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Abstract

This thesis aimed at developing multi-scale models and computational methods
for aerothermodynamics applications.

The research on multi-scale models has focused on internal energy excitation
and dissociation of molecular gases in atmospheric entry flows. The scope
was two-fold: to gain insight into the dynamics of internal energy excitation
and dissociation in the hydrodynamic regime and to develop reduced models
for Computational Fluid Dynamics applications. The reduced models have
been constructed by coarsening the resolution of a detailed rovibrational colli-
sional model developed based on ab-initio data for the Ng(lEg)—N(4Su) system
provided by the Computational Quantum Chemistry Group at NASA Ames
Research Center. Different mechanism reduction techniques have been pro-
posed. Their application led to the formulation of conventional macroscopic
multi-temperature models and vibrational collisional models, and innovative
energy bin models. The accuracy of the reduced models has been assessed by
means of a systematic comparison with the predictions of the detailed rovi-
brational collisional model. Applications considered are inviscid flows behind
normal shock waves, within converging-diverging nozzles and around axisym-
metric bodies, and viscous flows along the stagnation-line of blunt bodies. The
detailed rovibrational collisional model and the reduced models have been cou-
pled to two flow solvers developed from scratch in FORTRAN 90 programming
language (SHOCKING F90 and SOLVER_FVMCC_F90). The results obtained
have shown that the innovative energy bin models are able to reproduce the
flow dynamics predicted by the detailed rovibrational collisional model with
a noticeable benefit in terms of computing time. The energy bin models are
also more accurate than the conventional multi-temperature and vibrational
collisional models.

The research on computational methods has focused on rarefied flows. The
scope was to formulate a deterministic numerical method for solving the Boltz-
mann equation in the case of multi-component gases with internal energy by ac-
counting for both elastic and inelastic collisions. The numerical method, based
on the weighted convolution structure of the Fourier transformed Boltzmann
equation, is an extension of an existing spectral-Lagrangian method, valid for a
mono-component gas without internal energy. During the development of the
method, particular attention has been devoted to ensure the conservation of
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mass, momentum and energy while evaluating the collision operators. Conser-
vation is enforced through the solution of constrained optimization problems,
formulated in a consistent manner with the collisional invariants.

The extended spectral-Lagrangian method has been implemented in a parallel
computational tool (BEST; Boltzmann Equation Spectral Solver) written in C
programming language.

Applications considered are the time-evolution of an isochoric gaseous system
initially set in a non-equilibrium state and the steady flow across a normal
shock wave. The accuracy of the proposed numerical method has been assessed
by comparing the moments extracted from the velocity distribution function
with Direct Simulation Monte Carlo (DSMC) method predictions. In all the
cases, an excellent agreement has been found. The computational results ob-
tained for both space homogeneous and space inhomogeneous problems have
also shown that the enforcement of conservation is mandatory for obtaining
accurate numerical solutions.



Résumé

Cette thése porte sur le développement de modéles multi-échelles et de métho-
des de calcul pour les applications aérothermodynamiques.

Le travail de recherche sur les modéles multi-échelles met ’accent sur I’excitation
énergétique et la dissociation dans des gaz moléculaires pour des écoulements de
rentrée atmosphérique. L’objectif est double : mieux comprendre la dynamique
des processus d’excitation énergétique et de dissociation dans le régime hydro-
dynamique et développer des modéles réduits pour des applications de calcul en
dynamique des fluides (CFD). Les modéles réduits ont été construits en dimi-
nuant la résolution d’'un modéle détaillé de collisions rovibrationnelles élaboré
au départ d'une base de données ab-initio pour le systéme Nz(lEg)—N(4Su)
par le groupe de chimie quantique du centre de recherche de NASA Ames.
Différentes techniques de réduction de ce mécanisme ont été proposées. Leur
application a conduit & la formulation de modéles macroscopiques classiques
multi-températures et de type collisions vibrationnelles, et de modéles inno-
vants de paniers d’énergie. La précision des modéles réduits a été évaluée
au moyen d’une comparaison systématique des résultats avec les prédictions
obtenues & I'aide du modéle détaillé des collisions rovibrationnelles. Les ap-
plications envisagées sont les écoulements non-visqueux derriére des ondes de
choc normales, dans des tuyéres convergentes-divergentes et autour de corps
de révolution, ainsi que les écoulements visqueux le long de la ligne d’arrét de
corps émoussés. Le modéle détaillé de collisions rovibrationnelles et les modéles
réduits ont été couplés a deux solveurs d’écoulement développés en langage de
programmation FORTRAN 90 (SHOCKING F90 et SOLVER_FVMCC_F90). Les
résultats obtenus ont montré que les modéles de paniers d’énergie permettent
de reproduire avec précision la dynamique d’écoulement prédites par le modéle
détaillé de collisions rovibrationnelles tout en exhibant un avantage notable en
termes de temps de calcul. Les modéles de paniers d’énergie sont aussi plus pré-
cis que les modeéles classiques multi-température et de collision vibrationnelle.
Le travail de recherche sur les méthodes de calcul a porté sur les écoulements
raréfiés. L’objectif était de formuler une méthode numérique de type déter-
ministe pour résoudre 1’équation de Boltzmann dans le cas de gaz a plusieurs
composants y compris I’énergie interne en considérant a la fois pour les colli-
sions élastiques et inélastiques. La méthode numérique, basée sur la structure
de convolution pondérée de la transformée de Fourier de I’équation de Boltz-
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mann, est une extension d’une méthode spectrale existante de type Lagrange,
valable pour un gaz & un composant sans énergie interne. Lors de 1’élaboration
de la méthode, une attention particuliére a été consacrée a la conservation de
la masse, de la quantité de mouvement et de ’énergie lors de 1’évaluation des
opérateurs de collision. La propriété de conservation est assurée en résolvant un
probléme d’optimisation sous contraintes, formulées d’une maniére compatible
avec les invariants de collision.

La méthode spectrale-Lagrangienne étendue utilise un outil de calcul paralléle
(BEST ; Boltzmann Equation Spectral Solver) écrit en langage de programma-
tion C.

Les applications considérées sont 1’évolution temporelle d’un systéme gazeux
isochore initialement figé dans un état de déséquilibre et I’écoulement constant
A travers une onde de choc normale. La précision de la méthode numérique
proposée a été évaluée en comparant les moments extraits de la fonction de
distribution de vitesse avec les prédictions de la méthode de simulation directe
Monte Carlo (DSMC). Dans tous les applications étudiées, un excellent accord
a été trouvé. Les résultats des calculs obtenus pour les problémes spatiaux
hétérogeénes et homogénes ont également démontré 'importance d’imposer la
propriété de conservation pour ’obtention de solutions numériques précises.
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Velocity distribution func-
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Relative velocity magni-
tude
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Spatial coordinate or mass
fraction
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Thermal diffusion coeffi-
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T Stress tensor w Mass production term
10) Slope limiter function w Scattering direction unit
% Test function vector
X Thermal diffusion ratio 0 Energy transfer term
P Collisional invariant
v Integration matrix
Abbreviations:
B Bound
BDF Backward Differentiation Formula
BE Backward-Euler
BEST Boltzmann Equation Spectral Solver
BGK Bhatnagar-Gross-Krook
BP Bound and Predissociated
BRVC Boltzmann Rovibrational Collisional
c Convective or collision
C Center
CFL Courant-Friedrichs-Lewy
CE Chapman-FEnskog
d diffusion or diffusive
dis dissociation
DSMC Direct Simulation Monte Carlo
e element
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eq equilibrium
exc exchange
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GSL GNU Scientific Library
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k kinetic (process)
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LJ Lennard-Jones
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Introduction

Motivation

Hypersonic aerothermodynamics finds its chief application in the description
of the flow surrounding a space vehicle during a planetary descent (Anderson
1989; Park 1990; Gnoffo 1999). The computation of such a flow is extremely
challenging and, due to the multi-discipline and multi-physics nature of the
problem, it requires the integration of different subjects such as chemical ki-
netics, quantum and statistical mechanics, electromagnetic theory, material
science, computational methods and high-performance computing techniques.
An accurate modeling of aerothermodynamic flows must account for all the rel-
evant physico-chemical phenomena occurring both in gas and solid phases and
is important for the design of heat-shields of space vehicles and for a correct in-
terpretation of experimental measurements in high-enthalpy wind tunnels. The
achievement of this task is complicated due to the existence of a very broad
spectrum of the physical time-scales involved. Figure 1 provides a graphical
sketch of the relevant physico-chemical phenomena occurring in the surround-
ing of a re-entry vehicle during the peak-heating condition.
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Figure 1: Relevant physico-chemical phenomena occurring during a planetary descent
of a space vehicle (credits NASA Ames Research Center).
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The modeling of aerothermodynamic flows must account for non-equilibrium
effects. Non-equilibrium is a consequence of the finite rate nature of the pro-
cesses occurring within the flow. The mathematical model to be adopted for
describing the gas motion depends on the Knudsen number Kn, defined as
the ratio between the molecular mean-free-path (average distance traveled by
molecules between successive collisions) and a characteristic dimension of the
problem under investigation, such as the space-vehicle nose radius (Ferziger
and Kaper 1972; Bird 1994). The Knudsen number is a measure of the degree
of rarefaction of a flow and, depending on its value, different flow regimes can
be distinguished (see fig. 2).
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Boltzmann Equation

Boltzmann Kinetic Equation
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Figure 2: Flow regime classification according to the Knudsen number.

During a planetary entry, all the flow regimes shown in fig. 2 are encountered
and, for each one, the relevant physico-chemical phenomena to be taken into
account differ.

In the early phase of the descent, the vehicle enters the upper layers of the
planetary atmosphere. Due to the extremely low value of the gas density, the
incoming gas particles directly collide with the vehicle surface, where they can
be both reflected or absorbed, without colliding with each other. Flows in this
regime are referred to as free-molecular flows (Bird 1994; Gnoffo 1999). Af-
ter passing this zone, the atmosphere becomes denser. Collisions among the
gas particles can no longer be neglected. The flux of impinging particles ex-
periences collisions with those being re-emitted at the vehicle surface. This
collisional transfer of information creates a compression zone in front of the
vehicle, where the density, pressure and temperature increase smoothly. The
dimensional extent of this region is comparable with the characteristic dimen-
sions of the vehicle. Flows in this regime are referred to as transition flows.
In these conditions, the collisions between the gas particles are not energetic
enough to cause substantial excitation of atom/molecule internal degrees of
freedom (such as rotation and vibration of molecules, and electronic states of
atoms and molecules) or breaking of chemical bonds. This is usually accompa-
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nied by low energy transfer rates to the vehicle surface. ! A correct description
of free-molecular and transitional flows is important for an accurate determina-
tion of the aerodynamic coefficients and for a correct planning of the planetary
entry path. In the free-molecular and transition regimes, appreciable changes
of flow properties (such as velocity and temperature) occur over the same time-
scales needed for the translational degree of freedom to attain local equilibrium
(Maxwell-Boltzmann velocity distribution function; Bird 1994). In this situa-
tion, one must go beyond a hydrodynamic model based on the Navier-Stokes
equations. If the gas is sufficiently dilute (which is the case for aerothermo-
dynamic flows), a kinetic description based on the Boltzmann equation of the
Kinetic Theory of Gases can be adopted (Ferziger and Kaper 1972). The Boltz-
mann equation is an integro-differential equation describing the evolution in the
phase-space of the one-particle velocity distribution function. Once the veloc-
ity distribution function known, flow properties can be computed by means
of suitable moments. The Boltzmann equation is composed of two parts: the
streaming operator and the collision operator. The streaming operator is a
linear differential operator that accounts for the effects of the molecular mo-
tion between collisions (it can be also interpreted as a material derivative in
the phase-space; Giovangigli 1999). The collision operator is a non-linear inte-
gral operator that accounts for the effects of collisions among the gas particles.
In the case of free-molecular flows, where the collisions in gas-phase can be
neglected, the collision-less Boltzmann equation can be adopted.

Proceeding further with the descent, the atmospheric density increases and the
Knudsen number assumes values of the order of 0.1 or smaller. In view of the
higher collisional rate among the gas particles, the width of the compression
region in front of the vehicle progressively reduces its thickness. However, rar-
efied gas effects still play an important role and cannot be neglected. Examples
are the velocity slip and the temperature jump at the vehicle surface. This flow
regime is referred to as slip-flow regime (Bird 1994). In this situation, a hy-
drodynamic description based on the Navier-Stokes equations is not sufficiently
accurate and gives a poor description of the flow. A possible alternative to the
use of the Boltzmann equation (always valid from the free-molecular to the hy-
drodynamic regime) is represented by extended hydrodynamic models such as
Moment Methods (Struchtrup 2005) or the Navier-Stokes equations with slip
boundary conditions (Gnoffo 1999).

In the last phase of descent, due to a further increase of the atmospheric den-
sity, gas-phase collisions become more frequent and energetic. The compres-
sion region in front of the vehicle becomes a shock wave whose thickness (of
the order of some mean-free-paths) becomes negligible compared to the vehicle
characteristic dimensions. Flows in this regime are referred to as continuum
or hydrodynamic flows (Gnoffo 1999). In the zone immediately behind the
shock wave, collisions between the gas particles lead to the excitation of the

!This is not the case for ballute entry and descent (Gnoffo 1999).
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internal degrees of freedom of atoms and molecules. When collisions are en-
ergetic enough, dissociation reactions can occur. The atoms produced as a
result of the dissociation can recombine in the boundary layer with a conse-
quent release of their energy of formation. This causes a substantial increase
of the wall heat flux (compared to the rarefied flow regime), which becomes,
for this phase of the planetary entry, the main design parameter. The wall
heat flux must be accurately predicted in order to prevent mission failure. If
the re-entry speed is high enough (e.g. 10km/s for a Lunar return), ionization
may also occur. The gas contained in the region between the shock wave and
the vehicle surface (usually referred to as shock-layer; Gnoffo 1999) becomes
a partially ionized plasma where radiative transitions take place (Mihalas and
Mihalas 1999; Zel’dovich and Raizer 2002). The surface heat flux is now made
of two contributions, convective and radiative, with the latter becoming more
and more important when increasing the entry speed. Heats-shields of modern
reentry vehicles are usually equipped with ablative materials, with the purpose
of reducing heat transfer rates. The gas and solid phase ablation products can
interact with the flow in the boundary layer and the radiation field. Possible
consequences of these interactions are transition to turbulence and radiation
enhancement associated to particle spallation.

