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1 Abstract

The thorough understanding of the formation and the relaxation of the plasma produced
in the shock layer developed during the re-entry of a spacecraft in the upper layers of the
earth’s atmosphere is crucial in order to prevent damaging of its outer surface. Among
the different points to be studied, the chemical aspects are particularly important: the
mechanical characteristic time scale of the flow being short, the flow is indeed in chemical
nonequilibrium. In addition, the inner storage of energy of the different species of the
flow leads to other mechanical behaviors than those observed in classical low temperature
flows. These nonequilibrium effects have to be taken into account accurately in codes
devoted to the study of the interaction between the plasma and the surface.

In this paper, we propose to focus our attention on the detailed kinetics of an air plasma
under nonequilibrium conditions. First, we present a time-dependent collisional-radiative
(C'R) model for atomic oxygen to study in detail ionization and three-body recombination
rates of oxygen in high temperature air plasma flows. Second we present a time-dependent
CR model for air taking into account 13 species and numerous excited states and working
over a wide range of pressure and temperature. For typical conditions encountered in re-
entry flows, we compare this detailed CR scheme for air with simplified schemes (proposed
by Park, Dunn & Kang and Gupta et al.) usually implemented in high enthalpy air flow
codes. Finally, a 1D code simulating the stagnation point boundary layer near the wall of
the spacecraft is presented and the influence of the gas chemistry on the wall catalycity
is discussed.

2 Introduction

During the re-entry of a spacecraft into the upper layers of the atmosphere of a planet, the
flow is hypersonic and a shock layer is formed in front of the vehicle (Anderson (1989)).
In crossing the shock layer, the flow is hardly slowed down and the gas is strongly heated
(up to 15000 K (Carlson and Hassan (1992))) and therefore becomes a plasma. Near the
surface, a boundary layer is formed due to the difference between the temperature inside
the shock layer and the wall temperature and this induces high energy flux densities to the
vehicle surface. These fluxes have to be reduced to prevent damaging of the spacecraft.
To choose correctly the material of the thermal shield it is necessary to study the thermal
interaction between the gas medium and the vehicle (Hankey (1994)) and therefore to
study thoroughly the plasma formed in the shock layer (i.e. different species concentra-
tions close to the wall, their internal degree of excitation, etc). In the present context,
the flow is far from equilibrium; after an ionization phase, the plasma is recombining as it
approaches the thermal shield and the velocity is high. As a result, the chemistry is time-
dependent in the frame of the moving plasma. Its calculation needs an accurate kinetic
scheme. Moreover, as the pressure varies over a wide range during the re-entry phase,
the kinetic scheme has to take into account a sufficient number of binary and ternary
collisions. Currently, despite the large number of experimental and theoretical studies on
high temperature air chemistry, uncertainties remain on the accuracy of numerous reac-
tion rates.

In particular, the effective ionization and recombination rates of atoms are difficult to
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determine experimentally and, then most available results have been derived from theo-
retical studies. However, a reaction such as O" + 2e~ < O + e~ results from numerous
different elementary processes between the atomic levels of oxygen. Therefore, the ac-
curacy of theoretical effective ionization and recombination rate coefficients depends on
the choice of the atomic model and on the choice of the rate coefficients for the elemen-
tary processes. In section 3, we present a time-dependent collisional radiative model for
atomic oxygen in order to determine effective ionization and recombination rate coeffi-
cients for 108¥m=3 < n, < 10*'m=3 and 8000K < T, < 20000K. We will show that a
time-dependent approach allows to follow the relaxation of atomic level populations and
to study the validity of the quasi-steady-state hypothesis.

As far as we know, no time-dependent collisional-radiative model dedicated to re-entry
applications exists for air, taking into account Ny, Oy, NO, N, O, Ny, Of, NO* N7,
O™, O5, O~ on their ground state and on numerous electronic excited states. Although
some collisional-radiative models have been earlier elaborated by Teulet et al. (2001) and
Sarrette et al. (1995), no model works between 1kPa and the atmospheric pressure. In
addition, considerable improvements have been made about data in term of excitation by
electron impact, dissociative recombination of NO*, O and N, and their branching frac-
tions as well as vibrational processes. In section 4, we propose to focus on two important
points in the case of the plasma formed during the re-entry into the earth’s atmosphere:
(1) the time-dependent chemistry of an ionizing or recombining air plasma and (2) the
comparison with existing simplified kinetic schemes used up to now in Navier-Stokes codes.
This study is based on the elaboration of a time-dependent collisional-radiative model for
heavy particles temperature 74 and electron temperature 7, less than 10000 K. The re-
sults of the elaborated CR model are finally discussed for different re-entry conditions.
Finally, in section 5, we present the influence of the choice of the kinetic scheme for air on
the wall heat flux on a TPS material in the stagnation point boundary layer for different
conditions.

3 Collisional-radiative model for O atoms

In this section, we propose to set up a collisional radiative model for atomic oxygen in
order to determine effective ionization and recombination rate coefficients for 10%¥m=3 <
ne < 102'm=3 and 8000K < T, < 20000K. In an earlier study, Taylor and Ali (1986) de-
termined these rate coefficients for slightly different conditions: 102m =3 < n, < 10%®m=3
and 1leV < T, < 3eV. Other previous collisional radiative models for oxygen have been
devoted to the study of the population densities at the stationary state (Gomes et al.
(1990); Soon and Kunc (1990)) and relaxation times (Cacciatore and Capitelli (1976)).
Since the study of Taylor and Ali, numerous experiments and computations have been
carried out to improve the accuracy of atomic cross sections and Einstein coefficients in
oxygen. In this work, we have tried to determine the best possible coefficients available in
the literature. The data critically compiled by Soon and Kunc (1990) have been used with
a few updates on e—O inelastic collisions (Doering (1992)) and on Einstein coefficients
(Biémont and Zeippen (1992); Bhatia and Kastner (1995)). In this study, we consider
a spatially uniform and electrically neutral plasma. We assume that the distributions
of energies of particles are Maxwellian and that the atom-atom and ion-atom inelastic
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collisions are negligible. The treatment of radiation is limited to either optically thin or
optically thick cases.

Unfortunately, no experimental data are available on the effective ionization and recombi-
nation rates of atomic oxygen to compare with our results. In high temperature air kinetic
schemes used in plasma flow codes, different analytical expressions, which accuracy is un-
known, are proposed for these rate coefficients (Park (1990); Gupta et al. (1990); Losev
et al. (1994)). Therefore, this work is the opportunity to study the validity of these simple
analytical expressions for the effective ionization and recombination rates of atomic oxy-
gen. Furthermore, the time-dependent approach used in this paper allows us to follow the
relaxation of atomic level populations and to study the validity of the quasi-steady-state
hypothesis.

3.1 Atomic model

In this work, forty coalesced energy levels of the neutral oxygen atom have been considered
(Moore (1993)). Their characteristics (for each level index: level configuration, energy
and statistical weight) are given in Table 1. As in the nitrogen atom, there is a large
energy gap in the oxygen atom between the two first metastable levels (2s*2p* 'D and
2522p* 1S) and the other excited levels which lie in a narrow region of energy. However,
it is interesting to note that in the oxygen atom, the resonant level is only the fifth
level, located at 9.52 eV from the ground state. In their atomic model for oxygen, Soon
and Kunc (1990) considered only the nine first levels of our model. In this case, the
last level lies 1.69 eV under the ionization limit. With our model, this energy gap is
only of 0.124 eV. The influence of the atomic model on the results will be discussed in
the following sections. In the electron temperature range of our study, we consider only
the ground ionic term of OT, 2s22p® 1S (13.62 eV) which is taken as the ”core” for all
atoms. Processes involving O~ ions could a priori also influence the determination of the
ionization and recombination rate coefficients. However, Soon and Kunc (1991) showed
that for 7, > 8000K, the contribution of O~ ions to production of electrons, positive ions
and excited atoms is negligible. Therefore, in this study, the influence of O~ ions has
been neglected.

