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ABSTRACT
State-resolved analyses of N+N2 are performed using the direct simulation Monte Carlo (DSMC)
method. In describing the elastic collisions in a state-resolved method, a state-specific total cross
section is proposed. The state-resolved model is constructed from the state-specific total cross
section and the state-to-state transition cross sections for bound-bound and bound-free transi-
tions taken from a NASA database. This approach makes it possible to analyze the rotation-
to-translation, vibration-to-translation, and rotation-to-vibration energy transfer and the chem-
ical reactions without relying on a phenomenological model. In nonequilibrium heat bath and
2-D cylindrical flow, the DSMC calculations by the state-resolved model are compared with
those obtained with previous DSMC models and master equation calculations. In these pre-
vious DSMC models, the VSS, phenomenological LB, QK, and TCE models are considered.
From these studies, it is concluded that the present state-resolved model more accurately de-
scribes the rotational and vibrational relaxation and chemical processes than the other previous
DSMC models.

STATE-RESOLVED ANALYSIS OF NITROGEN FLOWS

Earth re-entry conditions from the Moon and Mars, the speed of a returning capsule is about
10km/sec to 16km/sec in the rarefied gas regime. In these high-speed return cases, compli-
cated thermochemical nonequilibrium phenomena of strong ionization, high radiative heating,
and high ablation rates of thermal protection system may occur. One of the complicated thermo-
chemical processes in these high-speed return cases is rotational nonequilibrium of N2. In the
shock-tube experiments by Sharma and Gillespie[1] and Fujita et al.[2] for N2 and air species,
the behavior of rotational relaxation in the high-speed re-entry conditions and high-temperature
environment were studied spectroscopically. In the pioneering work by Parker[3] and Lordi and
Mates[4], the effective collision number of the rotational mode of N2 is of the order of 10. This
means that the rotational model is expected to equilibrate with the translation mode within about
10 collisions. However, in these shock-tube experiments[1,2], the measured rotational temper-
ature was close to the vibrational temperature. This result implies that the effective collision
number of rotational relaxation is much larger than 10. In this larger effective collision number
of rotational relaxations, the rotation-to-vibration energy transfer is important. In reality, rota-
tional excitation of a molecule by collisions with heavy particles occurs partly by the transfer of
translational energy and partly by the transfer of vibrational energy. At small effective collision
numbers, the rotational excitation by the transfer of the translational energy is dominant and the
other transfer of vibrational energy is ignored. However, at large effective collision numbers,



the rotational excitation by the transfer of vibrational energy should be considered. In DSMC,
there exist limitations to describe the rotation-to-vibration energy transfer by heavy-particle col-
lisions. The energy transitions in DSMC are of a phenomenological nature, and these models
describe the inelastic collisions and chemical reactions at the macroscopic level. In addition, the
rotation-to-vibration energy transfer is difficult to describe in phenomenological models, such
as the Larsen-Borgnakke (LB) model[5]. Only the energy transitions of rotation-to-translation
and vibration-to-translation are available.

For N+N2, the complete sets of state-to-state transition cross sections were recently cal-
culated by Jaffe et al.[6]. The quasi-classical trajectory method was adopted to calculate these
transition cross sections based on new N3 potential energy surfaces. In the present work, the
thermochemical nonequilibrium of N+N2 by a state-resolved method in the DSMC is stud-
ied by using these state-to-state transition cross sections. In describing the elastic and inelastic
collisions at the molecular level, a state-specific total cross section is proposed. The rotation-to-
translation, vibration-to-translation, and rotation-to-vibration energy transfer and nonequilib-
rium chemical reactions are considered by adopting the state-specific total cross section model
and state-to-state transition cross sections, that do not rely on a phenomenological approach, in
0-D heat bath and 2-D cylindrical flow calculations. The results of the present state-resolved
DSMC calculations are compared with the results of master equation calculations and previous
phenomenological DSMC methods.
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