In the hydrodynamic regime, rarefied gas effects are limited to regions of steep
gradients where the local Knudsen number is high (such as the interior part of
the shock wave and the base flow). Outside of these zones, the Navier-Stokes
equations hold. In order to provide an accurate description of the flow, the
transport fluxes and the production terms due to collisional processes in the
Navier-Stokes equations should be consistently related to the non-equilibrium
state of the gas. This can be achieved by applying the Chapman-Enskog method
to the Boltzmann equation (Ferziger and Kaper 1972; Giovangigli 1999; Nag-
nibeda and Kustova 2009). The application of the Chapman-Enskog method
enables to obtain explicit relations for the transport fluxes and the production
terms in the Navier-Stokes equations. When charged particles are produced,
electromagnetic fields may arise, and the mutual influence between the flow
and the electromagnetic fields should be taken into account by coupling the
Navier-Stokes and the Maxwell equations (Giordano 2002). In practice, this
is never done and a simplified approach is adopted. This consists in coupling
the Navier-Stokes equations with the Radiative Transfer Equation (Vincenti
and Kruger 1965; Mihalas and Mihalas 1999; Zel’dovich and Raizer 2002). The
Radiative Transfer Equation describes the evolution of the radiation field in-
tensity due to radiation emission, absorption and scattering. In the case of
the occurrence of ablation phenomena, the flow and radiation field governing
equations should be coupled with a mathematical model for the portion of the
vehicle surface undergoing ablation.

The different flow regimes shown in fig. 2 and described in detail for the case of
a planetary descent, are also encountered in high-enthalpy wind tunnel flows.
In this case, a proper accounting of the physico-chemical phenomena is im-
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portant for a correct interpretation of experimental measurements and their
extrapolation to in-flight conditions.

Goals of the Thesis

The previous introductory discussion has summarized the main features of
aerothermodynamic flows and has also shown how complex these flows are
in terms of modeling and computation. Despite the research efforts performed
in the past years and the increasing computational power and resources, the
computation of aerothermodynamic flows still poses problems. This is mainly
due to the lack of accurate physical models (within a wide range of conditions)
for collisional and radiative processes and transport phenomena in gas phase,
and to the lack of unified deterministic computational methods usable from the
rarefied to the hydrodynamic regime. This has motivated the research activity
of the present thesis which has been focused on the following two topics:

e Multi-scale models,
e Computational methods.

Multi-Scale Modeling for Aerothermodynamic Flows The first part of
the thesis has been dedicated to the integration of quantum chemistry databases
in CFD codes. The research has focused on internal energy excitation and dis-
sociation of molecular nitrogen in atmospheric entry flows. Ionization and radi-
ation phenomena have not been considered. The final goal was two-fold: to gain
insight on the dynamics of internal energy excitation and dissociation in the
hydrodynamic regime and to develop reduced models for CFD applications al-
lowing for a more accurate description than the conventional multi-temperature
models (Park 1990). The research has been carried out in collaboration with the
Computational Quantum Chemistry Group at NASA Ames Research Center.

Computational Methods for Rarefied Flows The second part the thesis
has focused on rarefied flows and aimed at the development of a fully deter-
ministic numerical method for the solution of the Boltzmann equation by ex-
tending an existing spectral-Langrangian method (valid for a mono-component
gas without internal energy) to multi-components gases and inelastic collisions.
The final scope was the development of a parallel computational tool for the
calculation of rarefied gas flows and its verification and validation by means
of comparison with the Direct Simulation Monte Carlo (DSMC) method (Bird
1994) and experimental results, respectively. The research has been carried out
in collaboration with the University of Texas at Austin.
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Literature Review

In this section, a review of the work done in the past and of the state of the
art is given for the topics on which the thesis has been focused.

Multi-Scale Modeling for Aerothermodynamic Flows

The modeling of aerothermodynamic flows started receiving attention in the
1950-1960’s, when the space exploration programs of USA and USSR were be-
ing set (Anderson 1989). An accurate modeling of aerothermodynamic flows
must properly account for non-equilibrium effects. As stated in the introduc-
tory discussion, these are due to the finite rate nature of collisional processes.
The physical models developed during the years may be divided in two main
categories: multi-temperature models and collisional models.

Multi-Temperature Models Multi-temperature models have been proposed
starting from the work of Appleton and Bray (1964) as a simplified approach
to overcome all the difficulties related to the modeling of non-equilibrium. In
these models, mainly developed by Park (1989; 1990; 1993; 1994), the inter-
nal energy levels of the gas particles are supposed to be populated according
to Boltzmann distributions at their own temperatures (e.g. rotation, vibra-
tional and electronic temperatures). The conservation equations for the species
mass, the total momentum and the total energy are supplemented with addi-
tional conservation equations for the components of internal energy in thermal
non-equilibrium with translation (Gnoffo et al. 1989; Park 1990; Candler and
MacCormack 1991; Gnoffo 1999). These additional equations have the same
hyperbolic-parabolic structure of the conventional conservation equations of
gas-dynamics (Hirsch 1990) and are supplied with energy transfer source terms.
These are associated to the production/destruction of internal energy due to
collisional processes.

In multi-temperature models, research has been mainly focused on vibrational
non-equilibrium and its effect on chemical reactions (Park 1990). The pres-
ence of vibration-translation (VT) and vibration-vibration (VV) energy transfer
processes is usually described through Landau-Teller (1936) relaxation mod-
els (Park 1990; Candler and MacCormack 1991). The relaxation times are
taken from both theoretical and/or experimental measurements, such as those
of Millikan and White (1963). The formulation of these energy-transfer terms
accounts only for mono-quantum transitions (Park 1990; Capitelli et al. 2000).
This assumption does not hold, as an example, in the flow immediately behind
a normal shock wave (Park 1990). In this situation, due to high-temperature
conditions, collisions can be energetic enough to induce multi-quantum jumps
(Capitelli et al. 2000). The effect of dissociation reactions on the vibra-
tional energy is accounted for through the chemistry-vibration (CV) source
term. The latter accounts for the fact that molecules undergoing dissocia-
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tion /recombination cause a loss/gain of a finite amount of vibrational energy
within the gas (Park 1990). The effects of vibrational non-equilibrium is also
accounted for in the reaction rate coefficients (Park 1990; Park 1993; Park et al.
1994). Different models have been proposed in this field. The first attempt was
the model proposed by Hammerling et al. (1959). In the successive years, many
other models have been proposed. A review of many of them has been given
by Losev (1996). Losev classified the different models into three categories:
a) models based on intuitive premise, b) empirical /semi-empirical models and
c) theoretical models. The underlying idea of almost all the models is that
molecules tend to dissociate/recombine preferentially in high-lying vibrational
states (Capitelli et al. 2000). An example of model belonging to the first cat-
egory is that proposed by Park (1990) for computing non-equilibrium reaction
rate coefficients (probably the most popular model of this kind). In Park’s
model, the rate coefficient for dissociation is computed at a temperature given
by the geometric average of the translational and the vibrational temperatures
(T-Tyip model). Empirical /semi-empirical models have been proposed by Tre-
anor and Marrone (1962; 1963), Knab et al. (1992), Jaffe (1986), and Landrum
and Candler (1992). Among the aforementioned models, those proposed by
Treanor-Marrone and Knab provide a formulation for the CV energy transfer
term. The latter is developed consistently with the assumed functional form of
the non-equilibrium dissociation rate coefficients. Alternative and widely used
semi-empirical models for the CV energy transfer term are those proposed by
Park (1988; 1989) and Candler and MacCormack (1991). In the model of Park
(1988; 1989), it is assumed that the average vibrational energy lost by molecules
in dissociation reactions is a fraction of their dissociation energy. This conclu-
sion was drawn based on heat-bath calculations performed by Sharma et al.
(1992) where the SSH theory (Schwartz, Slawsky, and Herzfeld 1952) was used.
In the model proposed by Candler and MacCormack (1991), it is assumed that
the vibrational energy lost/gained due to molecular dissociation/recombination
is equal to the gas bulk vibrational energy (non-preferential dissociation model).
Examples of theoretical models are those proposed by Hansen (1991), the fam-
ily of Kuznetsov models (1996; 2002a; 2002b) and the impulsive collision model
of Macheret (1993; 1994). More details on these models can be found in the
aforementioned papers.

The investigation of rotational non-equilibrium has received less attention than
vibrational non-equilibrium. This is clearly shown by the current use in CFD
codes of Parkers’ model (1959) for the rotational-translational (RT) energy
transfer mechanism. Rotational non-equilibrium effects, despite the evidence
of their existence for flows behind shock waves (Robben and Talbot 1966a;
Park 1990) and in low density wind tunnels (Robben and Talbot 1966b), are
mostly neglected when computing aerothermodynamic flows (in the hydrody-
namic regime). This is usually justified by referring to experimental data on
rotational relaxation times. These data show that, with the exception of light
molecules such as Hy, HD and D5, the RT relaxation times are orders of mag-
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nitude smaller than the VT relaxation times (Chernyi et al. 2002b). The
aforementioned experimental measurements refer, however, to ordinary tem-
peratures. In a recent work, Panesi et al. (2013) have shown that the relaxation
times for the RT and VT mechanisms in No-N collisions become comparable at
high temperatures.

Multi-temperature models are routinely used in modern CFD codes (Gnoffo
et al. 1989; Candler and MacCormack 1991; Lani 2009). This is due to their
ease of implementation and computational efficiency. However, their use is
often stretched out of the range for which they had been originally conceived.
Multi-temperature models are only valid in the case of small departure from
the local equilibrium. Their formulation is usually accompanied with tuning
parameters (like in the model of Knab et al. 1992) of questionable and unclear
physical meaning. A detailed investigation on the limits of multi-temperature
models has been recently given by Park (2010).

Collisional Models Collisional or state-to-state models (Capitelli et al. 2000;
Chernyi et al. 2002b; Laux 2006; Bultel et al. 2006) have been proposed in
order to overcome the deficiencies of multi-temperature models. The hypothe-
sis of a Boltzmann distribution for the internal degrees of freedom is released.
Each internal energy level is treated as a separate pseudo-species. This ap-
proach provides a more accurate description than multi-temperature models as
the effects of possible non-Boltzmann distributions are automatically accounted
for. The higher accuracy and wider application range come at the price of more
expensive calculations, due to the drastic increase of the number of species to
be taken into account. Moreover, in order to obtain numerical values of cross-
sections and rate coefficients for each elementary process, complex and lengthy
ab-initio quantum-chemistry calculations are usually required. These are based
on a two-step process: a) Generation of the Potential Energy Surface (PES)
from first principles b) Cross-section evaluation based on trajectory calcula-
tions. The second step consists in a repeated study of the collision dynamics
for different values of the collision parameters such as relative kinetic energy,
relative orientation angles and initial quantum states. The cross-section for a
given process is then computed as the ratio between the number of its occur-
rences and the total number of collisional events (Park 1990). Rate coefficients
are obtained by averaging the cross-sections over a Maxwell-Boltzmann veloc-
ity distribution function. In view of the great number (infinite in theory) of
possible combinations for the collision parameters, their numerical values are
selected by means of sampling techniques. This induces stochastic noise in the
generated cross-sections. For processes such as heavy-particle impact internal
energy excitation and dissociation, the collision dynamics can be studied within
the framework of classical mechanics. This is accomplished by solving Hamil-
ton’s equations, where the interaction potential in the Hamiltonian is given by
the PES (Park 1990). The whole procedure is referred to as Quasi-Classical
Trajectory (QCT) method (Park 1990).
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Approximate methods for computing elementary process rate coefficients have
been proposed (Chernyi et al. 2002a) in order to avoid lengthly ab-initio cal-
culations. One of the most popular is the Forced Harmonic Oscillator (FHO)
model. The FHO model is based on the application of the Kerner-Treanor
method (1958; 1965) to the semi-classical approximation of the Schrodinger
equation for a non-rotating molecule. The FHO model has been used by
Adamovich (1995a; 1998) for computing VT and VV rate coefficients for No-No,
N5-O9 and O9-O9 interactions.

The development of collisional models has been mainly focused on non-equilibrium
vibrational kinetics (Capitelli 1986; Capitelli et al. 2000). Vibrational colli-
sional models have been developed based on both QCT calculations (Espos-
ito et al. 1999; 2000; 2006) and approximate models (such as the previously
mentioned FHO model). Applications have considered the study of the vi-
brational level dynamics in flows behind shock waves (Cambier and Moreau
1993; Adamovich et al. 1995b; Treanor et al. 1996; Aliat et al. 2003, Panesi
et al. 2009; 2011), within converging-diverging nozzles (Colonna et al. 1999;
Colonna and Capitelli 2001; Babu and Subramaniam 1995), in the stagnation
region of blunt bodies (Armenise et al. 1994; Candler et al. 1997) and in at-
mospheric pressure air plasmas (Gessman et al. 1997; Pierrot et al. 1999; Laux
2006). The results shown in the aforementioned papers indicate that collisional
processes such as dissociation /recombination induce heavy distortions in the vi-
brational level population distributions, thereby demonstrating the inaccuracy
of a multi-temperature description.