3.2 Elementary rate coefficients

In a uniform plasma, the evolution of the population density of an excited atomic level ¢
is due to different elementary processes

Oi+e =0;+e fori<y [Cij, Cii] (1)

where C;; (m? s7!) and Cj; (m® s7') are, respectively, the electron-impact excitation rate
coefficient for the transition from the level ¢ to the level j and its inverse deexcitation rate
coefficient

O;+e = 0"+ 2 [Bic, Bei] (2)

where ;. (m® s7!) and B.; (m® s™!) are, respectively, the electron impact ionization rate

coefficient from the level ¢ and the three-body recombination rate coefficient on the same
level

Oj—>0i +hv fori< j [Aﬂ] (3)
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1 182 + El(GV) g;
1 2522p"(°P) 0.000 9
2 2522p(1D) 1.970 5
3 25%2p*(1S) 4.190 1
4 2529p%35(°S%) 9150 5
5 2522p335(35°) 9.520 3
6 2522p%3p(°P)  10.740 15
7 2229p33p(*P)  10.990 9
8 25%2p345(°5°) 11.840 5
9 2522p%45(35%) 11930 3
10 2522p%3d(°D°)  12.090 25
11 2522p33d(>D°) 12.100 15
12 2s22p%4p(°P)  12.300 15
13 2522p34p(3 P) 12.370 9
14 2522p%35'(*D°)  12.550 15
15 25%2p355(55°) 12.670 5
16 2522p%55(3S%) 12710 3
17 2522p%3s'(1D°) 12740 5
18 2522p34d(° D°) 12.760 25
19 2522p34d(3D°) 12.770 15
20 252084 f(°F, *F)  12.780 56
21 2522p%5p(°P)  12.860 15
22 2522p3 (3 P) 12.800 9
23 2522p%65(55°)  13.030 5
24 2522p%65(3S°)  13.050 3
25 2522p%5d(°D°, 3 D°)  13.080 40
26 252285 f(°F, *F)  13.087 56
27 2522p%p(°P)  13.130 15
28 2522p%6p(*P)  13.140 9
29 2522p375(55°) 13.220 )
30 2522p575(35%)  13.230 3
31 25%2p3[6d(°D°, 3D°)

Y6f(F, 3F)

F69(°Ge, 3G°)] 13.250 168
32 25%2p385(55°) 13.330 )
33 2522p%85(35%)  13.340 3
34 25%2p37d(3D°, 5D°)

V7d(PF,3F)  13.353 96
35 2522p%05(*S%)  13.412 3
36 2522p38d(°D°, 3D°) 13418 40
37 2522p310s(35°) 13.459 3
38 2522p%0d(*D°)  13.464 15
39 2522p7115(3S%)  13.493 3
40 2522p°10d(*D°)  13.496 15
41 (O ion) 2522p3(15°) 13.620 4

Table 1: Atomic level model.
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where Aj; (s71) is the transition probability (Einstein coefficient) from the level j to the
level 7; and

O + e —0; + hv [ aftP] (4)

1 (2
where of*f (m3 s71) and of'P (m?® s7!) are, respectively, the radiative and dielectronic
recombination rate coefficients on the level i. Dielectronic recombination is the result of
a two-stage process

Of+e — 0" — O; + hv (5)

where O* represents an autoionizing state of the O atom.

3.2.1 Electron-impact excitation and deexcitation rate coefficients

Currently, no complete set of precalculated cross sections exists for oxygen. Therefore,
for low atomic levels, measurements of cross sections have been used, when available.
For the 1 — j < 7 transitions, the cross sections measured by Doering et al. ( Doering
and Gulcicek (1989b), Doering and Gulcicek (1989a), Gulcicek et al. (1988) and Gulcicek
and Doering (1988)) have been used in agreement with the discussion of Soon and Kunc
(1990). For the 1—2 transition, it is interesting to note that the shape and magnitude of
the cross section have been confirmed recently by Doering (1992). For the 1— 9< j <
19 transitions, the theoretical and experimental cross sections reviewed by Laher and
Gilmore (1990) have been used. For all the other transitions, excitation cross sections
have to be determined theoretically. In this work, we have used for low atomic levels the
Vainshtein formalism which is certainly more adapted than hydrogenic models retained in
earlier studies. It would be interesting to use cross sections obtained with more accurate
quantum mechanical methods such as close-coupling and R-matrix methods. But these
methods are computer intensive, and have been completed, up to now, only for a few
systems (Pradhan (1988)). For "difficult” transitions (i.e., involving two atomic electrons),
a binary-encounter approximation is used. All details are given in the paper of Soon and
Kunc (1990). For atomic levels close to the continuum, all atoms are almost hydrogenic.
Therefore, the formalism initially developed for hydrogen by Gryzinski (1965) is used for
these levels, and is no doubt more adapted than the Vainshtein formalism.

The use of different theoretical models may result in abrupt changes in the elementary
rate coefficient values. In order to eliminate this anomaly, already mentioned in other
plasma studies (Park (1971)) we introduce, in the same way, a correction factor such
that elementary rate coefficient values vary smoothly from one model to the other. As
an example Fig. 1 shows the rate coefficient for the 1 — 7 transition. Reliable rate
coefficients based on the review of Laher and Gilmore (1990) are available up to j = 19.
Gryzinski rate coefficients up to j = 19 have higher values but we note that in both cases,
the rate coefficient decreases rapidly up to 7 = 10 and decreases more slowly for higher
values. Therefore, in our model, rate coefficients for 1 — j > 19 are derived using the
Gryzinski rate coefficients scaled using the rate coefficient of the 1 — 19 transition. We
have checked that discrepancies on the effective ionization and recombination rate values
due to this correction remain within a factor of 2.

RTO-EN-AVT-142
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\\ our model
10—13 | \\ ——— Gryzinski model —
\

o rate coefficients available

Rate coefficient [m’s ']

jlevel

Figure 1: Rate coefficients of the 1 — j transitions. Open circles:
theoretical and experimental rate coefficients reviewed by Laher and
Gilmore (1990). Dashed line: Gryzinski (1965) rate coefficients.
Solid line: our model.

3.2.2 Electron-impact ionization and three-body recombination rate coeffi-
cients

For the ground state and the two lowest excited levels, the models retained by Soon and
Kunc (1990) are used. For the other atomic levels, we have used the classical model
approximation derived by Gryzinski and Kunc (1986).

3.2.3 Spontaneous emission

For excited levels the energy of which is less than or equal to 11.93 eV, the transitions and
the Einstein coefficients reviewed by Soon and Kunc are used. However, for the 5—1 and
9—1 transitions, the Einstein coefficients determined recently by, respectively, Biémont
and Zeippen (1992), and Bhatia and Kastner (1995) have been used. For transitions
issuing from levels lying higher than 11.93 eV, the best possible Einstein coefficients
available in the literature have been used (Bhatia and Kastner (1995); Fuhr and Wiese
(1990); Tayal and Henry (1989); Doering et al. (1985); Verner et al. (1996)).

3.2.4 Radiative and dielectronic recombinations

The analytical expressions proposed by Nussbaumer and Storey (1983) are used to cal-
culate the dielectronic recombination coefficients for the effective (direct plus cascade)
transitions to the terminating levels ¢ =1 and 4. The total dielectronic recombination

rate is
= 3 ol ©
i=1,4

As in nitrogen, radiative recombination coefficients are significant only for the effective
transitions to the three first atomic levels. Using the same approach as Soon and Kunc
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(1990), we have calculated and fitted the associated total radiative recombination rate,

and obtained ,

o =3 "afff =212 x 1079770 mPs™! (7)
=1

3.3 Master equations

Taking into account the different elementary processes mentioned above, the rate equa-
tions for the production of an excited atom on the level i can be written as

dN; .
dt - Nz - Z neNjCji + Z NjAjiI{ji + TleN+ [aﬁRI{?R + O./ZRDI{zRD + neﬁci}
jF#i j>i
—N; Z n.Ci; + Z Aipkir + neBic (8)
j#i k<i

for 1< i < np, where np is the total number of atomic levels, n, (m™3) the electron
number density, N; (m~3) the population density of the atomic level 4, and N (m~3) the
number density of O". For the escape factors denoted k;;, kK and x['P| respectively,
for bound-bound, free-bound, and dielectronic radiation, we consider only the limit cases
where they are equal either to 0 (optically thick plasma) or to 1 (optically thin plasma).
The rate equation for the production of electrons is

dne i = Z N B — Z nEN* B, — ZneN+ [CVZRR@RR X alRD/-iZRD} 9)

dt

Finally, the electrical neutrality of the plasma imposes n, = N*. We denote N, = >  N;,
the total atomic density and N; = N, + N, the total particle density. The system of
differential equations [Egs. (8) and (9)] has been integrated numerically in using LSODE
Hindmarsh (1980). In each set of calculations, T, and N; are constant.

