conduc-
tivity) of N2-H2 mixtures have been calculated in the temperature range 2 000 K-20 000 K. The results
have been obtained by means of higher Chapman-Enskog approximations after an appropriate
selection of the collision integrals. The accuracy of the results is then discussed and some of the results
have been compared with experiments.
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1. Introduction. - The transport coefficients of
N2 and of H2 plasmas as well as of their mixtures are
required for many applications such as reentry heat
transfer, plasmachemistry and the physics of elec-
trical discharges.
Although the properties of pure gases have been

extensively tabulated in [1, 2], many problems are
still to be overcome to obtain accurate results. Some
of these problems, which were already pointed out
in [1, 2], such as a better knowledge of the resonant
charge transfer cross-section

and a new experimental determination of the total
thermal conductivity of hydrogen, have been recently
accomplished [3, 4].

Their effects on the transport coefficients of atmo-
spheric pure gases as well as on those of mixtures will
be examined in the present work.
The plasma has been assumed to consist of seven

species N2, H2, N, H, N+, H+ and electrons, the
concentration of which has been obtained in [5] under

(*) Communication presented at the Conference on Plasma

Physics, Paris, December 1976.

the hypothesis of local thermodynamic equilibrium
(LTE).

2. Method of calculation. - The total thermal

conductivity of a multicomponent reacting mixture
has been calculated as [6, 7]

where the different terms represent the translational
contribution due to the electrons (Â.E) and to the heavy
components (AH), the reactive (£9 and internal

(Â.inJ contributions.
The third and second approximations of the Chap-

man-Enskog (C-E) method have been respectively
used for calculating AE and AH, while AR has been
computed with the general Butler and Brokaw expres-
sion [8] including the following reactions

The Eucken method has been used for estimating the
vibrorotational contribution to Aint, while the corres-
ponding contribution of the low lying excited states
of nitrogen atoms (i.e. the 2D and 2p states) has been
calculated as in [2].
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Finally the first and the third approximations of
the Chapman-Enskog method have been utilized
for computing the viscosity and the electrical conduc-
tivity [6, 7]. The collision integrals necessary for the
present calculations are essentially those of ref. [2]
for nitrogen interactions (N2-N2, N-N2, N-e, N+-N+,
e-e) and those of [6] for hydrogen interactions (H2-H2,
H-H2, H-H+, H-H, e-H, H+-H+). A shielded Cou-
lomb potential has been used for calculating the
collision integrals of charged-charged (including elec-
tron-electron) interactions. They appear in the form [7]

where A = 2 d/bo is the ratio between the Debye
lenght (d) and the average closest impact parameter bo.
To the dominant In A term, these formulas in

connection with the third approximation to AE,
give the same results (for a completely ionized gas)
as those obtained by the Spitzer-Harm expression
derived from the Fokker-Planck equation (see [7]).
The transport cross-section (diffusion type) of the

interaction N-N+ have been derived from a recent
calculation of resonant charge transfer cross-sections
[3].
The new data are close (within 20 %) to those derived

from the experimental charge transfer cross-sections
of Belyaev et al. [9].
The interaction between N(4S)-N(4S) occurs along

four potentials (’Z, ’Z, 5E, 71:’). The last of these
potentials (i.e. 7E) has been recently calculated on
the basis of the Heitler-London method [10] and
used with the remaining potentials quoted in [2]
for deriving a new set of N(4S) N(4S) collision integrals.
The N2-H transport cross-section have been derived

from the exponential repulsive potential [11] :

with the aid of Monchik’s tables [12].
The same potential has been used for N-H2 inter-

action.
The inverse power potential (see table 18 of ref. [ 13])

has been used for N2-H2 collisions.
The transport cross-sections of the interaction

N(4S)-H(2S) have been obtained by averaging the
two contributions coming from the bound 3E poten-
tial and from the repulsive 5 E one. A Morse and an
exponential repulsive potential have been used for
the two states; the necessary parameters have been
obtained from the tabulations of [14].

Finally the collision integrals of N+-H and N-H+
interactions have been put equal to the corresponding
N-H ones, while a polarizability model has been
used for the N2-H+ and N2-N+ cases. The first appro-
ximation can be justified by the fact that in the energy
range in which N + H and NH + interactions affect

the transport coefficients (T &#x3E; 10 000 K), the valence
forces are more important than the corresponding
forces acting at low temperature (i.e. charge-induced
dipole for N+H, NH+ and induced dipole-induced
dipole for NH).

Selected values of transport cross-sections diffusion
type are given in table I.