The development of rovibrational collisional models has started receiving atten-
tion only recently. The main reason for this delay is the number of rovibrational
energy levels and related transitions which one must take into account (e.g. for
a diatomic molecule such as Ng, the number of rovibrational energy levels of
its electronic ground-state is of the order of 10000) . Examples of rovibrational
collisional models are the NASA Ames database for the Ny molecule (Jaffe et al.
2008; Chaban et al. 2008; Schwenke 2008; Jaffe et al. 2009) used in the present
thesis and those developed by Esposito et al. (1999), and Kim et al. (2009) for
the Hy molecule.

The use of collisional models in multi-dimensional CFD computations has be-
come feasible only recently, thanks to the advances in the computational re-
sources (Kapper and Cambier 2011a; Kapper and Cambier 2011b; Panesi and
Lani 2013).

Computational Methods for Rarefied Flows

Computational methods for (rarefied) aerothermodynamic flows started to be
developed at the same time as physical models for collisional processes. Dur-
ing the years, computational methods of different natures have been proposed.
These can be grouped in two main categories: stochastic methods and deter-
ministic methods.
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Stochastic Methods At the time when researchers started to seek for ef-
ficient numerical methods for rarefied flow problems (around the 1960’s), the
computational power available was very limited. Obtaining numerical solutions
to the full Boltzmann equation was out of discussion. This led to the develop-
ment of the Direct Simulation Monte Carlo (DSMC) method (Bird 1994). The
DSMC method, mainly developed by Bird (1967; 1970) in the initial phase,
is a particle-based technique and aims at obtaining stochastic solutions of the
Boltzmann equation. In the DSMC method, the gas is represented by a set
of gas particles. Each of the gas particle represents a collection of a great
number of molecules (the order can vary between 10! and 10%°, depending on
the problem being investigated). The numerical solution is built by alternat-
ing the transport and collision steps. In the first, particles are let to freely
move in space. In the second, particles are let to collide between each other.
Collision pairs are selected though the use of random numbers. Macroscopic
quantities are found by sampling over time the particle microscopic properties
within each computational cell. The combination of the transport and collision
steps in the DSMC method aims at replicating (stochastically) the molecular
behavior of dilute gases, where, in absence of external fields, molecules mov-
ing along straight-line trajectories are suddenly scattered into new directions
due to collisions. This makes the DSMC method consistent with the theory
underlying the Boltzmann equation.

The original DSMC method of Bird was initially developed for a mono-component
gas without internal energy and applied to solve one-dimensional problems
(Bird 1970). Later, its capabilities were extended to deal with multi-component
gases with internal energy (Boyd 1990; Boyd 1991; Koura 1992; Koura 1994;
Bruno et al. 2002) and chemical reactions (Boyd 1992; Hash and Hassan 1993;
Bird 1994). Applications to multi-dimensional rarefied flows have become feasi-
ble and are routinely performed at the present time, thanks to the achievements
in computational resources (Ivanov and Gimelshein 1998; Ivanov et al. 2006;
Boyd 2008).

The DSMC method has proven to be robust and accurate (Ivanov et al. 2006).
However, it shares the drawbacks of stochastic methods, the main one being
the statistical noise of the numerical results. This issue can deteriorate the
solution accuracy and is particularly felt for low speed and unsteady problems
(Bird 1994). Moreover, for flows in the transitional and in the hydrodynamic
regime, the use of the DSMC method can becomes expensive, due to the need
of an extremely high number of particles.

Deterministic Methods Parallel to the development of the DSMC method,
research efforts have been also spent in the development of deterministic meth-
ods for the numerical solution of the Boltzmann equation in the rarefied regime.
The solution of the Boltzmann equation by means of numerical techniques rep-
resents a computational challenge. This is due to the integro-differential na-
ture of the equation. Another source of difficulty is the high-dimensionality
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of the problem, since numerical solutions must be sought in the phase-space.
The main advantage of a deterministic method over a stochastic one (such
as DSMC) is that numerical solutions are not affected by noise. Determin-
istic methods can also be applied to flow problems in the hydrodynamic and
transition regime, where the use of the DSMC method can become expensive
(Kolobov et al. 2007).

In all the methods that have been proposed, the phase-space is discretized by
keeping separate the discretization of the position and velocity spaces. The
position space and the related discretization of the streaming operator are real-
ized by means of Finite Difference, Finite Volume and Discontinuous-Galerkin
methods (Hirsch 1990; Leveque 2008; Cockburn et al. 2011). The discretiza-
tion of the velocity space and the related algorithm for the evaluation of the
collision operator is what distinguishes, up to a certain extent, one method
from the others. Once a decision made concerning the discretization of the
streaming and collision operators, numerical solutions are found by means of a
time-marching approach. In many cases (though not always), the solution up-
date is performed through operator-splitting methods (Oran and Boris 2000),
due to their ease of implementation and low storage requirements compared to
implicit methods.

The first deterministic methods for rarefied gas flows were proposed at the same
time when the DSMC method was being developed. These methods were based
on model Boltzmann equations (Cercignani 2000). In the latter, the Boltz-
mann collision operator is replaced with simpler phenomenological expressions
(or model collision operators; Cercignani 2000). One of the most popular (if
not the most popular) among this class of models is the Bhatnagar, Gross and
Krook (BGK) model (1954), where the collision operator is replaced with a
Jeans-like relaxation term. Examples of other phenomenological models are
the Ellipsoidal-Statistical model developed independently by Cercignani (1967)
and Holway (1966), the generalized Krook model proposed by Shakhov (1968)
and the polynomial and trimodal gain function models of Seagal and Ferziger
(1970). When using the aforementioned models, the discretization of the ve-
locity space is realized by selecting a set of points contained within a cube of
finite extent in the velocity space. Phenomenological models are still used in
multi-dimensional Boltzmann solvers (Zang and Huang 1995; Mieussens 2000),
as they are computationally cheaper than the DSMC method. The particularly
simple structure of the model collision operators (such as BGK) makes pos-
sible the use of implicit methods (Mieussens 2000; Mieussens and Struchtrup
2004). This is of particular importance if one is interested only in steady-state
solutions, as the time-steps that can be used are usually several orders of mag-
nitude bigger than the maximum allowable time-steps for explicit methods.
These advantages come at the price of higher memory requirements and coding
efforts. The accuracy of phenomenological models deteriorates in flows where
the velocity distribution function experiences a significant departure from the
local equilibrium (Mieussens and Struchtrup 2004), such as across strong shock
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waves. This motivated the research toward methods enabling the numerical
evaluation of the Boltzmann collision operator.

The first deterministic method for the full Boltzmann equation was the Discrete-
Velocity-Method (DVM) proposed by Broadwell (1964). The base idea consists
in representing the state of the gas, in the velocity space, by a finite set of veloc-
ities. In this way, the solution of the Boltzmann equation becomes equivalent to
the solution of a coupled set of differential equations (this is also valid when the
DVM is applied to model Boltzmann equations described before). The work
of Broadwell served as basis for the development of successive variants of his
DVM. Examples are the method of Varghese and coworkers (1994; 2011; 2012)
and the Discrete-Ordinate-Method (DOM) of Tcheremissine (1998; 2001). Both
methods were originally developed for a mono-component gas without internal
energy and have been successfully extended to treat multi-component gases
with internal energy (Tcheremissine 2006; Clarke et al. 2012; Josyula et al.
2011). In the method of Varghese, the internal energy is treated classically,
while in the DOM of Tcheremissine a semi-classical approach is employed. The
DOM has been also applied to compute multi-dimensional rarefied flows (Chen
et al. 2007; Kolobov et al. 2007). In the aforementioned DVMs, the colli-
sion operator is evaluated numerically with the aid of stochastic techniques for
multi-dimensional integrals. Hence, these methods are not fully deterministic
in a strict sense. Other examples of DVMs can be found in the book of Aristov
(2001).

The numerical methods described before have been mainly developed by engi-
neers within the aerospace community. The applied mathematics community
has also given its contribution. In this case, research efforts have been fo-
cused more on the properties of the numerical schemes such as conservation,
positivity, order of accuracy and error estimates. The physical model usually
consists of a mono-component gas without internal energy. In order to make
the analysis more tractable and amenable to formal manipulations, the hard-
sphere or Maxwell cross-section models are usually employed (Cercignani 2000).
The available scientific literature in this field is, as it is for DVMs, quite vast.
Among all the proposed methods, it is worth to cite the family of numerical
kernel methods developed by Sone, Ohwada and Aoki (1989; 1993; 2001), the
spectral methods proposed by Bobylev, Ryasanow and Gamba (1975; 1988;
1999; 2009; 2010; 2012a; 2012b) and those developed by Pareschi, Russo and
Filbet (2000; 2003; 2011).

Since the present thesis focuses on spectral methods for rarefied flows, it is
worth to give a deeper and historical review of them. Deterministic spectral
methods for the Boltzmann equation grew from the work of Bobylev (1975;
1988). In his work, Bobylev showed that the Fourier transformed Boltzmann
equation takes a closed form in the case of Maxwell molecules and integrable
angular cross-section. Numerical approximations using this type of approach
were first proposed by Pareschi and Perthame (1996). Using this representa-
tion, Bobylev and Rjasanow developed methods using the Fourier transform
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in the case of Maxwell molecules (1997) and hard-spheres (1999) to derive a
weighted convolution structure for the collision operator which was approxi-
mated by a numerical quadrature. Later, Pareschi and Russo (2000) applied
this Fourier transformed framework to develop methods for Maxwell molecules,
hard-spheres and variable hard-spheres cases using a collocation method, which
uses orthogonal polynomials to reduce the weighted convolution integral to a
convolution sum of the collocation coefficients. In the case of hard-spheres in
three dimensions, it was shown that the computation of the collision operator
can be reduced to O(N?3log N) operations, where N is the number of grid points
in one dimension of the velocity space. However, the above techniques could not
be easily extended to arbitrary cross-section models (Bobylev and Ryasanow
1999; Filbet and Russo 2003) and did not allow for the exact conservation of
mass, momentum and energy during collisions (Filbet and Russo 2003). In
order to meet the conservation requirement, Gamba and Tharkabhushanam
(2009; 2010) have proposed a spectral-Lagrangian method which exploits, in
analogy with those mentioned before, the weighted convolution structure of the
Fourier transform Boltzmann equation. The conservation of mass, momentum
and energy during collisions is achieved through the solution of a constrained
optimization problem. Convergence studies for this method and numerical ex-
amples have been shown by Gamba and Tharkabhushanam (2009; 2010) and
analysis has been performed by Alonso et al. (2013) in order to show that
the conservation constraints do not affect the spectral accuracy of the method.
In the work by Haack and Gamba (2012a) the spectral-Lagrangian method
has been further generalized to the more realistic case of angularly dependent
cross-sections. None of the above spectral methods has been so far extended
to the case of multi-component gases with discrete internal energy levels. This
extension is needed if one wishes to study internal energy excitation and relax-
ation behind a shock wave or the flow across a hypersonic boundary layer. In
this situation, conservation becomes a more pressing concern, especially when
taking into account inelastic collisions leading to a net energy transfer between
the translational and the internal degrees of freedom of the gas.

For flows in the transition regime, a possible alternative to deterministic Boltz-
mann solvers is represented by Moment Methods (Struchtrup 2005). Examples
are the regularized 13-moment (R13) method developed by Struchtrup and Tor-
rilhon (2003; 2004), which is based on the 13 moment method of Grad (1949),
or the Gaussian moment closure method developed by Levermore and Morokoff
(1998). In Moment Methods, the set of moment equations can be usually cast
into systems of hyperbolic conservation laws for which robust and efficient nu-
merical methods have been developed (Leveque 2002). This fact explains also
why moment methods are computationally cheaper than deterministic Boltz-
mann solvers. The current formulation of most Moment Methods (such as the
Gaussian moment closure of Levermore) refer to the case of a mono-component
gas without internal energy. Extensions to multi-component gases, though pos-
sible (Martins et al. 2011; Kapper et al. 2011), are not trivial. Moreover, for
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some flow conditions, the system of moment equations may lose hyperbolicity
(Struchtrup and Torrilhon 2003; Kapper et al. 2011), thus making the devel-
opment of numerical schemes and the related implementation more difficult.

Manuscript Structure

The manuscript is structured as follows. Part I deals with the physico-chemical
modeling of non-equilibrium flows. Chapter 1 describes the kinetic approach
which is based on Boltzmann equation of the Kinetic Theory of Gases. In ch. 2
it is shown how to obtain a hydrodynamic description based on the applica-
tion of the Chapman-Enskog method to the Boltzmann equation. The general
notation introduced in chs. 1-2 refers to multi-component gases with discrete
internal energy levels and is used consistently throughout the whole manuscript.
Chapter 3 describes the NASA quantum chemistry database for internal energy
excitation and dissociation and the reduced models that have been developed
based on that.

Part II deals with the integration of the developed reduced models in hydrody-
namic flow solvers. In ch. 4, an Ordinary-Differential-Equation solver developed
by the author is used for the investigation of inviscid flows behind normal shock
waves. Chapter 5 deals with the application of CFD solvers developed by the
author for computing inviscid flows within converging-diverging nozzles, viscous
stagnation-line flows and inviscid axisymmetric flows.