3.4 Results

3.4.1 General behaviour of time-dependent population densities

Figure 2 shows the temporal evolution of the level populations for a typical recombining
situation at t = 0 s: n, = 102?m=3, T, = 12000K, and b; = N;/N; = 10~*, where N;
is the Saha density of level . The plasma is considered to be optically thin and all the
elementary processes described above are considered. This example clearly puts forward
that different time scales characterize the global relaxation process. For t < 10719 s, in
this example, Ny, Ny, N3 and n. vary only slightly in comparison to other excited state
population densities. For 5 x 107%s < t < 10755, the latter reach a plateau whereas N,
Ny, N3 and n, vary significantly. Finally, all the system tends toward a stationary state
(reached at ¢t ~ 10735 in this example). It is interesting to note that the populations of
excited states at the plateau are very different from those at the stationary state. It is
important to mention that the general characteristics of the results are independent of
the initial ionizing or recombining condition.

RTO-EN-AVT-142
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Figure 2: Temporal evolution of densities for an initial recombining situation: at t = 0 s,
T. = 12000 K, n, = 10*°m=3 , and b; = N;/N} = 104, where N/ is the Saha density of level
i. All elementary processes are taken into account, and the plasma is considered to be optically
thin. Numbers denote atomic level numbers. Atomic level population densities are divided by

their statistical weights.
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Figure 3: For the same initial recombining
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Figure 3 shows the temporal evolutions of |ri.| and N; for 1< i <3. For t > Tpn (Tomin ~
5x%107% in this example), we have

N; ~0 for i >3 (10)

and then a quasi-steady-state condition of the form

3
rie| =) " N; (11)
=1

can be written. This condition has been already established by Cacciatore and Capitelli
(1976) in oxygen. For hydrogen as shown by Bates et al. (1962), the corresponding quasi-
steady-state condition takes into account only the ground state of the atom. In oxygen
and also in nitrogen as shown by Bourdon and Vervisch (1996), it is necessary to take into
account the contribution of the two first low-lying levels. In oxygen, the fourth level is
metastable too and then one could have expected to have for oxygen a quasi-steady-state
(QSS) condition of the form

4
riel = > N (12)
=1

In the electron temperature and density range of our study, we have checked that Eq.
(11) is the quasi-steady-state condition for oxygen.

3.4.2 General method to determine effective ionization and recombination
rate coefficients

For the global reaction O" + 2¢~ < O + e~, we define k,, the effective three-body
recombination rate coefficient, and k;, the effective ionization rate coefficient, such that

dne
CZ =N, = kn N, — k:rng (13)

Both rate coefficients have to be time independent, but may depend on electron temper-
ature and densities. To determine k,, the method is to consider at ¢t =0 s a recombining
situation. In this case, in early times the first term on the right hand side of Eq. (13)
is far much smaller than the second one. Then, if k, exists, there is a plateau in the
temporal evolution of the ratio |7i.|/n? and k, is the value of this ratio at the plateau.

Conversely, to determine k;, one has to consider at ¢ =0 s an ionizing condition and to
study the temporal evolution of the ratio 7i./(n.N,). k; is the value of this ratio at the
plateau. For the initial recombining situation of the last section, Fig. 4 shows that a value
of k, can be determined for 7, <t < Timaw, With Tpee ~ 107°s. The minimal time 7,
corresponds to the necessary time to reach a quasi-steady-state (Figs. 2 and 3) and is
denoted 7ggg in the following. For ¢ > 7,,,,, ionization processes become significant and
then the first term on the right hand side of Eq. (13) is no longer negligible in comparison
to the second one. Finally, Fig. 3 clearly shows that a quasi-steady-state condition has
to be reached to determine k,. In the case of an initial ionizing situation, the general
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characteristics of the results are the same.

Finally, to determine k,., respectively k;, we start from an initial recombining, respectively
ionizing situation, and, stop the calculations when |7,.| and |N1 + Ny + Ng] agree to within
1%. Then we determine 7ggs and the value of k,, respectively k;, with the instantaneous
values of 7., and n3, respectively n.N,. The interest of this approach is the possibility to
follow the temporal evolutions of populations and to determine also 7ggs.

It is interesting to point out that ionization and recombination rate coefficients are not
independent. Indeed, at the stationary state of the reaction O +2e¢~ < O + ¢, the two
terms on the right hand side of Eq. (13) have to balance to give 71, = 0. Then, k; can be

derived from k, by
stat]Z

[ne
r stat
N

We have checked that both methods gave the same results.

ki =k =k, K" (14)

3.4.3 Determination of effective three-body recombination rate coefficients

Optically thick cases

In order to represent an optically thick medium, in this section, all escape factors in
Egs. (8) and (9) are set equal to zero. Then, as only elementary collisional processes are
considered, the results of this section are denoted with the superscript C. It is interesting to
note that these results may be applied to optically thin media where the electron number
density is high enough to neglect radiative processes in comparison to collisions. After
having considered different initial conditions, we have pointed out that in an optically
thick medium, the three-body recombination rate coefficient for oxygen depends only on
the electron temperature (Fig. 5). We have noted no influence of either densities or initial
distribution on atomic levels. The simplest best-fit curve for our computed result is

T\ 466
c _ -39 e 6 —1

for 8000 K< T, < 20000 K. Park (1990) assumed that the three-body recombination rate

of oxygen is the same as the one of nitrogen, derived for 4000 K< 7, < 20000 K in using

for all levels the elementary rates derived by Gryzinski (1965) for hydrogen

Te —5.27
Eypark = 1.15 x 107°® (1—04) mOs~! (16)

Figure 5 shows that, over the whole temperature range of this study, the value obtained
with our model is on the average five times smaller than the one proposed by Park.
With our method, we have also calculated the effective three-body recombination rate
coefficient (denoted k) obtained when one uses for all levels the elementary rates derived
by Gryzinski (1965) for hydrogen. In this case, Fig. 5 shows that the value of k7 is
close to the one proposed by Park. Cacciatore and Capitelli (1976) proposed to modify
the elementary rate coefficients derived by Gryzinski to take into account that low-lying
levels of atomic oxygen are nonhydrogenic. That is, Gryzinski values are multiplied by
a factor 4 for the ground state. It is interesting to mention that this correction has
no influence on the calculated value of k¥ for atomic oxygen. Finally, on Fig. 5, the
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fitting law of the three-body recombination rate of nitrogen obtained in a similar work
on a collisional-radiative model for atomic nitrogen is represented. This law is given for
4000K < T, < 12000K and, therefore should be handle with care for T, > 12000K.
However, it is interesting to note that three-body recombination rates for oxygen and
nitrogen remain close to each other for 8000K < T, < 20000K.

'\\\\ 107 ; ;

107 ‘\\\ E

g T

g B

£107” S 2107 =

E e g

) ~] =

:

3 i)

=107 F :

: 1 1 e &) 107" 3
8000 12000 16000 20000 T
T. K] 8000 12000 16000 20000

. . . . . T.[K
Figure 5: Recombination rate in optically K
thick cases as a function of T,. Solid Figure 6: Recombination rate in optically
line: our model. Dot-dashed line: Park thick cases as a function of T,. Thick solid
(1990). Dashed line: our atomic model line: our 40 level model. Thin solid line:
with Gryzinski (1965) cross sections. Solid 9 levels. Solid line with open circles: 15
line with open circles: Recombination rate levels. Dashed line: 20 levels. Dot-dashed
of nitrogen (Bourdon and Vervisch (1996)). line: 30 levels.

Influence of the number of levels

Figure 6 shows the influence of the number of atomic levels on the calculated effective
three-body recombination rate coefficient value in optically thick cases. As the number
of atomic levels increases, the calculated recombination rate converges towards an upper
limit and the lower the electron temperature is, the more numerous atomic levels are re-
quired to determine k¢. This figure puts forward clearly that the 9-level model proposed
by Soon and Kunc (1990) is unadapted to our temperature range and that it was nec-
essary to consider a more sophisticated atomic model. Our forty level model appears to
be a good compromise between the inaccuracy of atomic models for highly excited levels
and the reliability of the effective rate coefficients derived in this study. It is important
to mention that the determination of k¢ at low electron temperatures 7, < 2000 K is
generally difficult since it depends strongly on highly excited levels. We have noted in
this case, that the more numerous highly excited atomic levels are taken into account, the
higher the derived recombination rate is.

Optically thin cases
In optically thin cases, the results obtained for different initial recombining conditions in-
dicate that the three-body recombination rate depends only on the electron temperature
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and the electron number density. First, neglecting radiative and dielectronic recombina-
tions, Fig. 7 shows that spontaneous emission increases the value of the recombination
rate (denoted, in this case, kF). As expected, at high electron number densities, the
recombination rate converges to the value obtained in optically thick cases.