TABLE I

Collision (*) integrals of the diffusion type Q 11) (Å 2)
for different interactions

3. Results. - Values of the total thermal conducti-

vity, of the viscosity and of the electrical conductivity
are given as a function of the hydrogen molar frac-
tion in figures 1-3 at different temperatures.

FIG. 1. - Total thermal conductivity as a function of composition
( present results using StN 1N+ from [3] ; - - - - - - the same

with 0 (") , from (9]) .
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FIG. 2. - Viscosity as a function of composition (see Fig. 1).

FIG. 3. - Electrical conductivity as a function of composition.

It should be noted that maxima of the total thermal

conductivity occur in the region of partial ionization
because of non-resonant ion-atom interactions (N+-H,
N-H+) that have collision integrals smaller than the

corresponding resonant ones (N-N+, H-H + ). The
increase of the thermal conductivity at T = 4 000 K
is a consequence of the peaks of the reactive contri- 
bution of the H2 = 2 H dissociation, which strongly
increase with the hydrogen molar fraction (see for
ex. [6]).
The behaviour of the viscosity curves, which strong-

ly deviate from linearity is interesting as is the fact
that small hydrogen concentrations increase the
thermal conductivity, the reverse being true for the
viscosity. As for the electrical conductivity, figure 3
shows that this quantity is practically independent of
the mixture composition. This point can be understood
by noting that the electrical conductivity strongly
depends on the electron-electron collisions and on
the electron number density ne. This last quantity
in turn does not appreciably change with the N2-H2
composition.

Figure 4 shows the behaviour of the total thermal
conductivity as a function of temperature for a

N2-H2 mixture (3/1). There are strong variations
of ATO, at the onset of H2 (T - 2 500 K) and N2
(T N 5 500 K) dissociations and for the ionization
reactions (T - 9 000 K) as a consequence of the

corresponding dependence of the reactive contri-
bution on the temperature. This last contribution
is due to the diffusion of chemical enthalpy in the
temperature gradient.

FIG. 4. - Total thermal conductivity (full lines) and reactive
thermal conductivity (dashed lines) for a N2-H2 mixture (3 : 1) as

a function of temperature.

The accuracy of the present calculations essentially
depends on the adopted set of collision integrals. In
this connection we note that the use of 0(") , derived
from the experimental charge transfer cross-sections
of [9] affect À-Tot and q by not more than 15 % as
compared with the present results based on the

charge transfer cross-sections of [3] (see Fig. 1-2).
The importance of N+ -H and N-H + interactions

have been numerically tested by increasing the

corresponding transport cross-sections by a factor
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1.5. The response of the total conductivity and of the
viscosity to this variation do not exceed 15 % and 5 %
respectively in the temperature range 10 000-20 000 K.
Similar results have been obtained in the temperature
range 2 000-8 000 K increasing by the same factor
the collision integrals of N2-H, N-H2 interactions.
The accuracy of the results in the H2 dissociation

region, depends on the collision integrals of H-H2
interaction. In this work use has been made of the
values of ref. [15], which have been found to be in
good agreement with recent experiments [16].

Figure 5 shows a comparison of the total thermal
conductivity of an atmospheric hydrogen plasma
with the experimental values recently derived by
Popovic and Konjevic [4], correcting the radial

temperature distribution of [17]. In the same figure
the theoretical values of [1] have also been given.
One can note a satisfactory agreement between theory
and experiment in the temperature range 13 000-
22 000 K. The well known discrepancy between theory
and experiments therefore seems to be removed

(see [1]).

FIG. 5. - Total thermal conductivity as a function of temperature
for H2 pure plasma ( present results ; - - - - - - ref. [1];

experimental [4]).

Good agreement is also found for the electrical

conductivity (see Fig. 6) as well as for the transport
coefficients of pure nitrogen plasmas (see [2, 18]).
The results reported in figures 1-6 disregard the pre-

FIG. 6. - Electrical conductivity as a function of temperature
for H2 pure plasma (see Fig. 5).

sence of electronically excited states, with the only
exception being the inclusion of 2D and 2p nitrogen
states. The insertion of these two states as new species
in the plasma should not have strong effects on the
translational thermal conductivity and on the vis-

cosity of the mixture, since N(2D)-H(2S), N(’P)-
H(2S) collision integrals, calculated from the poten-
tials of [14], do not differ much from the corresponding
N(4S)-H(2S) values (see table II).
On the contrary a greater influence is expected from

the high lying excited states of hydrogen and nitro-
gen atoms, as recently shown in [19]. Their effects
are however important for T &#x3E; 15 000 K.

TABLE II

Collision (*) integrals of the viscosity type Q(22) (A 2)
for N-H interactions in different electronic states
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