Part III deals with the development of computational methods for rarefied
flows. Chapter 6 describes the proposed extension of an existing spectral-
Lagrangian method for the Boltzmann equation to multi-component gases and
inelastic collisions. Applications of the numerical method (implemented in a
parallel computational tool developed by the author) are shown in ch. 7, where
results are compared with those obtained by means of the DSMC method and
experimental measurements.

Conclusions and perspectives are given at the end of the manuscript. In or-
der to make the manuscript easier to read, the details of some mathematical
developments have been placed in apps. A-K.
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Chapter 1

Kinetic Approach

This chapter describes the kinetic approach for multi-component dilute gases
based on the Boltzmann equation. The Boltzmann equation is the fundamental
equation of the Kinetic Theory of Gases and aims at providing a statistical
description of dilute gaseous systems. This is motivated by the fact that, in
many situations, one is more interested in molecular-averaged quantities than
a detailed representation of the state of the gas at the molecular level.

The present chapter is structured as follows. Section 1.1 introduces the model
assumptions and the definition of the one-particle velocity distribution func-
tion. The Boltzmann equation is introduced and described in detail in sec. 1.2.
The equilibrium solution of the Boltzmann equation (Maxwell-Boltzmann ve-
locity distribution function) and the related gas thermodynamic properties are
discussed in sec. 1.3. Section 1.4 introduces molecular-averaged quantities of
interest outside of equilibrium conditions. Section 1.5 describes the procedure
for obtaining the Maxwell transfer equations. These equations are then used in
sec. 1.6 for obtaining the conservation equations of gasdynamics.

1.1 Assumptions

The gas is made of atoms and molecules. The presence of charged particles
(such as ions and electrons) is not accounted for. Based on a quasi-classical
approach, it is assumed that the chemical components may have only certain
discrete internal energy levels. For atoms, the internal energy levels correspond
to the electronic levels. In the case of molecules, they also account for the
presence of rovibrational levels, due to the relative motion of the particle nuclei.
The chemical components are stored in the set S. The subsets S, and S,
store the atomic and molecular components, respectively (where S = S, USy,).
The chemical elements are stored in the set S;. The number of atoms of the
chemical element [ contained within the chemical component s is given by the
entry v of the stoichiometric matrix v. The internal energy level i of a chemical
component s is indicated with the notation s;. Its degeneracy and internal
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energy (including the formation energy) are indicated with the symbols as; and
E;,, respectively. The internal energy levels of a chemical component s are
sorted by increasing energy and stored in the set Z;. The symbols ms and m],
are used for the masses of the chemical component s and the chemical element
[, respectively. The related molar masses are .#s; = Nam; and ///Cl = NAmlC,
respectively (where Np is Avogadro’s number).

The following assumptions are introduced for the physical model:

The gas is dilute and composed of point particles.

There are no external forces.

The Boltzmann-Grad limit holds.

Ionization phenomena are neglected.

The interactions between particles are only collisional and comprise:

Ot W

e Elastic collisions:

si+pj &= s;+pj, s,peS, i€l jeTI, (1.1)

e Non reactive inelastic collisions:

Si + Dj = Sk + DI, (pjvskapl) 60}9?7 SGSa i € Iy, (12)

where the inelastic collision set CI for s; is defined as CI* = {(pj, sk, 1) |
peS, i#kVji#l, keI, jleI,}. Examples of non reactive
inelastic collisions are:

No(i)+N(j) &= No(k)+N(I), No(i)+Na(j) == No(k)+Na(l),

e FExchange chemical reactions:

S’L+p] ﬁ Qk+rlv (pj7Qk7Tl) ecg(cu S 687 iEIS, (13)

where the exchange reaction set Cg¥¢ for s; is defined as Cg* = {(pj, qx, 1) |
s#qAp#r, pqreS, jeI, keI, eI}
Examples of exchange chemical reactions are:

Na(i)+0(j) # NO(k)+N(l), O2(i)+N(j) #= NO(k)+O(I),
e Three-body dissociation/recombination reactions:
Si + Dy = qr + 71+ 2n, (pjanaThZh) € Cgiisv (14)
ses8, i€,

where CS;S is the set of three-body dissociation/recombination reactions
where s; is the first reactant. A rigorous definition of the set CS@_‘S would
be rather complicated and, since it is not used in what follows, it is not
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provided. Notice that for eq. (1.4) to be a dissociation/recombination
reaction, at least one of the chemical components among s and p must be
a molecule. Examples of three-body dissociation recombination reactions
are:

Na(i) + N(j) == N(k)+ N() + N(h),
Na(i) + Na(j) #2 N(k) +N(I) + Na(h).

Based on the previous assumptions, it is possible to introduce a one-particle
velocity distribution function fs, = f,(x, cs,;,t). The velocity distribution func-
tion plays the role of a phase-space density and can be given the following
interpretation:

fs; (%, ¢s;,t) dx dcs; = expectation value of the number of particles of the
chemical component s occupying the internal energy
level ¢ contained within the volume dx dc,, around

the point (x,cs,) of the phase-space at time ¢.

1.2 The Boltzmann Equation

The evolution in the phase-space of the velocity distribution function is de-
scribed by the Boltzmann equation (Ferziger and Kaper 1972; Giovangigli 1999;
Nagnibeda and Kustova 2009):

D fs, =QF +QU+Q%F, s€8, i€, (1.5)
where the streaming operator Dy, () is defined as D, () = 9()/0t + ¢, - Vx()
in absence of external forces. The streaming operator represents a material
derivative in the phase-space and describes the effects of particle motion in
absence of collisions. The right-hand-side of the Boltzmann equation is given
by the sum of the elastic, inelastic and reactive collision operators ( 21” 18r11
and Qf, respectively) that account for the effects of the collisional processes
listed in sec. 1.1.

1.2.1 The Elastic Collision Operator

The elastic collision operator Q%! = Q% (x,c,,,t) accounts for the effects of
elastic collisions (1.1) and reads:

Qs} = Z QSipj’ ses, i€l (1.6)
peg
J€Ly
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where the partial elastic collision operator Qs,p;, = Qs,p, (X, Cs;, 1) is:

QSin = // (f;zf;)] - fsifpj) O-Sipj gdw,dcpja (17)
S2xR3
s,peS, 1€, jEIpa

where ¢, is the velocity of p;, g = |cs; — cp,| is the relative velocity mag-
nitude between the colliding particles, w’ = [cj, — ¢, |/[es; — ¢p,| is the unit
vector along the scattering direction and oy, is the differential cross-section
for elastic scattering. In eq. (1.7), and in what follows, primed variables refer
to post-collisional values. These are related to pre-collisional values through
conservation of mass, momentum and energy. The differential cross-section
Osip; = Os;p; (g, w') is related to that for the inverse process o,y (¢', w) through
the following micro-reversibility relation that can be obtained from Fermi’s
golden rule (Dellacherie 2003; Nagnibeda and Kustova 2009):

Tsip; (9, w') g dw'des,dey, = 05, (g, w) ¢'dw dei, de), (1.8)
57p687 iGIs, jeIp'

A relation (not involving differentials) between the direct and inverse process

cross-sections can be obtained as follows. The velocity differential products

deg,dcy,; and dc;idc;)j can be written as dG ¢?dg dw and dG ¢'?dg’dw’, respec-

tively (where G is the center of mass velocity; Ferziger and Kaper 1972; Mitch-

ner and Kruger 1973). The substitution of the previous relations and the use
of g = ¢’ (valid for an elastic collision) in eq. (1.8), leads to:

Osip; (9, W) = 05p, (9, w), s,peS, i€l jeI, (1.9)

1.2.2 The Inelastic Collision Operator

The inelastic collision operator lerj = Qisr;(x, Cs;,t) accounts for the effects of
non reactive inelastic collisions (1.2) and reads:

n= ) Qup, seS, iel, (1.10)
(Pj»sk>p1)
ec

where the partial inelastic collision operator Q5 = Q5! (x, Cq;, t) is:

. B3 "
=/ [(W Fhdin = fsidoy | o319 dudey, (111)
SRS e

(pj,skp) EC, s€S, €L,

Quantity S, is defined as 85, = h?/(as,m3), where hy, is Planck’s constant. The

differential cross-section o5l = 05k} (g,w’) is related to that for the inverse
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process O';i% (¢',w) through following micro-reversibility relation that can be
obtained (as for the elastic case in sec. 1.2.1) from Fermi’s golden rule:

/Bskﬁplaszgzl( )g dw' dcsldcp] /85 Bpj Us;%l (g w)g'dw dC del, (1.12)
(pj,skm) EC, s€S, i€,

Equation (1.12) can be manipulated to obtain a relation (not involving differ-
entials) between the direct and inverse process cross-sections. It can be shown
that, also for the case of a non reactive inelastic collision, the velocity differen-
tial products dc,dc,; and dc), dc;, in eq. (1.12) can be written as dG g*dg dw
and dG ¢'2dg'dw’, respectively (Mitchner and Kruger 1973). The substitution
of the previous relations and the use of gdg = ¢'dg’ (valid for a generic binary
collision) in eq. (1.12), leads to:

i o BsiB 2AESH)
Ty w) = o (g, w )<ﬁk—5’” 1-— Wpﬂ : (1.13)
SiMPj Sp

(pj78k‘7pl) € C;?7 ERS Su (NS IS7

where the reduced mass of the chemical components s and p is fug, = memy,/(ms+
myp) and the global internal energy jump AESE! is defined as AESE! = (E,, +
Ep,)—(Es,+E,,). In obtaining eq. (1.13), the relation ¢’ = ¢*(1— 2AE§§§7jl/gQusp),
which can be obtained from the collision dynamics, has been exploited (Mitch-
ner and Kruger 1973).

1.2.3 The Reactive Collision Operator

The reactive collision operator accounts for the effects of exchange reactions
(1.3) and three body dissociation/recombination reactions (1.4) and reads:

I‘(? — exc les = S’ Z c I&H (114)

Si

where the exchange collision operator Q3¢ = Q¢X°(x, cs,, ) accounts for the ef-
fects of exchange reactions, the dissociation collision operator Q‘sijs = ngs(x, Cs;, 1)
accounts for the effects of three body dissociation/recombination reactions. The
exchange collision operator is:

exc _ Z qu@;;7 s € S, 1 E€ Is, (115)
(Pj>qk,1)
€ cexe
where the partial exchange collision operator Q¥y! = Q! (x, ¢y, 1) is:
qkT1 /quﬁrl f/ f/ o f f qle d /d (1 16)
sipj 53'5]0. qrJ T siJpj| s g W AaCp;, .
SZxR3 o

(pj, qr,m1) €ECSC, s€S, i€l
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The differential cross section odfy! = 08! (g, w’) is related to that for the inverse

process gy = ggini(g’,w) through the following micro-reversibility relation
that can be obtained (as for the elastic and inelastic cases in secs. 1.2.1-1.2.2)

from Fermi’s golden rule:

BaBrio (g, w')g dw'des,dey,; = Bs, By, 0407 (¢, w)g'dw dey, dey , (1.17)
(pjs qe,m1) €C5X¢, se€S, i€l

The application of the same procedure used in sec. 1.2.2, allows for writing
a relation (not involving differentials) between the direct and inverse process
cross-sections:

A kT
SiDj ¢ __aqm ’ 5qk5n> /<,U«sp 2 s¢pj>

o ,w) =% (g W | ==L —-—, 1.18

akpL (g ) $iPj (g ) </BS, prj fiqr 92,qur ( )

(pj, qe,m1) €CIC, se S, i€l

The dissociation collision operators is:

dis _ E QKRR :
Si $ipj ’ s € 87 (S Is: (119)
(g -ar>T1
zp) €CYIS
h dkTkZh _ ()4kTk?h is th ial di s g 1isi
where Qs;ip; " = Wsip; (x,cs,;,t) is the partial dissociation collision operator.

The general expression for the partial dissociation collision operator is rather
complicated and can be found in the book of Giovangigli (1999). Some examples
are given here for dissociation /recombination reactions involving only diatomic
molecules (Luwdig and Heil 1960; Kuscer 1991; Alexeeev et al. 1994).

For a dissociation/recombination reaction s; + p; = qr + r; + pn (where the
chemical component s is a diatomic molecule, ¢ and r are its constitutive atoms,
and s # p), the partial dissociation collision operator for s; is:

. B o ,
= / / / / [( G ) fadiidu, = Fafoy| Wit dey,del x
/ 8:Pp;j

PR3 X R3 x

R3xR3
dc;ldc;h, (Pj, Qi 715, n) € Ci,ls, seS, i€l (1.20)
Quantity WL is the dissociation probability (Giovangigli 1999) and is re-
lated to the dissociation cross-section by the relation gofy""(g,w')dw’ =
&P dcey, de). dej, . The dissociation probability W is related to the

recombination probability W;]jffbh through the following micro-reversibility re-
lation (Giovangigli 1999):

SiDj
Wi’%zlphﬁQkﬁrzBPh = qumjph 51‘6]’]’7 (1.21)
(Pj» qr-T1,Pn) € Ci.is, seS8, i€l
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For the situation s = p, eq. (1.20) can be used except when i = j = h. In this
case, eq. (1.20) must be replaced with (Giovangigli 1999):

v = [[[ (P65 g = g | i des dei s -
£
3 X R3 x

R
R3xR3

I 122 ot s dea

R3 X R3 x
R3xR3

(Sisqk, 71, 8i) € Csiis, seS8, iel,, (1.22)

where the superscripts * and ** are used to distinguish between the different

velocity classes of s;. The first term on the right-hand-side of eq. (1.22) accounts
for the dissociation of molecules belonging to the velocity class cg,. The second
term accounts for the fact that molecules belonging to the same velocity class
may be created as a result of the collision.