10 T T
T T T
107 107
1; E
o107 g0
s =
g 2
S é 39
£10° £ 10
= 15
g ]
8 R~ —40
[~ 1
107 0
C L L L L L L L L L L L ]
C . . 0 1 ] 8000 12000 16000 20000
8000 12000 16000 20000 T K]

T. [K]

Figure 8: Recombination rate derived in
taking into account all elementary pro-
cesses, in an optically thin plasma. Same
notations as Fig. 7. The thin solid line
corresponds to the expression proposed by
Park (1990).

Figure 7: Influence of spontaneous emis-
sion on the recombination rate in an opti-
cally thin plasma. Numbers at right denote
x with n, = 10 m~3. The thick solid line
corresponds to optically thick cases.

Conversely, for low electron number densities, k<¢F tends towards an upper limit. If all
the elementary processes of section 3.2 are considered, Fig. 8 shows that the influence
of radiative and dielectronic recombinations increases as n. decreases. In this case, the
recombination rate has no upper limit at low electron number densities. These results are
in qualitative agreement with those obtained earlier by Taylor and Ali (1986). Figure 8
indicates that Park’s expression [Eq. (16)], initially proposed for an optically thick case,
corresponds to an optically thin plasma where 102°m =2 < n, < 10*'m™2 and 8000K <
T, <20000K.

In order to implement the results of this work in numerical studies on air plasma flows,
simple analytical laws are required. In the general Eq. (9), radiative and dielectronic
terms can be isolated, then Eq. (13) can be written

dn.

e tie = kineNy — k9Fn? — ofin? (17)

where k¢ takes into account all the elementary collisional processes and spontaneous
emission (Figure 7 ), and
O{R — OCRR + OéRD (18)

The total effective recombination rate k, is therefore k¥ + a®/n.. This formulation is
of great interest since o [Eq. (7)] and o*P [Nussbaumer and Storey (1983)] can be
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expressed analytically. Then, we fitted k¢F for different electron number densities to the

following expression
kCE = AT, mSs™! (19)

for 8000K < T, < 20000K. The coefficients A and b are given in Table 2. The discrepancy
between the total recombination rate value calculated with the analytical expressions [Egs.
(19) and (18)] and the one determined directly and represented on Fig. 8 remains within
a factor of 2.

ne m3) A (mf 'K b
101® 7.27 x 1073t -1.73
10%° 4.29 x 1073 -1.95
10%° 2.58 x 1072 -2.51
102 3.19 x 107 -3.43

Table 2: A and b parameters for the effective three-body recombination rate coefficient
kCF = AT®, m®s~! for different electron number densities

Comments on the definition of k,
Following the method described above to determine a'*,; one could propose to derive the
effective three-body recombination rate coefficient directly from Eq. 9

ki =2 0a(T) = F(T.) (20)

R

By definition, this coefficient depends only on 7T, and takes into account only direct
recombination processes on the atomic levels, and neglects the other processes which link
the atomic level populations together. Figure 9 shows that this coefficient k is slightly
higher than k(% . which is the maximal value of k¢¥. This coefficient has no physical

interest to describe the O" + 2e~ — O + e~ global recombination process. This result
already mentioned by Park (1969) is clearly illustrated here.

3.4.4 Determination of the effective ionization rate coefficient

Optically thick cases

In optically thick cases, the results obtained for different initial ionizing conditions indicate
that the effective ionization rate coefficient (denoted k) depends only on the electron
temperature. This can be simply derived from Eq. (14), since in this case, k¢ depends
only on T, and, the stationary state of the reaction O" + e~ < O + 2e~ corresponds to a
Saha equilibrium, therefore K*!* = K5%a(T,). We have fitted the equilibrium constant
to the following expression

5
In(K*) =Y " Az, (21)
=0

where Z = In(10*/T,), for 8000K < T, < 20000K. For a Saha equilibrium, the coeffi-
cients A; are given in Table 3. Figure 10 compares the value of k¢ obtained in our study
with three other values often used in high temperature air kinetic schemes, but which
accuracy is unknown:
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e The effective ionization rate coefficient proposed by Losev et al. (1994) which is
derived from the ionization cross section from the ground state measured by Smith

et al. (1962).

kiLosev = 8.64 X 10718 Teo'68 exrp (

e The value proposed by Gupta et al. (1990)

Eicupta = 99.8 Te_2'91 exp

e The value proposed by Park (1990)

Eipark = 6478.4 T, > Sexp

6 -1

Recombination rate [m's ]
/

12000 16000
Te [K]

20000

Figure 9: Different definitions of the three-
body recombination rate coefficient. £k

is the one-way coefficient and kfgm and
kCE

r,max
maximal values of k.

are respectively the minimal and

—157980
T) m3871 (22)
—158120
(T) m38_1 (23)
—15862
(%) m’s ™ (24)
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Figure 10: Tonization rate coefficient in op-
tically thick cases. Solid line: our model.
Dotted line: Park (1990) Dot-dashed line:
Gupta et al. (1990) Dashed line: Losev
et al. (1994).

First of all, we note that there are strong discrepancies between the different models. As
expected, the value obtained with our model is greater than the one proposed by Losev et
al. since the latter takes into account only the ionization process from the ground state.
Figure 10 shows that the value proposed by Gupta et al. is overestimated by more than
one order of magnitude. In fact, the value of k¢ obtained with our model turns out to
be in close agreement with the one proposed by Park. This result seems to be in dis-
agreement with the discrepancy observed on Fig. 5 between our value of the three-body

recombination rate in optically thick cases (k%)

and the one proposed by Park (k,park).

In fact, we have noted that the ionization and recombination rate coefficients proposed
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N; (m’?’) AO Ay Ay Ag A4 A5
107 30.5304 -34.0190 -23.6944  6.18581 -0.916160 -17.5735
1018 32.8715 -33.1659 -22.8399  7.45801 5.02374  -11.8446
10t 35.0493 -31.4172 -24.8850 -0.795804  17.3478 11.0059
10%° 36.6971 -27.7121 -6.36738 -49.7549  -187.362 -149.453
10% 38.6205 -35.9083 6.47223  62.7877  -35.6484 -97.7333
10% 41.9019 -45.7554 -37.4442  166.309 443.193  298.333
10% 45.2287 -31.9500 -57.7671 -69.9729  -17.6998  19.8520

KShe 470661 -17.1846 -7.99356 -2.64241 -0.579718 0.182226

Table 3: Parameters in K% and in the equilibrium constant K*'* for different total
particle number densities.

by Park in optically thick cases are not related by the Saha equilibrium constant. That
is, krpark K9 is on the average 4.7 times greater than k;p,,; which is also the average
discrepancy observed on Fig. 5 between k:f and &, park-

Optically thin cases

In optically thin cases, radiative processes enhance recombination and then the ionization
degree at the stationary state is lower than the one corresponding to the Saha equilibrium.
Consequently, K*'% < K5he(T,) where K*'* depends on T, but also on densities. As
explained by Kunc and Soon (1989) the most significative density of the nonequilibrium
properties of the stationary state is the total particle density N; (note that the definition of
N, proposed by these authors is the double of ours) and not the electron number density.
As expected, as the density increases, collisional processes become more efficient than
radiative ones and, then the equilibrium constant converges toward the Saha equilibrium
constant, all the faster since the electron temperature is high. First, neglecting radiative
and dielectronic recombination processes, the equilibrium constant tends toward a lower
limit for low values of N;. When radiative and dielectronic recombination processes are
taken into account, this lower limit disappears. As Soon and Kunc (1990) considered
more accurately the reabsorption of the emitted radiation, a direct comparison with their
results at the stationary state is impossible. However, a qualitative agreement is observed.
Finally, to implement our results in flow codes, we have fitted K*'% for different values
of N; to the expression of Eq. (21) for 8000K < T, < 20000K. The coefficients A; are
given in Table 3. The discrepancy between the ionization rate coefficient value calculated
with the analytical expression [Eq. (21)] and the one determined directly remains within
a factor of 2 (Bourdon et al. (1998)).

3.4.5 Study of the quasi-steady-state relaxation time

In the previous sections, we have put forward that effective three-body recombination and
ionization rate coefficients exist only when the system is in a quasi-steady-state. There-
fore, before implementing these rate coefficients in flow codes, one has to check the validity
of the QSS hypothesis [Eq. (11)]. The time-dependent approach used in this work allows
us to determine the relaxation time necessary to reach a quasi-steady-state, starting at
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t = O0s from a given initial condition.

Optically thick cases

For optically thick cases, the results obtained for different initial conditions (either ioniz-
ing or recombining) indicate that the quasi-steady-state relaxation time (denoted TgSS)
depends only on the electron temperature and electron number density but not on the
initial distribution on the atomic levels. Figure 11 shows that TSSS depends only weakly
on T, but increases as n. decreases. For n. = 10”m =3, the relaxation time derived in
using Gryzinski’s cross sections for all levels is also represented. The latter is one order
magnitude shorter than the one obtained with our model. It is interesting to note that re-
laxation times obtained in oxygen are very close to those calculated in nitrogen (Bourdon
and Vervisch (1996)). Finally, Fig. 11 shows that the effective ionization and recom-
bination rate coefficients determined in this work are adapted to study optically thick
plasma flows, where the characteristic flow time is about 107% s, only if n, > 10%m=3.
For lower electron number densities or shorter flow times, it is necessary to consider one
conservation equation for each atomic level 7 of the oxygen atom.

L S i Z10°
g Lk : £
£10° B Simmmmme——e . =
3 I B s
o g s ] 510
~ L ] 3

10”7 & g

8000 12000 16000 20000 o T
T.[K] 8000 12000 16000 20000
T.IK]

Figure 11: Relaxation time in optically
thick cases. Thin solid line with open cir- Figure 12: Relaxation time in optically
cles: n. = 10"®m™3. Thin dashed line: thin cases with at ¢ =0s, b; = N;/N; =1,
ne = 10"m=3. Thin dot-dashed line: n, = for a given electron number density. Solid
102°m~3. Thin solid line: n. = 10*'m™3. line with open circles: n. = 10¥m™3.
The thick dashed line represents the results Dashed line: n, = 10”m™3. Dot-dashed
obtained for n, = 10”m™3 in using the line: n., = 10°m=3. Solid line: n, =
cross sections derived by Gryzinski (1965). 10%tm 3.

Optically thin cases

In an optically thin plasma, the relaxation time depends on densities and T, but also on
the initial distribution on atomic levels. Therefore, it is more difficult to derive general
results. However, we have noted that for initial recombining conditions with at ¢ =0 s
b; = N;/N} < 1 (where N} is the Saha density of level i) for a given electron number
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density, the QSS relaxation time depends only on n. and 7T,. In these cases, Fig. 12
shows that the QSS relaxation time depends weakly on 7, and increases as n. decreases.
In comparison to an optically thick case, we note that relaxation times are on the average
one order of magnitude shorter.

3.5 Conclusions

In this work, we have shown how to use a detailed collisional radiative model to determine
the effective ionization and three-body recombination rate coefficients of oxygen in a
plasma where 10¥m =3 < n, < 10%'m =2 and S000K < 7. < 20000K . The time-dependent
approach used in this work has clearly put forward the necessity that the system be in a
quasi-steady state to derive meaningful rate coefficients. This has led us to study more
precisely the relaxation time 7ggs necessary to reach a quasi-steady-state.

In this work, the treatment of radiation has been reduced to optically thin or thick cases.
It would be interesting to take into account a more accurate modeling of radiation escape
factors in order to study more precisely the influence of the reabsorption of radiation.
However, this effect will not change the general characteristics of the results obtained in
this paper.

4 Collisional-radiative model for air

The previous section has shown that a temporal description of the chemistry of a plasma
is the most relevant approach to understand its behavior by a fundamental point of view:
this approach is the only one allowing to check the conditions for using a ionization or
recombination rate coefficient. As a result, we have chosen to reproduce such a study
but for a more complicated medium where molecules play a role in order to see if a quasi
steady-state still exists. Moreover, this study is also motivated by our main objective:
the more realistic calculation of the interaction between a plasma formed during an at-
mospheric re-entry of a spacecraft and its thermal shield. In that case, the flow is indeed
very rapid: as illustrated in the following, the chemistry is therefore time-dependent in
Lagrangian description.

4.1 Atomic and molecular model

In this work, air considered is a mixture of heated nitrogen and oxygen and their products:
argon as other gas traces are neglected. Due to the wide range of temperatures and pres-
sure studied, we take into account Ny, Oy, N, O, NO, Ny, O, N*, Ot, NO*, O;, O~
and electrons. For each species, we consider electronic excited states except for N*, Ot,
O~ and O; as shown in Table 4. The energetic data are due to Herzberg (1950), Capitelli
et al. (2000a) and Park (1990). 46 levels for N and the previous 40 levels for O are taken
into account in order to calculate correctly the recombination of N* and O™ respectively
by three-body processes and in order to estimate thoroughly the net population density
of the metastable states 2D" and 2P° for nitrogen and 'D and 1S for oxygen resulting
from the electron and heavy particles induced processes. In addition, that provides the
calculation of the excited population densities which are the source of the radiative signa-
ture of the medium. The levels considered for N are those already mentioned by Bourdon
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Type Species State
N, XISF, APSE, BRI, C°II,
Molecules O, X387, a'Ay, b'EF, ASSE, BN
NO X211, A2+, B2I1, CII, B2A
Ny X25F, AL, BYSE, C25
Molecular  OF X211, a*ll,, A%, b4E;
ions NOt  X'S{_y ., &*SH BIL 1587, AT
3 X1,
Atoms N 159 ... (46 levels)
@) 3P,... (40 levels)
Atomic N+ sp
ions o+ 450
O~ p

Table 4: Species taken into account in the present CR model.

and Vervisch (1996).

Moreover, since the rate coefficient for dissociative recombination of NO™ has been calcu-
lated for each excited vibrational level between v = 0 and v = 14 (Motapon et al. (2006)),
the vibrational excitation of this ion is explicitly considered contrary to the case of the
other molecular species for which the assumption of equilibrium at 7, is done.

All in all, this atomic and molecular model represents 131 different levels and their cou-
pling in the frame of the present physical situation is ensured by the following elementary
processes.

4.2 FElementary processes
4.2.1 Radiative processes

We take into account 45 spontaneous emission lines for N and 24 for O for which Einstein’s
probability is higher than 5x 10% s~ for N and 3x10° s~! pour O. In addition, we account
for the radiative and dielectronic recombinations. The calculations and data for all these
radiative processes are similar to those of the previous section.

The possible re-absorption of the radiations is estimated by the following escape factor:

Lekola gy

- o V—mlnx

derived from the work of Holstein (1947) with a typical plasma thickness equal to that of
the boundary layer (typically of the order of [ = 1 ¢m) and assuming a Doppler broadening
for which k is the absorption coefficient by unit length at the centerline. Any pressure
broadening is assumed negligible, the maximum pressure level being atmospheric. In the

T(l) (25)
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same way, the role of charged particles is not considered since the electron density n. is
sufficiently weak.

Some of the states of the species mentioned in Table 4 radiate importantly. The 3 (B?II —
X2TI) and v (A?Z+ — X?II) systems of NO as well as the first positive (B*II, — A3%S})
and the second positive (C®II, — B?Il,) systems of Ny and the first negative system
(B*S] — X?%F) of NJ have been considered. Since a vibrational equilibrium is assumed
for these species at the electron temperature T,, the equivalent transition probability for
the latter systems is calculated by:

_Gwh
A _ Z’U’(Zv” A’U’v”)G kpTe
Y€ fé”z’i

(26)

where G(v') is the vibrational energy, A,.» the vibrational transition probability and kg
the Boltzmann constant. Using the data calculated by Laux and Kruger (1992), we have
fitted each value of A by:

3
A=) "a;T; (27)
=0

whose coefficients a; are calculated for 2000 K < T, < 12000 K and may be obtained on
demand.

4.2.2 Collisional processes

Electron induced processes

When available, the cross sections are chosen in accordance with the more recent experi-
mental data. Since the Maxwell equilibrium assumption is done for most of the species,
the cross sections have been integrated and the rate coefficient obtained finally fitted
under the form:

kiy(Te) = AT, @ e (28)

In Table 5 are summed up the parameters A, o and 6 hence calculated for 2000 K <
T, < 10000 K. The rate coefficient for the excitation of molecular species under electron
impact has been calculated recently by Teulet et al. (1999) under the form of Eq.(28) and
are used in the present work.