1.2.4 Collisional Invariants

During an elastic collision, the number of particles in each internal energy
level, the total momentum and the total energy are conserved. This leads to
the introduction of the elastic collisional invariants (Giovangigli 1999):

elp;
s
;1,'%“ M 5Sp 51‘]‘
At | = ) m2c , spES, ic€Ty, jeETI, (1.23)
;1'(’%4_3 §mscsi + B,
¢§1J1/s+4

where the number of species is defined as A, = > . s #(Zs). The symbol 0
stands for Kronecker’s delta. Quantity cgi = Cg, * C5,; is the magnitude-squared
of the vector cg,. After introducing the set of indices for the elastic collisional
invariants, Z¢ = {s;, A5+ 1,..., 4 +4|s €S, i € T,}, it is possible to write
the relation w;l,” + wf,i.” = gl” "+ wgi,’” in order to express the conservation of
the number of particles in each internal energy level, total momentum and total
energy for the elastic collision s;+p; = s;+p;j. The kernel of the elastic collision

operator le is spanned by the elastic collisional invariants (Giovangigli 1999):

y /wg”Qidcsi =0, vez® (1.24)
SES 3
iEZs%

For a non reactive inelastic collision, due to the transitions among the internal
energy levels, the number of particles in each internal energy level is no longer
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conserved. In this situation, the number particles for each chemical component
is conserved, together with the total momentum and total energy. This leads
to the introduction of the inelastic collisional invariants (Giovangigli 1999):

inp
Si
1nJVc+1 mg (53p
wm Net2 = . MsCs; , s,peS, 1€, (1.25)
1nJVc+3 imsci + Esi
Ne+4
wm

where the number of chemical components is defined as A = #(S). A
set of indices can be also introduced for the inelastic collisional invariants,
I = {s, M+ 1,...,.4.+4|s€S}. Based on that and on eq. (1.25), it is
possible to write the relatlon wm” +¢Iif;” = ;r;”’ + m”’ in order to express the
conservation of the number of particles for each chemlcal component, total mo-
mentum and total energy for the non reactive inelastic collision s;+p; = s;+p;.
The kernel of the inelastic collision operator QISI: is spanned by the inelastic col-

lisional invariants (Giovangigli 1999):

Z /wmuQ dCSZ =0, ve Iin' (126)
A
When the collision is reactive, the number of particles for each chemical element
is conserved, together with the total momentum and the total energy. This leads
to the introduction of the reactive collisional invariants (Giovangigli 1999):

wrel
[
e et Vs Me
pretet? | = ) MsCs; , 1€S., s€8, i€, (1.27)
iyt §"MeCs B,
¢§?%+4

where the number of chemical elements is defined as .4z = #(S5°). A set of
indices can be also introduced for the reactive collisional invariants, 7™ =
{l, Ve+1,...,4c+4]l €S.}. Based on that and on eq. (1.27), it is possible
to erte the I'elatIOHS wrell ZI)'?V — reu/ + wreul and rel/ _|_ wreu J— rele _|_

WV ¥ in order to express the conbervatlon of the number of partlcles
for each chemical element, total momentum and total energy for the exchange
reaction s;+p; = g+ and the three-body dissociation/recombination reaction
Si +pj = qi + 11+ 2p, respectively. The kernel of the reactive collision operator

Q5; is spanned by the reactive collisional invariants (Giovangigli 1999):

> /wr‘“’Q °des, =0, vel™. (1.28)

SES
icz, %
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1.2.5 Conserved Macroscopic Properties

The collisional invariants introduced in sec. 1.2.4, allow for the introduction of
the following macroscopic properties as average molecular quantities:

=3 /wgsifpjdcpj, seS, i€l (1.29)
S
jer, ™
po= 3 [uttyde,. ses. (1.30)
S
gpeez,,%3
Ple = Z /Y/};?lfszdcsz'a les, (1.31)
JEL W
wreJVe—l—l
Sg
o= [ v ) fde, (1.82)
ses e et
GIS §R3 S
pE= Y [un e, (1.33)

where the densities of the energy level s;, the chemical component s and the

chemical element [ are ps;, = mgng,, ps = msn, and plc = méné, respectively

(where ny,, ns and nl are the related number densities). The gas density is
P=cs. pl, or alternatively, p = > _ ¢ ps with ps = Y ic1, Psi- Quantity v
is the (hydrodynamic) velocity vector, whose Cartesian components along the
x, y an z axes are indicated with u, v and w, respectively. Quantity pFE is the
gas total energy density and is the sum of the translational, internal and kinetic
energy density contributions, pE = pe'® 4 pel™ 4 pekin. The gas kinetic energy
density is peX™ = (1/2)pv - v. The sum of the gas translational and internal
energy densities gives the gas thermal energy density, pe = pe'™® + pe™. The
macroscopic properties defined in eqs. (1.29)-(1.33) are the quantities that are
conserved in a flow in view of the properties satisfied by the elastic, inelastic
and reactive collision operators as stated in eqs. (1.24), (1.26) and (1.28).

1.3 Equilibrium Solution

1.3.1 The Maxwell-Boltzmann Distribution Function

Under equilibrium conditions, the use of Boltzmann’s H-theorem allows to show
that the solution of the Boltzmann equation is given by the Maxwell-Boltzmann
velocity distribution function (Ferziger and Kaper 1972; Giovangigli 1999):

1 $3

eq _ _— Ns ex _mS’CSi — V’Q _ Esi
si = B,, Zua(Ted) Zimt(Tea) P %k, T4 kpTed )’
seS8, i€l

(1.34)
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where the superscript eq stands for equilibrium and ky, is Boltzmann’s constant.
Quantity 7°9 is the gas (equilibrium) temperature and quantity ng® is the
(equilibrium) number density of the chemical component s, which is equal to
diet. ng; . The (equilibrium) translational and internal partition function of
the chemical component s are:

2mmk, T\ 3/ FE
tra eq) __ sBb int eq
ZJ(T) = <—h129 > ZM(T lgza& exp < T Teq> (1.35)

seS.

The integration of eq. (1.34) over the velocity space leads to the Boltzmann
distribution law:

eq
nsl ag E;, .
R eie] (e o) IRLSIRLES )

Equation (1.36) allows for computing the internal energy level population of
each chemical component in equilibrium conditions. The chemical component
(equilibrium) number densities are related to the (equilibrium) pressure and
temperature through Dalton’s law of partial pressures, p°d = > _ ¢ ns kT,
and their values can be determined (for given pressure, temperature and ele-
mental fractions) by solving a system of non linear algebraic equations. This
system is obtained by writing down the expressions for the equilibrium con-
stants of a set of linearly independent chemical reactions and the equations
expressing the conservation of the mass of each chemical element (the details
of the procedure can be found in the books of Anderson 1989 and Vincenti and
Kruger 1965).

In alternative to the use of number densities (as done in eq. (1.36)), the gas
chemical composition can be specified in terms of mole and mass fractions
(indicated with the symbols X and y, respectively):

Ngd psd
X = e U= e $€5 i€l (1.37)
where the gas (equilibrium) number density and density are n®l = Y _ g ng®
and p®1 = Y _gps’, respectively. By definition, mole and mass fractions

satisfy the following constraints:

dOXI=1, > yu=1, (1.38)

seS sesS
1 €1 1€

and are related by the following relation:
seS8S, 1¢el,, (1.39)

where the (equilibrium) gas molar mass is #°1 = > _ o X", Tt is im-
portant to mention that the definitions for mole and mass fractions given in
eq. (1.37) can be also used outside of equilibrium conditions.
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1.3.2 Thermodynamic Properties

When the velocity distribution function is Maxwell-Boltzmann, the gas trans-
lational and internal energy densities assume the following expressions:

Jln Ztra(Teq)
tr _ 2 2
pe aeq — niq kaeq W, (140)
sesS
: Oln Znt(Teq)
int _ 2
pe 4 = E Sniq kaeq W (141)
EAS

The gas (equilibrium) enthalpy density is obtained by adding the pressure to
the (equilibrium) thermal energy density, ph®l = pe®d + p°? (where pe®d =
petraoq_i_petraeq)-

The gas translational and internal energy densities provided in eqs. (1.40)-
(1.41) can be also written as pe'™°d = 3" . pide™(T°4) and pelnted =
> sez, P el ed(Teq)  respectively, where the specific translational and internal
energies of the chemical component s are:

k742 9 In Zra(Teq)

t _
etracd(ed) — o e 7 (1.42)
. kaeq2 dln Zint (Teq)
elnted(ed) = o 8}661 , (1.43)
seS.

The sum of egs. (1.42)-(1.43) gives the (equilibrium) specific thermal energy of
the chemical components s:

€2(TP4) = elraea(T°9) 4 ted(Ted) 5 € S, (1.44)

and its specific enthalpy is obtained as hs?(T°9) = e53(T°9) +k, T4 /ms. Based
on the previous definitions, the gas (equilibrium) enthalpy density can be also
written as ph®d =Y ¢ psThs(T°9).

The constant volume and pressure (equilibrium) specific heats of the chemical
component s can be computed by differentiating (with respect to the equilib-
rium temperature) the expressions for its specific energy and enthalpy, respec-
tively:

degd(Ted k
=20 ey — e+ 20
mg
d traeq Tedq k
rzea(ren) = P grmeageony — a2 (1)
ms
) d int eq Teq ) )
ci}n;eq(Teq) — %qu)’ c;)ngeq(Teq) — ci/n;c eq(Teq), (1.47)
seS,

where the translational and internal components satisfy the obvious relations
SL(Te) = 20T + s (Toq) and cpk(T°9) = cpa (T + cps 4 (T°9).
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1.4 Non-Equilibrium Solution

Outside of equilibrium conditions, the solution of the Boltzmann equation
(1.5) is no longer given by the Maxwell-Boltzmann velocity distribution func-
tion. The thermodynamic properties introduced in equilibrium conditions in
sec. 1.3.2 can be generalized, as it is shown in ch. 2. Moreover, additional
macroscopic moments can be introduced. These moments (which can be also
computed in equilibrium conditions) are:

e Diffusion velocities:

vl = %/Csifsidcsn s€S, i€, (1.48)
Ps;

Si
R3
where the peculiar velocity is Cs;, = ¢, — V.
e Translational temperature components:

/ oJs;des,, a€{xr,y,z}, se€8, i€, (1.49)
nszkb

e Translational temperatures:
Tsi Tsl Y + Tsi z

T, = : . seS, icT,, (1.50)
e Translational temperature components (gas):
1
T, = - Z ng,Ts, 0y a€{z,y,2}, (1.51)
seS
1 €T
e Translational temperature (gas):
T, +T,+ T
T = M, (1.52)
3
e Viscous stress tensor:
T=-) /mC ® C, fs;dcs, +pL, (1.53)
sESps
1 €T

where the symbols ® and I stand for the tensor product and the second-
order identity tensor, respectively. The gas pressure is always computed
based on Dalton’s law of partial pressures, p = > g nskpT.

e Heat flux vector:

q= Z /( msC2 -|-Esl> Cs, fsdcs,. (1.54)

SES
ZEIS

Notice that when the velocity distribution function is Maxwell-Boltzmann, the
equilibrium properties defined in sec. 1.3 are retrieved by means of eqgs. (1.48)-
(1.54). In this situation, the diffusion velocities, the stress tensor and heat flux
vector are identically zero.
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1.5 Maxwell Transfer Equations

The Boltzmann equation (1.5) can be used for obtaining equations describing
the evolution of average molecular quantities (Maxwell transfer equations). The
procedure consists in taking moments of the Boltzmann equation and goes as
follows. Given a molecular quantity ¢, = ¢, (cs;), one can define the gas
molecular average quantity ¥ = @(x,t) as

T=> [ fupsdes, s€S, i€l (1.55)
The equation describing the evolution of the property @ can be obtained by
multiplying both sides the Boltzmann equation (1.5) by ¢s., integrating over
the velocity space, and then summing over all the energy levels of each chemical

component:
S [Dutipuden = 3 [ (@ 4@+ Qx) pude, (1.56)

The integral on the left-hand-side of eq. (1.56) can be manipulated to give:

Jdp
8t - T Vxpv+Vy- § /Cslfsz@sldcs, § / + Q ) @sidcsi'
sES SGS
’LEIS ’LEI
(1.57)

The left-hand-side of eq. (1.57) is made of three terms. The first represents
the changes of ¥ due to local effects. The second (convective flux) is due to
the advection of @ with the mean flow at the velocity v. The third (transport
or diffusive flux) represents the transport of the molecular quantity ¢, with
respect to the mean flow. The right-hand-side of eq. (1.57) is the volumetric
production rate of @ due to collisions.

The use of the elastic collisional invariants (1.23) as molecular quantity s,
in eq. (1.57), leads to the mass conservation equation for all internal energy
levels of each chemical component, and the conservation equations for global
momentum and energy:

8p3i d) _ .
5 + Vx - (psiv + PS¢Vsi> =ws, sSE€S, i€l (1.58)
3}
gtv +Vx-(pv@v+pl—1) =03, (1.59)
OpE
g’t 4V (ovH —1v +q) =0, (1.60)

where the gas total enthalpy density is pH = pE + p. Due to conservation of
global momentum and energy, the right-hand-side of eqgs. (1.59)-(1.60) is zero



30 CHAPTER 1 - KINETIC APPROACH

(this can also be shown mathematically by using the collisional invariants). On
the other hand, the mass production terms wyg, are not zero, in the most general
situation, and read:

ws; = ms/ (lerll + Q%) des,, seS8, iel,. (1.61)
R3
Only the inelastic and reactive collisions contribute to the mass production
terms wg,. This directly follows from the properties satisfied by the elastic
collisional invariants as stated in eq. (1.24). The mass production terms and
the diffusion fluxes sum up to zero:

D we =0, > psvi =0 (1.62)

sES seS
1E€ZLs 1€l

The first equality in eq. (1.62) follows from the properties of the inelastic and
reactive collisional invariants (eqs. (1.26) and (1.28), respectively). The second
equality comes directly from the definition of the diffusion velocities given in
eq. (1.48). Both results given in eq. (1.62) are a consequence of the law of mass
conservation.

The hydrodynamic equations (1.58)-(1.60) represent the conservation equation
of gasdynamics. Notice that a mass conservation equation is written for all the
internal energy levels of each chemical component of the gas. In this way, the
internal energy levels are treated as if they were separate pseudo-species. This
approach is referred to as state-to-state approach (Capitelli et al. 2000; Nag-
nibeda and Kustova 2009). For this reason, in what follows the word species is
used when referring to the internal energy levels of a given chemical component.
When the molecular quantity ¢, in eq. (1.57) is set equal to the first ¢
components of the reactive collisional invariants (1.27), one obtains the element
mass conservation (or continuity) equations:

o (4
8pte + Vx - (pév—l—pévgl> =0, leS&,, (1.63)
where the diffusion velocity of the chemical element [ is:
ml
vil=—%" /ugcsifsidcsi, 1€S.. (1.64)
pe 868%3
ZGIS

The right-hand-side of eq. (1.27) is zero in view of the properties satisfied by
the reactive collisional invariants as stated in eq. (1.28). The sum of eq. (1.63)
over all the chemical elements gives the global mass (or continuity) conservation
equation:
dp
5 + Vx-pv=0. (1.65)

Equation (1.65) can be also obtained by summing eq. (1.58) over all the species,
and then using eq. (1.62) in the results obtained.
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1.6 The Conservation Equations of Gasdynamics

The conservation equations (1.58)-(1.60) translate into a mathematical form the
laws of mass, momentum and energy conservation applied to a fluid flow. They
are always valid, as they have been obtained by taking moments of the Boltz-
mann equation (1.5) without making further assumptions than those stated in
sec. 1.1. Since the study of non-equilibrium flows requires, in the most general
situation, to trace of all the gas species (i.e. to use a state-to-state approach),
a hydrodynamic description can be achieved by considering the species, the
global momentum and global energy conservation equations:

%—va- (psiv—kpsivi,) =ws, sSES8, i€l (1.66)
%L:+Vx~(pv®v+pl—z)=037 (1.67)
%—f—i-vx‘(va—zv%-q) =0. (1.68)
Equations (1.66)-(1.68) can be cast in the so called conservation law form:
%—Ij+vx-£—vx£d=s, (1.69)

where U and S are the conservative variable and source term vectors, respec-
tively, and F and F are the inviscid and diffusive flux tensors, respectively.
The expressions of the vectors and tensors in eq. (1.69) are:

U=|ps pv pE ]T, (1.70)
S=[w, 03 0], (1.71)
F=|psv pvov+pl pvH ]T, (1.72)
Fl=[ —pvl 7 v-aq], (1.73)

seS8, i€,

where the symbol T stands for the transpose operator. Equations (1.66)-(1.68)
are balance equations in open form (Giordano 2002) as they lack of constitutive
relations. The latter express the transport fluxes and the mass production terms
as a function of flow properties and the related gradients (Ferziger and Kaper
1972; Giovangigli 1999; Nagnibeda and Kustova 2009). In ch. 2 it is shown how
these constitutive relations can be obtained based on asymptotic solutions of
the Boltzmann equation. The application of this procedure enables to obtain a
(closed form) hydrodynamic description and determines, at the same time, its
range of applicability.

1.7 Summary

This chapter has provided a detailed description of the Boltzmann equation for
multi-component dilute gases with discrete internal energy levels. A general no-
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tation has been introduced in order to account for the existence of three kinds
of collisional processes: elastic, inelastic and reactive. For each one, the ex-
pressions of the related collision operators and collisional invariants have been
given. The set of collisional invariants have been used to define macroscopic
conserved quantities and derive the conservation equations of gasdynamics (in
open form) based on the Maxwell transfer equations. The closed form of the
hydrodynamic equations is obtained in ch. 2, where it is shown how the ap-
plication of the Chapman-Enskog method (within a context of a state-to-state
approach) enables to explicitly relate the transport fluxes and the mass produc-
tion terms to flow quantities and related gradients. The theoretical contents
of this chapter are also used in ch. 6 for the development of a deterministic
spectral-Lagrangian numerical method for solving the Boltzmann equation for
multi-component gases with discrete internal energy levels.



Chapter 2

Hydrodynamic Approach

This chapter describes how to obtain a hydrodynamic model for multi-component
dilute gases with internal energy based on the the application of the Chapman-
Enskog method to the Boltzmann equation.

The present chapter is structured as follows. Section 2.1 presents the Chapman-
Enskog method for the Boltzmann equation within the context of a state-to-
state approach. The zeroth-order solution for the velocity distribution function
is computed in sec. 2.2. This result is then used in sec. 2.3 for obtaining
the Euler equations and the first-order solution. Finally, the Navier-Stokes
equations are obtained in sec. 2.4. In the same section 2.4, explicit constitutive
relations for the transport fluxes and the mass production terms are established
to complete the open form hydrodynamic equations given at the end of ch. 1.

2.1 State-to-State Chapman-Enskog Method

The Chapman-Enskog (CE) method aims at obtaining asymptotic solutions of
the Boltzmann equation (1.5). Based on a dimensional analysis, the Boltzmann
equation (1.5) can be rescaled to emphasize the different time-scales of the
collisional processes:

1 .
D, foi = EQgi +e" QN+ QY), seS, i€, (2.1)

The perturbation parameter ¢ plays the role of a Knudsen number and is as-
sumed to be small enough such that a hydrodynamic description of the system
is possible, ¢ << 1 (i.e. the gas is collision dominated). The value of the pa-
rameter a depends on the regime under consideration (Giovangigli 1999). The
case a = —1 corresponds to the kinetic equilibrium regime (Ern and Giovangigli
1998). In this situation, inelastic and reactive collisions are as fast as elastic
collisions. The cases a = 0 and a = 1 correspond to the strong reaction regime
and Maxwellian reaction regime, respectively. In the applications on which this
thesis focuses (aerothermodymamic flows), elastic collisions occur over time-
scales which are much shorter than those of inelastic and reactive collisions.
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This justifies the assumption of a Maxwellian regime (a = 1). In view of this,
eq. (2.1) becomes:

1 )
i)sifsi:gQi%—s( mLRY), se€S, Q€T (2.2)

The term 1/¢ in eq. (2.2) emphasizes the dominant effect of elastic collisions in
driving the velocity distribution function towards the local equilibrium.
Asymptotic solutions of the Boltzmann equation (2.2) are sought by writing
the velocity distribution function as a truncated series of the perturbation pa-
rameter ¢ (Giovangigli 1999):

foo=fa(l+edy, +%03) + O(?), ses, i€l (2:3)

where quantities gb; and gz% are, respectively, the first and second-oder per-
turbation to the zeroth-oder distribution function fg,. According to the CE
method, the gas is described at successive orders of the € parameter as equiva-
lent to as many time-scales.

The CE method is well established for multi-component gases without inter-
nal energy, where only elastic collisions occur (Chapman and Cowling 1970;
Ferziger and Kaper 1972). When the effects of the internal structure, inelastic
and reactive collisions are added, the application of the CE method becomes
more challenging. This is due to the wide spectrum of time-scales involved in
the problem. Many research efforts have been spent in this field. The first work
was that of Wang-Chang and Uhlenbeck (1951), valid for a mono-component
gas with discrete internal energy levels. The theory developed by Wang-Chang
and Uhlenbeck is rigorous for the case when the time-scales of elastic and inelas-
tic collisions are comparable, while it is only approximate for the more realistic
condition in which elastic collisions are faster than the inelastic ones. The work
of Wang-Chang and Uhlenbeck was later generalized by Mason and Monchick
(1962; 1963) who extended the theory to multi-component gases with discrete
internal energy levels. Deviations from thermo-chemical non-equilibrium in
molecular flows have been studied later, for instance by Pascal and Brun (1993)
and Kustova and Nagnibeda (1998). In strong non-equilibrium flows, the char-
acteristic times for gasdynamics and relaxation processes become comparable,
and therefore, the equations for flow quantities (such as temperature and ve-
locity) should be coupled to the equations for physico-chemical kinetics (Nag-
nibeda and Kustova 2009). A difficulty is to derive a proper scaling for the
Boltzmann equation, that accounts for the different relaxation times. An ele-
gant approach based on a dimensional analysis has been proposed by Petit and
Darrozes (1975) for the translational relaxation processes between the electrons
and heavy particles in a plasma. The resulting scaling affects not only the dif-
ferent terms of the streaming and collision operators of the kinetic equations,
but also the collision operators themselves and the collisional invariants (Graille
et al. 2009). Degond and Lucquin-Desreux (1996) have expanded the collision
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operators in terms of the perturbation parameter driving non-equilibrium phe-
nomena, such as the square root of the electron heavy-particle mass ratio for
plasmas in translational non-equilibrium. When the Knudsen number is small
enough, a multi-scale CE expansion method allows to derive conservation equa-
tions for continuum flows. A similar multi-scale approach with expansion of the
collision operators in the perturbation parameter has also been applied to study
ionization phenomena (Graille et al. 2008).

Magin et al. (2012) have proposed a multi-scale CE method for the treatment
of internal energy relaxation in a mono-component gas with discrete internal
energy levels. The coexistence of fast and slow collisions in the system results in
thermal non-equilibrium between the translational and internal energy modes.
The scaling is derived based on a dimensional analysis, and collisions are di-
vided in two categories, based on the magnitude of the net internal energy jump
(see eq. (1.13)). For fast collisions, this quantity is assumed to be lower than
an energy threshold equal to a fraction of a characteristic thermal energy for
the gas that is controlled by a small parameter. The study of the dynamics of
a fast binary collision, yields the dependence of the particle velocities on the
perturbation parameter. A lemma allows to split the internal energy of all the
levels into perturbed elastic and inelastic contributions for the fast collisions.
A CE expansion allows for a description of the system based on a continuum
approach. The introduction of perturbed energy levels is crucial to separate
the energy collision invariant into fast collisional invariants. As opposed to
conventional perturbations methods (Kustova and Nagnibeda 1998), the fast
collision operator is expanded in the small parameter used to define the thresh-
old for the net energy for fast collisions. The gas particle population is shown
to thermalize to a quasi-equilibrium state described by a Maxwell-Boltzmann
distribution function in thermal non-equilibrium with the translational tem-
perature and the internal temperature. The role of the fast collisions is the
thermalization of the translational and internal energy modes. Euler equations
for the conservation of the mass, momentum, translational energy, and internal
energy are also derived. The observed role of the slow collisions is to contribute
to the thermal relaxation of the translational and internal energy modes.
Another issue which arises when applying the CE method to gases with inter-
nal degrees of freedom is the existence or not of bulk viscosity. In the work of
Wang-Chang and Uhlenbeck (1951) it was shown that the bulk viscosity ap-
peared in the constitutive relations when elastic and inelastic collisions occur
over the same time-scales, while this was not the case when elastic collisions
are faster than the inelastic ones. There has been a lot of debate in the Kinetic
Theory community on this topic (see, for instance, the papers cited above). The
recent works by Bruno, Esposito and Giovangigli (2012; 2013) have investigated
in detail the relation between bulk viscosity and internal energy relaxation.
The conceptual problems encountered in the aforementioned references for the
CE method are due to the difficulty of casting the multi-scale energy level
and reaction dynamics in a multi-temperature model or in a detailed kinetics
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model where a state-to-state approach is used only for some internal energy
modes (such as molecular vibration; Kustova and Nagnibeda 1998).

In the present thesis, an alternative approach is proposed. The CE method for
the Boltzmann equation is extended to gases with internal energy and inelastic
and reactive collisions with the purpose of obtaining a hydrodynamic descrip-
tion which is purely state-to-state (i.e. State-to-State Chapman-Enskog; STS
CE). In this way, there is no need for splitting the inelastic and reactive collision
operators in their fast and slow components. The application of the STS CE
method enables to obtain a closed form set of hydrodynamic equations, where
each internal energy level is treated as a separate pseudo-species. This set of
hydrodynamic equations can be then used for developing macroscopic models,
as shown in ch. 3.