There are few data concerning the ionization of N and O, especially for the highly excited
states. For the ground state, we have used for both atoms the cross sections reviewed
by Tawara and Kato (1999). Conversely, we have preferred the cross sections obtained
by Kim and Desclaux (2002) for metastable nitrogen and assumed that the cross section
for metastable oxygen has the same form when the shift due to the different threshold is
taken into account. The derived rate coefficients expressed by Eq.(28) use the parameters
mentioned in Table 5. For higher excited levels, the classical cross sections of Drawin are
used considering that each atom has only one optical electron.

The data related to the ionization of molecules are taken from the work of Teulet et al.
(1999) as those concerning the dissociation.

Heavy particles induced processes
The excitation of atoms due to atom collisions has been discussed by Capitelli et al.
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RT

ORGANIZATION

7 j A o 0 Ref.

N (1S9 N(*D) 1.720 x 1071 —0.280 28250 Berrington et al. (1975)
N(1S9) N(*P) 4.004 x 10716 —0.324 42860 Berrington et al. (1975)
OGP)  O(D)  1374x10°7  —0.566 24600 Ttikawa et al. (1990)

O(*P) O(S)  9352x1079  —0.620 50110 Ttikawa et al. (1990)

N(*S9) NT(3P) 8.583 x 10716 —0.276 166870 Tawara and Kato (1999)
N(D)  N*+(P)  7732x107®  —0.711 139900  Kim and Desclaux (2002)
N(*P) N*T(®P) 1.026 x 10717 —0.677 126310 Kim and Desclaux (2002)
O(3P) OT (159 5.393 x 10718 —0.750 158330 Tawara and Kato (1999)
O('D)  O+(*8%)  8571x 107  —0.695 134190  Kim and Desclaux (2002)
O('S) O*(*9%) 1.397 x 10717 —0.647 108800 Kim and Desclaux (2002)

Table 5: Parameters A, o and 6 for the calculation of the rate coefficient (in m? s™!) given
by Eq.(28) for the transition i — j induced by electron collision. 6 is expressed in K.

(2000a) between the ground and metastable levels. We have consequently considered all
these data in our CR model. On the other hand, we have adopted a linear form for the
cross section 03 with the relative kinetic energy e of the colliding particles for excitation
from the ground or the metastable states towards highly excited levels:

o) = B e — Ej) (29)
where Fj; is the threshold. Since the parameter ﬁg‘A weakly depends on the mass
of the colliding particles (Drawin and Emard (1973)), we have assumed that the cross
section can be derived from the case of argon (Bultel et al. (2002)) taking the mean
value ﬁ;;‘fA = 3.4 x 1072 m2 eV L. For excitation between higher excited levels, we have
considered, as in the case of argon, that Eq.(29) is applicable with:

B4 =869 x 1072E;** m?eV ! (30)

The cross section for excitation of atoms under molecule impact behaves approximately
as (Lotz (1968)):

i In(e/ E)
o (€) = er/—Eji (31)
where oy >~ 1072 m?2. This form has been adopted.
Equation (31) is also assumed to condition the excitation of any molecular species under
atom or molecule impact except in the case when experimental data exist. We have then
preferred the rate coefficients compiled by Teulet et al. (2001), Capitelli et al. (2000a)
and Kossyi et al. (1992).
From these sets of rate coefficients, we have also extracted and used those related to
charge transfer (with possible reassociation of atoms to form a molecule), reassociation,
excitation transfer, ionization, dissociation, neutralization of O~ and O, and attachment
and detachment. Due to the pressure levels involved in our CR model, we have also taken
into account the previous processes occurring when a third particle interacts.
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Two reactions are known to highly influence the distribution of nitrogen and oxygen
between atomic and molecular systems. These reactions called Zeldovich’s reactions are:

0, + NUNO 10 (32a)

Ny + 04 NO 4+ N (32b)

Recently, Bose and Candler have up-dated their rate coefficient using a quasiclassical
trajectory method performed starting from an ab initio potential surfaces calculation.
They have obtained:

ki(Ts) = 4.14 x 10720 75179 ¢740005/Ta 3 51 (33)
for the process (32a) (Bose and Candler (1997)) and:
ko(Ty) = 9.45 x 10718 73420 ¢~ 42940/Ta 3 =1 (34)

for the process (32b) (Bose and Candler (1996)). The rate coefficients (33) and (34) are
used in our work.

The processes (32a) and (32b) can contribute to the destruction of Oy and N and forma-
tion of NO. Of course, the direct dissociation and the reverse process by heavy particles
impact have to be taken into account. The rate coefficients used are due to Losev and
Shatalov (1990) who have assumed the vibrational mode in equilibrium with the electrons
at T,. We refer to their paper for more details.

4.2.3 Dissociative recombination of N,, O] and NO*

The dissociative recombination (DR) of the molecular ions, which is the subject of a very
intensive work (Guberman (2003)), is well-known to play a very important role in the
case of recombining plasmas even at low pressure (Bultel et al. (2002)). In addition, the
inverse process, the associative ionization, allows in much cases the formation of the first
electrons in shock tube (Drawin and Emard (1973)) as well as for the re-entries problems
and consequently explain the ionizing situations. In our case, since N7, OF and NO*
are present in the plasmas described here, dissociative recombination has to be considered.

Dissociative recombination of N,

The dissociative recombination of N, has been investigated in the CRYRING storage ring
by Peterson et al. (1998) over a wide range for electron energy (10meV < e < 30eV).
They have shown that its rate coefficient is weakly dependent on the vibrational state v
of the molecular ion and can be set equal to:

T —0.30
ayy =175 x 1077 <ﬁ) m?s~! (35)

In addition, they have obtained the branching fractions v;(N,") for v = 0 at 0 eV collision
energy for the following products formation:

+
Ny + e ") s 4 N (D) (36a)
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N+ e 08 N(is0) 4 NEP) (36b)
2
+
Ny + e ") Nep)y 4 NED) (36¢)

with v (Ny) = 0.37, %(N,S) = 0.11 and ~3(N,7) = 0.52. The collision energy range of
their experiment includes our own (derived from the electron temperature T, levels con-
sidered in this work). Moreover, although the rate coefficient found weakly depends on
the vibrational excitation of the molecular ion, the vibrational temperature of N, in the
experiment of Peterson et al. corresponds well to the case of the plasmas considered in
this paper (T, = T, ~ 6000 K on average). For all these reasons, their results have been
integrated in our calculations.

Dissociative recombination of Oy

The dissociative recombination of OF has been investigated in the same heavy ion storage
ring by Peverall et al. (2001) but only on the collision energy range 1 meV < e < 3eV
due to the collapse of the cross section for higher energies. The rate coefficient derived is:

T -0.70
aps =24 x 1070 <ﬁ) m3s™! (37)

where the molecular ion is in the vibrational fundamental state. The branching fractions
ascribed to the processes:

+ _ 71(03—) 3 3
0F + ¢ "M% 0¢P) + 0¢P) (38a)
+
Of + ¢ %2 0¢P) + 0('D) (38b)
+
O0f + ¢ %2 00Dy + 0('D) (38¢)

are respectively equal to 0.20, 0.40 and 0.40. Although the branching fraction for the
process:

Of + ¢ —O0(D) + 0('8) (39)

is not equal to 0, its order of magnitude and the fact that it becomes almost 0 for colli-
sion energies between 10 and 40 meV by increasing up to 0.06 for e = 300 meV led us to
consider finally that this channel is closed and that the dissociative recombination for O
occurs by the processes (38a), (38b) and (38¢) only. Founding no more information in the
literature about a possible influence of the vibrational excitation of OF on the dissociative
recombination rate coefficient, we have assumed no influence and consequently adopted
Eq.(37) and the previous branching fractions.

Dissociative recombination of NO*

The case of NO™ has to be particularly discussed: as we will see in the subsequent part
of this paper, this molecular ion plays a very important role. As in the previous case
of Ny and OF, three factors condition the discussion: the vibrational excitation of the
molecular ion, the collision energy range and the branching fractions. Early works were
devoted to the experimental determination of the rate coefficient in room temperature
conditions for kinetics in post-discharge purposes (Gunton and Shaw (1965)) (Weller and
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Biondi (1968)): NO™ is then on its vibrational ground state and the collision energy
range is very weak. Other determinations of the rate coefficient were also performed for
larger collision energy ranges (Huang et al. (1975)). With the development of the hy-
personic flights, experiments were done also in shock-tubes where the rate coefficient was
determined (Dunn and Lordi (1969)) or calculated (Hansen (1968)): the vibrational exci-
tation of the molecular ion was higher consequently as well as the collision energy range
(T. < 6000 K in order of magnitude). Several theoretical treatments have been applied
to explain the experimental values. We mention the work of Bardsley (1983) and those
of Sun and Nakamura (1990) whose results, obtained with different methods, reveal that
the cross section for v > 0 can be higher by one order of magnitude than for v = 0 when
e > 1eV. Since a calculation of the Maxwell rate coefficient needs the value of the cross
section up to € = 10eV for T, = 1€V, the vibrational excitation of NO* may have an
influence on the global dissociative recombination. In order to use an accurate value for
the cross section on the previous collision energy range and in particular in order to access
to the role of the vibrational excitation, we have used the results of the extensive calcu-
lations using the Multichannel Quantum Defect Theory (MQDT) developed by Motapon
et al. (2006) resulting, among other data, in the cross section opg(e,v) of the dissociative
recombination:

)

NO+(X'S*,v) + e (e) 228 N* 4 O (40)

This kind of reaction can occur in fact according to two channels.