The application of the ST'S CE method starts by injecting the truncated series

foo = FE(L+e0l +2¢2) in eq. (2.2):

Do fo + D08, fO + 7D, 02, [0 + Oe ZQ% For o)+

pGS
Jj€lp

> Qo (1285, 50) + Qo (01,12, £0)| +

peS
J€Ip
0 .2 0 2 0 0 1 ,0 1 0
€ Z |:Qsipj( 5i’¢pj pj)+QS¢pj(¢si S;? pj) +Qsipj(¢3i 3i’¢pj pj)i| +
peS
JE€Ip
e(QM0+ Q%) +0(?), se8, iel, (2.4)

where the notation Qisrilo and Qi°? indicates that the inelastic and reactive
collision operators must be evaluated by using the zeroth-oder velocity distri-
bution function. Solutions to eq. (2.4) are sought by assuming that the latter
is satisfied at the different orders of «:

et 0= Qup,(f2, £, (2.5)
peES
JELy

e D= [Qsipgfg?qb;,jfgj)+Qsipj<¢;f£i,f£j>}, (2.6)
peES
Jeip

51 Qslﬁbiz 21 = Z [Qsipj( 317¢12) )+Q31p3( 0 ](J)J):| +
peS
Je€Ip

> Qi (05,12, 6 f) + (QR0+ Q0), (2.7)
peES
JELy

€ =,
ses8, i€l
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The uniqueness of the solution of eq. (2.4) (provided it exists) is enforced by
imposing that the conserved macroscopic quantities defined in egs. (1.29)-(1.33)
can be computed based on the zeroth-order distribution function only:

Psi = /megidcsm ses8, i€l (2'8)
R3

pv = Z /mscsifsoidcsi, (2.9)

SES
icz,

1
pE = Z <§msc§i + ESZ.) fgdcsi. (2.10)

SES g
i, R

For the sake of convenience, the linearized collision operator .%;, is introduced:
0 0 0 (0
T (@) = = D | Qs (1269, 15) + Qi (0512, 13|
peS
J€Ip
= - Z // EZ (QslsZ + ¢;nj - (lssi - ¢Pj> Usmj gdw/dcpja (2'11>
€S
Fe 772w
seS, i€l
The collisional invariants associated to the linearized collision operator are the
elastic collisional invariants (1.23) (Giovangigli 1999). Hence:

Fo @) =0, veI se8, iel. (2.12)
The linearized collision operator satisfies the further property:

> [u Ao de, =0, verd, (2.13)

5€S q3

1 €L

2.2 Zeroth-Order Solution

The zeroth-order velocity distribution function is obtained by solving eq. (2.5),
which corresponds to the order e~! in the STS CE method:

> Qe (2. f2)=0, s€8, i€, (2.14)
peS
JET,
The zeroth-order velocity distribution function is found as follows. Multiplying
eq. (2.14) by In fg, integrating over the velocity space, and summing the result
obtained over all the species gives:
fO/ 0/
07 ¢0 0 (0 si Jpj
S ] w pmn( ; )ddd (219

sesS pES 2 3 3 Si ' Pj
iEIsjeZpy X J3 xR
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The comparison of eq. (2.15) with eq. (1.24) shows that quantity In fgz is a
collisional invariant. Hence, it can be written as a linear combination of the
elastic collisional invariants:

1
In f = msay, +msc,, - a2 + (gmsci + E> ol s€S, i€Z, (2.16)

The values of the constants O‘;w a?i and agi can be found by imposing the

constraints (2.8)-(2.10). After some algebra, one obtains:

1 N, 1 1 1
1 Si
L | P - “mevev— By ||, 217
i T e [n (/3 Z;ra(T)) kT <2msv v >] (2.17)
1 1
2 3
= = — 2.1
Yoo Tl T T (2.18)
seS, i€l
The substitution of egs. (2.17)-(2.18) in eq. (2.16) gives:
1 ng, msC?
0 Si S™s .
= = — : S Ts. 2.19
i B, Za(T) exp ( 2y T )7 s€0, 1€l ( )

Equation (2.19) shows that the zeroth-order solution is a Maxwell-Boltzmann
velocity distribution function (only for the translation) at the local translational
temperature 7. Notice that, in the present situation, the number density ns, is
no longer given by the Boltzmann distribution law (1.36). Instead, it must be
found as a solution of the hydrodynamic equations that are being derived. In
view of the result stated in eq. (2.19), the gas thermodynamic properties can be
computed based on the equilibrium relations given in sec. 1.3.2, with exception
of those related to the internal degrees of freedom. For instance, to compute
the gas internal energy density, eq. (1.41) can no longer be used. Instead, the
general definition pe™ = 3" esie1, "s; Bs; must be adopted.

2.3 Zeroth-Order Hydrodynamic Equations and First-
Order Solution

The first-order perturbation function ¢} is the solution of eq. (2.6) which cor-
responds to the order €’ in the STS CE method. By exploiting the relation
JY Sj’ = I?j, which is satisfied by the zeroth-order solution (2.15), it is
possible to rewrite eq. (2.6) as:

(") =D f2, seS, i€, (2.20)

where the linearized collision operator defined in eq. (2.11) has been introduced.
Equation (2.20) is a linear, inhomogeneous Fredholm integral equation of second
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kind (Ferziger and Kaper 1972). From the theory of Fredholm integral equa-
tions, it is known that the inhomogeneous equation (2.20) is solvable if quan-
tity D, fgi is orthogonal to the solution of the related homogeneous equation,
Fs,(¢1) = 0. As shown in eq. (2.13), the homogeneous equation Zg, (¢') = 0
is satisfied if ¢! is equal to any of the elastic collisional invariants. Hence, the
solvability condition for eq. (2.20) becomes:

Z /wil”ﬁDsfi =0, veI® (2.21)

seS
ieZ, %

The substitution of the expression for f2 (eq. (2.19)) in eq. (2.21) yields the
zeroth-oder hydrodynamic equations:

% + Vi (ps;v) =0, se€8, i€, (2.22)
0
%—FVX‘(pV@V"i‘pD = 0, (2.23)
E
% + Vi (pvH) = 0. (2.24)

Equations (2.22)-(2.24) are the Euler equations.
In order to solve for gbii, it is more convenient to rewrite eq. (2.20) as:

1
Foi(9') = ——D,f0, s€8, iel, (2.25)

Si

and to re-express the uniqueness constraints (2.8)-(2.10) as:

Sl ¢r des, =0, re{l,2}, veI® (2.26)
By making use of the expression for fé)i and the zeroth-order hydrodynamic
equations (2.22)-(2.24), it is possible to re-express quantity —1/f0D,, f2 in
eq. (2.25) as (Ferziger and Kaper 1972):

1 D, . ’ 1
__OCDSi gz = _ggz :Vxv —p E :‘Ilsip] ’ dpj - ‘I’;\Z - Vx (ﬁ) ) (227>
Si b
B peES
J€Ip

seS, i€,
where the diffusion driving forces have been introduced and defined as pds;, =
Dy ’
Vxps;- Quantities ¥7 ¥, and \IIQZ are defined as:

X5,

m 1 .
Wi = kb_; <Csi ® Cg, — 50;1) , se€8, ieT,, (2.28)
Dpj 1 Psi . .
v, = o dsplij — ; C,,, s,peS8, i€l jeip, (2.29)
Si

. (5 1
o) = (gka — §msC§i> Cs, s€S, i€, (2.30)
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Using egs. (2.27)-(2.30), eq. (2.25) becomes:

) ’ 1
Fs (¢") = =W : Vyv —p Z@Z’v -d,, — WY - Vy <—> . (2.31)

kpyT
peS
JE€Ip
sesS, i€l

By linearity and isotropy of the linearized collision operator .%,, (Ferziger and
Kaper 1972), the first-order perturbation function gi);i is expressed in terms of
the velocity vector gradient, diffusion driving forces, and temperature gradient
as:

1
= Vs s dy Vg [ — 2.32
oh= =0 Vv =g Ny =0V (r): (2.32)
JEIp
seS, i€l

where the tensorial functions (,2')’7 and the vectorial functions (,bs " and gb?: are
unknown and need to be determined. The substitution of eq. (2.32) in eq. (2.31)
yields the following linear, inhomogeneous integral equations which are satisfied
by the functions QZZ, o5, and d’?,-/i

ﬁsi (?77) = 2217 s€8, 1€l (2.33)
Dy

T (@) =0, speS, icIl, jeT, (2.34)

Fo (V) = \IIX seS, i€l (2.35)

where the compact notation ¢" = ((;5’7 )ses, i, ¢ Py = (¢Sl )ses,iez, and
¢ = (™ As i)ses,icT, has been introduced. The solution of egs. (2.33)-(2.35)
must be found by imposing the scalar constraints obtained by replacing QSS
in eq. (2.26) with the functions ¢", ¢DPJ and ¢V, respectively (Ferziger and
Kaper 1972). N

2.4 First-Order Hydrodynamic Equations

The second-order perturbation function ¢2, is the solution of eq. (2.7), which
corresponds to the order e! in the STS CE method:

[T (D7) = Db O = Y Quipy (84,12, 0y, £1) — (QR° + Q0
peS
JeIp

ses, i€ (2.36)
The solvability condition for eq. (2.36) is obtained, as in sec. 2.3, by impos-

ing the orthogonality of its right-hand-side with the elastic collision invariants
(which satisfy the homogeneous equation .Zs, (¢?) = 0):

> /w?”[@siqb; O QM0+ Q0] dey, =0, veTI (2.37)

SES
i, ®
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Notice that the contribution of the elastic collision operators disappears in view
of eq. (1.24). Combining eq. (2.37) with eq. (2.21), one obtains the first-order
hydrodynamic equations:

0ps.
g;ﬂ + Vx - (psz.v + psivi) =ws, s€S§, 1€, (2.38)
opv
%—va-(pv@v—i—pl—z):Og, (2.39)
OpE
% +Vx-(pvH —1v+q) =0. (2.40)

The transport fluxes and the mass production terms are:

vi=" [Col fde., ses. it (2.41)
S; s
=~ [ mCs ®Csdy fodes, +pl (2.42)
FELR
1
q= ;9/ <§msC§i —I—Esi) C,, ¢4, f2 dcs,, (2.43)
A
o= [(@0+QE0en, seS, et (248
3

Equations (2.38)-(2.40) are the Navier-Stokes equations. Notice that, due to the
assumed Maxwellian reaction regime, no influence of the first-order perturba-
tion function (;5;1_ appears in the mass production terms as opposed to the work
of Giovangigli (1999), and Nagnibeda and Kustova (2009). In secs. 2.4.1-2.4.2,
the expressions obtained for fsoi and gi);i are exploited to obtain constitutive rela-
tions which relate the transport fluxes to macroscopic gradients. In sec. 2.4.3,
the mass production terms are particularized for the case of internal energy
excitation and dissociation processes (studied in detail starting from ch. 3).

2.4.1 Transport Fluxes

The constitutive relations for the transport fluxes are obtained by substituting
the expressions for fg and gbiz (given in eqs. (2.19) and (2.32), respectively) in
eqs. (2.41)-(2.43). For the sake of convenience, a bracket operator is introduced:

kﬂ—Z/i@%@mr (2.45)

seS
ieT, R

The bracket operator [¢,(] is symmetric, [£,(] = [(,€], and positive semi-
definite, [¢,£] > 0 (Ferziger and Kaper 1972). After some algebra, the diffusion
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velocities, viscous stress tensor and heat flux vector are found to be:

vl == Dy dy, —0,VxInT, scS, icl, (2.46)
peES
JE€T,
2
T=n [va + (Vxv)T — §va 1} , (2.47)
a= Y pphpve ~NVT —p > 0,.dy, (2.48)
peS peS
i€l J€Lp

where the enthalpy of p; reads hy, = (5/2)(k,T/myp) + Ep,. Quantities D,
and 0,, are the diffusion coefficients and thermal diffusion coefficients, respec-
tively, and quantities  and X are the shear (or dynamic) viscosity and the
partial thermal conductivity, respectively. The aforementioned quantities can
be expressed in a compact notation, by making use of the bracket operator

defined in eq. (2.45):

Dsip; = m{TbT[[cbD”,d)D”]], s,p€S, i€y, jeTI, (2.49)
Os; = —%[[quSi,cbX]], s€S, i€l (2.50)
n= %[@”,Qnﬂ, (2.51)

‘= SkiTQ [, 6] (2.52)

The first term in the diffusion velocities (2.46) yields diffusion effects due to
partial pressure gradients. The second term represents the diffusion arising
from a temperature gradient (Soret effect). The constitutive relation for the
stress tensor (2.47) is referred to as Newton’s law for the stress tensor. Notice
that there is no bulk (or volume) viscosity. This can be explained by the fact
that, in the STS CE method, the gas is viewed as a collection of structureless
particles having different values of formation energy (i.e. Es,;). In the expres-
sion of the heat flux (2.48), the first term is the transfer of energy by diffusion
of enthalpy. The second term represents Fourier’s law and the third term cor-
responds to the Dufour effect, that is, heat diffusion due to partial pressure
gradients. The partial thermal conductivity A’ is not accessible to direct exper-
imental measurements since, in a multi-component gas, a temperature gradient
induces thermal diffusion and partial pressure gradients. So, even in the case
of a stationary process (i.e. the diffusion velocities all vanish if the gas is at
rest), the driving forces ds, will be different from zero, and the heat flow due
to a temperature gradient will be always accompanied by a heat flow due to
partial pressure gradients. In view of this, the following alternative definitions
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for the diffusion velocities and heat flux vector are introduced:

vl ==Y Dap, (dp, + xp,VxInT), s€S, i€, (2.53)
pES
JE€Ip
A=Y pphp Ve = AVT +p Y xp, Ve, (2.54)
pES peS
JELp JE€Lp

where the thermal diffusion ratios x;, are defined from the relations:

> Xp; =0, Y Dapxp, =0, s€S, i€, (2.55)
peES peS
JEIp JELp

The thermal conductivity in eq. (2.54) is defined as A = X' —nk;, Zp €8,je1, Xpj Op; -
In order to be able to compute the transport fluxes, the bracketed expressions
for the transport properties in eqs. (2.49)-(2.52) must be evaluated. The pro-
cedure is outlined in sec. 2.4.2.

2.4.2 Linear Transport Systems

The bracketed expressions in eqgs. (2.49)-(2.52) are evaluated by solving the in-
tegral equations (2.33)-(2.35) based on a Galerkin method which uses Laguerre-
Sonine polynomials as basis functions (Magin and Degrez 2004). This leads to
linear transport systems which, upon solution, provide the shear viscosity, ther-
mal conductivity, thermal diffusion ratios and diffusion velocities. The trans-
port systems are assembled by assuming that the elastic cross-sections o,y do
not depend on the internal quantum states (i.e. o5, = osp ).