Figure 13: Schematic view of the two chan-
nels allowing the dissociative recombina-
tion of a molecular ion AB with electron.
Left: the direct process, right: the indirect

process. The electron energy is e. AB™ is a Figure 14: Cross section opp(e, v) for dis-
dissociative potential curve of the molecule sociative recombination of NOT with elec-
AB. tron for different vibrational excitation of

the ion (0 < v <5).

First, the DR can be due to a direct process: it leads to the formation of a doubly excited
state of NO, denoted NO**, which dissociate spontaneously afterwards by producing
separated N and O atoms possibly electronically excited (see Fig.13). The estimation of
the cross section needs consequently an accurate knowledge of the potential curves for
these states. The higher the energy for the electron, the more numerous the potential
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curves. Second, the DR can also occur through an indirect process: this process leads to
the formation of a Rydberg level of NO associated with a vibrationnally excited state of
NO™" which is predissociated by the NO** state. In this case, the Rydberg states being
numerous by definition, the calculation of the contribution of the indirect channel to the
cross section needs a great amount of molecular data.

Both channels need finally numerous data and one of the main issues to be addressed is the
thorough determination of the potential curves related to the states involved. After such
a determination, several methods can be applied in order to calculate the cross section.
One of the most efficient one at the present time is based on the Multi-Channel Quantum
Defect Theory. Its approach is based on a description of molecular states in which only
part of the electronic hamiltonian is diagonalized, within subspaces of electronic states
with similar nature. We refer to the paper of Motapon et al. (2006) for more details.

We can observe on Fig.14 the behavior of the cross section resulting from the energy of
the colliding electron and the vibrational excitation of the molecular ion calculated by
the MQDT approach. The influence of the great number of states is obvious: the cross
section presents much oscillations which correspond to resonances when the energy of
the electron is accorded with the difference between two particular states involved. In
addition, the global behavior does not follow a e~! law contrary to that usually assumed.
In particular, when the energy of electron exceeds 7€V, the cross section collapse.

The Maxwellian rate coefficient of the DR is derived from the calculation of the cross
section. Each rate coefficient is finally fitted under the general modified Arrhenius law
(28). We can find in Table 6 the parameters A, a and 6 for each value of the vibrational
quantum number v between 0 and 5. The usual form adopted for the cross section leads

v A o 0

0 8.486 x 101! 0.793 859.99
1 3.958 x 10714 0.076 —661.83
2 1.664 x 10~ 0.704 —39.13
3 6.335 x 10713 0.383 —282.98
4 2.970 x 10713 0.311 —632.21
5 2.666 x 10713 0.297 —472.45

Table 6: Parameters A, o and 6 for the calculation of the rate coefficient (in m?® s™!) given
by Eq.(28) for the dissociative recombination of NOT (X', v) with electrons used in this
work Motapon et al. (2006). 6 is expressed in K.

to a rate coefficient following a 7% law. The characteristic temperature § being rather
small, the temperature dependence is mainly due to «. Table 6 shows that the rate
coefficient is relatively different from a value of the vibrational quantum number v to
another with a form far from a 77°° law: as a result, the usual temperature dependence
is consequently not realistic and too simplistic. Assuming an equilibrium between the
vibration of NO™ and electrons, these values lead to that of the global rate coefficient for
the dissociative recombination:

kpr(T) = 1.658 x 1071070953 o=STT68/T gt (41)
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where the main temperature dependence is due to the 77°93 term. This form reveals
that the common law adopted for the DR is erroneous. This conclusion can be made
also in the case of N~ and OF whose rate coefficient presents a temperature dependence
according to a 7793 and T-°7 law respectively as experimentally determined.

The more realistic view of the process (40) needs to know the excitation of nitrogen and
oxygen atoms after the recombination. As far as we know, only three works were devoted
to this difficult issue. The earliest one, due to Kley et al. (1977) and performed by
photoionization of buffered nitric oxide by a flash lamp, reported that only two channels
are open:

NOT(X'S%) + e 2% N(*S%) + O(*P) (42)
and
NOT(X'S') + e % N(2D) + O(*P) (43)

with v = 0.24 £ 0.06 and 7, = 0.76 4+ 0.06. It is important to note that these results
have been obtained with a Maxwellian distribution for the kinetic energy € of colliding
particles. Controlling €, Vejby-Christensen et al. (1998) have more recently determined
the branching fractions in the ASTRID ion storage ring for a collision energy ¢ = 0, 0.75
and 1.35eV. They confirm in part the results of Kley et al. but with v, rather equal
to 0.15 £ 0.06 for ¢ = 0eV and not well identified for € = 0.75 and 1.35eV. For these
two collision energies, they concluded only that the process (43) represents at least 65%
of the dissociative recombination events. Finally, Hellberg et al. (2003) have investigated
the dissociative recombination of the XX+ and a®X T states in the CRYRING storage
ring and succeeded for the ground electronic state to measure the branching fractions
for e = 0,1.25 and 5.6eV . Increasing the collision energy leads to a multiplication of
the branching. Table 7 illustrates their results compared to those of Kley et al. and
Vejby-Christensen et al. Since our CR model is elaborated to work over a wide range of
temperature, each one corresponding to a Maxwell distribution of the collision energy, the
temperature dependent branching fraction ~;(T.) for each i channel has to be determined.
The values finally retained in our work result from the following considerations and are
based on the data of Hellberg et al. due to their best precision. When the collision energy
is insufficient, the branching fraction is put equal 0. This is the case at different energies
of all the channels involved except those producing N (*S%) + O(3P) and N(*D) + O(®P)
for which the processes are exothermic. Since the branching fraction for the production
of N(*58%) + O('D) is always 0 considering the uncertainty range, we have assumed that
this channel is systematically closed.

Moreover, the branching fraction is assumed independent of the collision energy when
the collision energy is greater than the threshold (which is equal to 0.81, 1.59, 2.78, 3.81
and 5.0 eV for the processes 3 up to 7 respectively). For the channels (42) and (43), the
values adopted are chosen over the uncertainty range in order that the sum of branching
fractions be equal to unity. As a result, the branching fractions obtained according to the
energy ranges are summed up in Table 8. The temperature dependent branching fraction
vi(T¢) for the i-process is finally obtained by:

“+00
/ vi(e)xe ¥ opgr(x)dx
0

+o0
/ re “opg(r)dr
0

PYi(Te) =

RTO-EN-AVT-142



Detailed and Simplified Kinetic Schemes for High

Enthalpy Air Flows and Their Influence on Catalycity Studies

RT

=

ORGANIZATION

Ref. Process Process Branching
7 fraction ~;
K. NO*(v=15) + e (€=0.34eV) — N(*5% + O(*P) 1 0.24 4+ 0.06
K. NO*(v=15) + e (€=0.34eV) — N(®*D) + O(®*P) 2 0.76 = 0.06
V.-C. NOT(0) + e (0eV) N( SY + O(3P) 1 0.15 %+ 0.06
V.-C. NOT(0) + e (0eV) — ) —1— O(3P) 2 0.85 %+ 0.06
V.-C. NOT(0) + e (0.75,1.35 eV D) + O(P) 2 > 0.65
H. NOT(0) + e (0 eV) 430) + O(®P) 1 0.05+0.02
H. NO*(0) + e (0eV) — N(*D) + O(*P) 2 0.95+0.02
H. NOT(0) + e (1.25€V) — N(4SO) + O 1 0.10 + 0.06
H. NOT(0) + e (1.25¢V) — N(®D) + O(®P 2 0.70 = 0.20
H. NO*(0) + e~ (1.25eV) — N(*S%) + O('D - 0.10 +0.10
H. NO'(0) + e (1.25eV) — N(®P OGP 3 0.10 £ 0.07
H. NO*(0) + e (5.6eV) — N(*5% + O(®P) 1 0.03 +£0.02
H. NOT(0) + e (5.6eV) — N(*D) + O(®P 2 0.15+0.05
H. NOT(0) + e (5.6eV) — N(*P) + O(®P 3 0.11 +0.05
H. NOT(0) + e (5.6eV) — N(*D) + O(*D 4 0.31 +0.05
H. NOT(0) + e (5.6eV) — N(*P) + O('D) 5 0.21 £0.05
H. NOT(0) + e (5.6eV) — N(®D) + O(19) 6 0.09 £ 0.05
H. NOT(0) + e (5.6eV) — N(*P) + O(19) 7 0.10 £ 0.05

Table 7: Comparison between experimental information available on the branching frac-

tions of the dissociative recombination of NOT(X!3T

v). The value v = 1.5 means that

NO™ is weakly vibrationally excited. The value € = 0.34¢V means that the collision
energy is distributed according to a Maxwell distribution. K., V. —C. and H. mean Kley
et al. (1977), Vejby-Christensen et al. (1998) and Hellberg et al. (2003) respectively.

Energy 7 V2 V3 Va V5 Y6 V7
range (eV)

0;0.81] 0.07 093 0.00 000 0.00 000  0.00
[0.81;1.59]  0.15  0.75  0.10  0.00 0.00  0.00  0.00
[1.59;2.78]  0.03 055 0.1 031 000 0.00 0.0
[2.78;3.81] 0.03 0.34 0.11 0.31 0.21 0.00 0.00
3. 81 5] 0.03 025 011 031 021 009  0.00
[5;10] 003 015 011 031 021 009  0.10

Table 8: Branching fractions 7;(€) for i-process (see Table 7) adopted for the calculation
of the temperature dependent branching fractions of the dissociative recombination of

NOT(X'YT,0) with electrons.
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where © = ¢/(kgT.) and oppr the dissociative recombination cross section. Figure 15
shows the branching fractions calculated with the help of the cross section determined
by the MQDT approach. In the following, we have assumed that the branching fractions
behave for v > 0 like for v = 0.

i=2

y
Stagnation
streamline

_
%

o7
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10 I i I “ I I
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Shock layer
ock front

Figure 15: Temperature dependent
branching fractions obtained with our cal-
culated cross section for the dissociative re-
combination of NOT(X!¥% 0) for the dif-

ferent channels investigated by Hellberg et Figure 16: Considered situations of re-
al. (see Table 7 and 8). entry displaying the pressure, velocity and

temperatures profiles along the stagnation
streamline.

The fact that the rate coefficient depends strongly upon v has led us to develop a state
to state kinetics for NO™.

4.2.4 Vibrational processes

Due to the lack of experimental or theoretical investigations allowing the determination
of the cross section of vibration-vibration (VV) and vibration-translation (VT) processes
involving NO™, we assume that this ion behave like Ny for which Armenise et al. (1996)
and Billing and Fisher (1979) have produced very useful data. Conversely, the case of
vibration-electron (VE) processes like:

NOY(X'St v) + e — NOT(X'ST vp) + e (45)

corresponding to inelastic collisions when vy > v; and to super-elastic collisions in the
reverse case can be treated by the MQDT approach. The cross sections have been de-
termined and the Maxwellian rate coefficients derived. These rate coefficients have been
fitted under the form (28).
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4.3 Results
4.3.1 Ionization situation

Although the CR model elaborated with the help of the previous data can work up to
the atmospheric pressure, we will discuss in the following some typical re-entry situations
only displayed for instance by Fig.16 where the pressure is clearly lower.

We have chosen to develop our study from a temporal point of view as already developed
in the section devoted to the elaboration of CR model for atoms. This choice will be
justified later.

The general balance equation for a species X on one of its excited levels ¢ can be written
indeed by displaying the hydrodynamic derivative D/Dt relevant under a Lagrangian
description of the flow:

DX (2)]

Dt

+ [X(@)|Vi=-VJx + {%} . (46)

This form is particularly well adapted to estimate the importance of each contribution
in the balance: comparing their characteristic time scale is enough. In order to esti-
mate correctly the one related to the chemical source [0[X (7)]/0t],, we assume that the
characteristic time scale for the fluid expansion of contraction taken into account in the
balance equation by the term [X(i)]V # and that of the diffusion term V Jy, tend to
infinity. The calculations are performed assuming that the Maxwell-Boltzmann equilib-
rium is reached for the kinetic energy of atoms and molecules at Ty and electrons at 7.
These assumptions are verified a posteriori by comparing the characteristic time scale for
reaching a Maxwellian equilibrium with that of the chemistry. Since the electrons are
produced owing to the collisions resulting from the high temperature for heavy species,
we can have T, < T4.

We can observe on Fig.17 and Fig.18 the time evolution of the number density of the
species of Table 4 when a fluid particle with T" ~ 200 K crosses the shock front and
is suddenly in high temperature (7000 K for Fig.17 and 10000 K for Fig.18) and high
pressure (6 kPa for Fig.17 and 15kPa for Fig.18) conditions. We can observe that the
evolution of population densities starts immediately from ¢ = 0 and stops at 7. = 3x107° s
for T, = Ty = 7000 K and at 7. = 4 x 10~* s for T, = 5000 K in the case of Fig.17. The
fact that the evolution starts immediately from ¢ = 0 is due to the very strong initial
non equilibrium. The initial concentrations correspond as already mentioned to those
before the shock front at high altitude typically where the temperature is approximately
T ~ 200 K: there is no populated excited states in these conditions. As soon as the
thermodynamic conditions change due to the crossing of the shock front, the density of
species begin to evolve. When electrons and heavy species are in the same thermal con-
ditions downstream the shock front, (T, = T}4), 7. is shorter and the state following this
moment is quite close to chemical equilibrium, the pressure being sufficiently high. When
T, < T4, this state is also quite close to chemical equilibrium and is almost the same than
the latter. One of the important difference between both cases we can observe concerns
T.. Although the electrons have a relatively weak influence on the final state, their den-
sity remaining low, decreasing their temperature 7. from 7000 K to 5000 K modifies 7.
by one order of magnitude. Figure 17 shows clearly that the negative charged particles
are not electrons during the first part of the evolution (¢ < 107%s to 1075 s according to

9-30 RTO-EN-AVT-142



Detailed and Simplified Kinetic Schemes for High
Enthalpy Air Flows and Their Influence on Catalycity Studies

the level of T,). Changing T, cannot therefore be ascribed to the action of the electrons.
This behavior is in fact the result of the dissociation of Ny, O, and NO under their own
impact which leads to higher concentrations observed before 10~" s for T, = T4. Indeed,
the rate coefficients that we use are derived from the paper of Losev and Shatalov (1990)
and depends on both Ty and 7, assuming an equilibrium between the electrons and the
vibration of the molecules.

[X@®]m™)
X@Im™)

Figure 17: Time evolution in a typical re- Figure 18: Time evolution in a typical re-
entry situation: ionization (thermal equi- entry situation: ionization (thermal equi-
librium: T, = T4 = 7000 K in thick lines librium: 7, = T4 = 10000 K in thick lines
and 5000 K = T, < T4 = 7000 K in thin and 8000 K =T, < T4 = 10000 K in thin
lines for a case of thermal disequilibrium, lines for a case of thermal disequilibrium,
negative ions in dot-dashed lines). negative ions in dot-dashed lines).

This hypothesis is highly questionable in the present case, the number density of electrons
+

being very weak before 1077 s: this is confirmed by the evolution of T, NOTX) displayed

on Fig.19. This temperature is defined by:

TNO+(X) — 1 (47)
v L | A(NO*(X,0)]/Zr(v)
B dE(Xv)

sl

where Zr(v) is the rotational partition function of the vibrational level v considered whose
energy is F/(X,v) and [sl means that the derivative is in fact the slope of the least squares
line.

Before 1077 s, the population density of the vibrational states are increasing and the
efficiency of the elastic collisions with electrons or heavy particles is insufficient to ensure
rapidly an equilibrium: the vibrational distribution does not follow a Boltzmann equilib-
rium neither with 7, nor T4 and depends on chemical processes. This is confirmed by
Table 9 listing the main processes responsible for the creation and destruction for N, O,
NO, Oy, O, electrons and NO™T for t ~ 107" s. This list shows clearly that populating
the state v = 0 for NOT(X'XT) is dominated by associative ionization between 