Shear Viscosity The shear viscosity is solution of the following transport
system in the first-order Laguerre-Sonine approximation:

Z Glhaol=Xs, se€8, n= Z ap Xp, (2.56)
peES peES

where G, are the entries of the of the multi-component viscosity transport
(symmetric) matrix:

16 2mgm (2,2) —(1,1)
= XX, P — 2.
61 = X%, \/ka 5 (@5 - 3a50). (2.57)

(ms +my,
p# s, SPG&
2msm (2,2) M X2
G = X, X,— =P ( p+ > 5 (2.58
b= et (@ SA) sy
peS
seS,

5 \/kaTmS
16 Q (2 2) ’

Ns = €S, (2.59)
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where, obviously, X; =), c7, Xs;- Quantities @SD’]) are reduced collision inte-
grals. Their definitions can be found in the books of Ferziger and Kaper (1972),
and Giovangigli (1999). The reduced collision integrals can be computed based
on the assumed interaction potential among the colliding gas particles.

Thermal Conductivity and Thermal Diffusion Ratios The thermal
conductivity is solution of the following transport system in the second-order
Laguerre-Sonine approximation:

Y Ghay =X, s€8, A=) apX, (2.60)

sp p
peS peS

where G?p are the entries of the multi-component thermal conductivity trans-
port (symmetric) matrix:
G>‘ 1 XX, mgmy,
P 25k, n%sp (ms +my
p#£S, S p €S,

2 (1643, + 12B}, — 55), (2.61)

o 1 Z (SOm + 25m - 12m§B§p + 16msmpAj p) N
ss 25ky, wy n@sp (ms + mp)Q
pEs
4 X2%m
_ss S 2.62
Bk, 7 O C (262)
—(2,2) (1,2)  ,=(1,3)
50, —4Q,,
o Sp _ Sp
A;p - mv B:p —(1,1) , S;p€E Sa (263)
Qsp Qsp
where the binary diffusion coefficient %, is defined as:
1 [ 27kpyT (ms 3
Dep = — ko T (ms + my) i s,p€eS. (2.64)
n MMy 16Qsp )’

The thermal diffusion ratios (xs = >_; 7, Xs;) are:

= g Z Aspa;)‘, seS, (2.65)

peS

where Ay, are the entries of the thermal diffusion (symmetric) matrix:
1 XX, M

P 25ky, nDsp (ms +my)

1 X. X m
Ags = — =P P 12C* — 10 S 2.67
25k, pz:# nsp (ms + myp) ( P ) » S€9 (2.67)

peS

(12C3,—10), p+#s, s;peS, (2.66)

B Q(l 2)
Q(l 1)’

sp

s, = s,peS. (2.68)
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Diffusion Velocities The diffusion velocities are solution of the Stefan-Maxwell
equations with the mass conservation constraint (1.62). Under the assumption

Vgi = v¢, the Stefan-Maxwell equations are:
Y Gdvi= (as + xsVxIn T) . ses, (2.69)
peS
> ppvi = 0s. (2.70)
peES

The linear independent diffusion driving forces are defined as d, = d, —

(ps/p)>-pesdp (Where dpy =37, .7 dp,). In the first-order Laguerre-Sonine
approximation, the entries Ggp of the Stefan-Maxwell (symmetric) matrix are:

XX
d __ sAp
Gsp = —@—Sp, p # s, S§,pc 8, (271)
XX
Gd = P sed. 2.72
Loy A 27
PFS
peS

The Stefan-Maxwell matrix is singular. As suggested by Magin and Degrez
(2004), the Stefan-Maxwell matrix can be regularized by incorporating the
mass conservation constraint (1.62) in the definition of its entries:

G5, = GS, +apspp, s,p €S, (2.73)

where @ is a dimensional factor, for instance equal to 1/[p? max (%s,)]. The
diffusion velocities are then found by solving the non-singulal’syStem:

> Ghvi=—(d +xVxnT), ses. (2.74)

peES

2.4.3 Mass Production Terms for Internal Energy Excitation
and Dissociation

In this section explicit relations are obtained for the mass production terms
in the case of the collisional processes considered in ch. 3: a) internal energy
excitation/de-excitation, s; +p = s; + p (with ¢ # j), and b) three-body
dissociation /recombination, s; + p = p + p + p, where s is a diatomic molecule
made of two p atoms (i.e. s = pU p) which remain always in the ground-state.
The application of eq. (2.44) and the use of the contents of secs. 1.2.2-1.2.3,
allows to write, after some algebra, the mass production term wy, as:

ws, = —(WE+ W), s€S, i€eI,, (2.75)

K3
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where the partial contributions due to dissociation and inelastic collisional ex-
citation are:

SJS = m nylng kg (T) — 2krm( )l (2.76)
=mgny Y [k (T) = ng kL (T)]—
j>1
JELs
msny Y [nkd L (T) = ng kL, (T)), (2.77)
j<i
J€ELs

seS8, i€l

The dissociation and excitation rate coefficients (k3(T') and ki s, (T), with
i < j, respectively) are defined as:

, 1
W) = B 2
/ / / exp [—(msC3 + mpC2)/(2kpT)] 0¥ g dw'dC,, dCs,, (2.78)
F2xR3xR3
seS, i€, X
k;rzl—mj ( ) Bsﬁngra(T) th)ra(T) X
/ exp [—(msCZ, + mpC2)/(2kp,T)] 052y g dw'dC, dCs,, (2.79)
2RI R3

seS, i<yj, 1,5 €L,

where the relation dc,, = dCg, has been used. The recombination and de-
excitation rate coefficients (k{°(T) and kg, (T'), with i < j, respectively) are
related to the dissociation and excitation rate coefficients through:

B(T)  ay Z5N(T) <2Ep - B,
= X
kdls T [angra(T)] 2 kpy T

(1)
kfsr;—hsl (T) G’Si oxc Es]- -
km (T) P

8i—>8;

), seS, ieT, (2.80)

Es, .
kb—T , s€eS8, i<y, 1i,j€Ls, (281)

as,
where quantity E, is the formation energy of the p atom. Equations (2.80)-
(2.81) (usually referred to as detailed balance relations) are obtained from the
algebraic manipulation leading to eqs. (2.75)-(2.79) and are direct consequence
of the micro-reversibility relations (1.12) and (1.21).

2.4.4 Conservation Law Form of the Navier-Stokes Equations

For the sake of later use, it is convenient to close this chapter by stating the
conservation law form of the Navier-Stokes equations (2.38)-(2.40) together
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with the constitutive relations obtained from the application of the STS CE
method. The Navier-Stokes equations in conservation law form read:

ou n

ot
where the conservative variable and source term vectors, and the inviscid and
diffusive flux tensors are:

Vi -F—Vy -Fi=58, (2.82)

ps. v pE T,
]T

Ws; ,

S
F

T
.7_5' ps,vS T Tv—q] ,
eSS, i€l

[
[
[pslv pv®v+pI va]
[
s

The constitutive relations for the stress tensor and heat flux vector are:

T=n [va + (Vev) b = ;Vx"l} , (2.87)
q= Z vd Z Ps;hs; — AVXT +p Z xsvd. (2.88)
sES 1€ seS

2.5 Summary

In this chapter a hydrodynamic description for multi-component gases with dis-
crete internal energy levels has been obtained based on the Chapman-Enskog
method for the Boltzmann equation. In order to avoid problems related to hier-
archy of time-scales for inelastic and reactive processes, which must accounted
for when deriving macroscopic models such as multi-temperature, an alternative
state-to-state approach has been proposed (State-to-State Champman-Enskog
method; STS CE). The final goal of the STS CE method was to obtain a set
of hydrodynamic equations where each internal energy level is considered as
a separate pseudo-species. Once this done, reduced models can be developed
based on the state-to-state hydrodynamic equations, as shown in ch. 3. The
proposed approach has the advantage of avoiding the splitting of the inelastic
and reactive collision operators in fast and slow components. The STS CE
method relies on the assumption that elastic collisions occur over much shorter
time-scales, compared to inelastic and reactive ones (a realistic assumption for
aerothermodynamic flows), and that inelastic and reactive encounters can be
treated within the context of a Maxwellian reaction regime. Based on these
assumptions, the Boltzmann equation has been properly rescaled (with the
aid of a dimensional analysis) to look for a truncated series solution. Asymp-
totic zeroth and first-order solutions have been then obtained by injecting the
truncated series solution in the rescaled Boltzmann equation and by applying
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a procedure similar to the conventional CE method. The zeroth-order solu-
tion consisted in a Maxwell-Boltzmann velocity distribution function (only for
translation) at the translational temperature. The zeroth-order solution was
then used for obtaining the first-order perturbation which, in turn, enabled to
obtain the Navier-Stokes equations with explicit constitutive relations for the
transport fluxes and the mass production terms.

The Navier-Stokes equations obtained in this chapter are applicable to multi-
component gases with discrete internal energy levels, where elastic, inelastic
and reactive collisions occur. In ch. 3, the focus is restricted on a narrower set
of processes (internal energy excitation and dissociation), and the governing
equations obtained here are used for developing reduced models for aerother-
modynamics.



Chapter 3

Development of Quantum Based
Chemical Models

This chapter describes a quantum chemistry database of the Computational
Quantum Chemistry Group at NASA Ames Research Center (NASA ARC)
and the reduced (or coarse-grained) models developed in this thesis.

The present chapter is structured as follows. The thermodynamic and kinetic
data of the NASA ARC database are described in sec. 3.1. These are used to
build a rovibrational collisional model. Then, reduced models are proposed by
increasing complexity. Section 3.2 describes a multi-temperature model which
has been developed based on heat-bath calculations (Panesi et al. 2013). After
that, a conventional vibrational collisional model is formulated in sec. 3.3 based
on the assumption of rotational equilibrium (Bourdon et al. 2008; Magin et al.
2009, Munafo at al. 2010; 2012). In sec. 3.4, the Energy Bin model is presented.
This is developed based on an innovative approach which consists in lumping the
energy levels in energy bins, where a distribution of the energy levels is assumed.
Two variants of the Energy Bin model have been proposed, corresponding to a
uniform (Panesi et al. 2010; Magin et al. 2012) and a Boltzmann (Munafo at
al. 2011; 2014) distribution. The chapter is concluded with sec. 3.5, where a
unified notation for the coarse-grained models is presented.

3.1 The NASA Ames Database

The NASA ARC database (Jaffe et al. 2008; Chaban et al. 2008; Schwenke
2008; Jaffe et al. 2009) provides a set of consistent thermodynamic and state-
to-state kinetics data for the rovibrational excitation, dissociation and predis-
sociation of the N9 molecule colliding with an N atom. Both chemical com-
ponents are in their electronic ground-state (i.e. Na(*$f) - N(*S,) system).
The database provides also kinetic data for a small portion of all the possible
rovibrational transitions for the No (X5 )-No(* X7 ) system (Panesi et al. 2013).
These have not been taken into account in the present thesis.
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3.1.1 Thermodynamics

The chemical component set introduced in ch. 1 is § = {N,Na}. Since both N
and Ny are in their electronic ground-state, no electronic energy is considered
(unlike in existing electronic specific collisional models; Panesi et al. 2011;
Annaloro and Bultel 2013). Hence, only the rovibrational energy level set of
Ny (Zn,) is needed, and quantity En coincides with the formation energy of N.
The number of rovibrational energy levels No(v, J) of the electronic ground-
state of Ng is 9390, where the indices v and J stand for the vibrational and
rotational quantum numbers, respectively. The energy of a given (v, J) level
can be written as the sum of the vibrational and rotational contributions:

E,y=E,+AFE,(J), veVN,, JeT, (3.1)
where Vn, = {0, ..., Umax} is the set storing the vibrational quantum numbers
and J, = {0,. max( )} is the set storing the rotational quantum numbers

for a given V1brat10nal quantum state. The vibrational energy FE, is defined
as the energy of the rotationless level (J = 0) having vibrational quantum
number v. The rotational energy is defined based on the vibrational energy
as AE,(J) = E,; — E,. The energy splitting adopted in eq. (3.1) is arbitrary
defined and other choices are possible (Jaffe 1987). The degeneracy a,; of the
rovibrational energy levels is:

even
ayy = (27 +1)a)5, af = {2 OdeJ, vEVN,, JETb (32)
Quantity % J is the nuclear spin degeneracy of No. Its dependence on the
rotational quantum number J is due to the fact that the total wave function
of No must be symmetric with respect to exchanging the nuclei (Bose-Einstein
statistics; Jaffe et al. 2008; Chaban et al. 2008; Schwenke 2008; Jaffe et al.
2009). The number of vibrational energy levels is 61 (vmax = 60) and for the
vibrational ground-state (v = 0) the maximum rotational quantum number is
279. Most of the rovibrational levels (7421) are bound (B). This means that
their energy is lower than the dissociation energy relative to the (v =0, J = 0)
level, equal to 9.75eV. The remaining levels are predissociated (P), or quasi-
bound. Thus, their energy is higher than the dissociation energy relative to
the level (v = 0, J = 0), but lower than the J dependent centrifugal barrier
(Jaffe 1987). All the rotationless levels (J = 0) are bound. The numerical
values of the rovibrational energy levels have been obtained by applying the
Wentzel-Kramers-Brillouin (WKB) approximation (Schwenke 1988) using the
potential for Np('%}) developed by Le Roy et al. (2006).

In some situations (see sec. 3.4), it is more convenient to represent the rovi-
brational energy levels by adopting the storage scheme of the set Zn, (i.e. by
sorting them by increasing energy) and denoting them by means of a global in-
dex i. The correspondence between the ¢ and (v, J) notations can be expressed
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as:
i=i(v,J), vEVN, JEI, (3.3)
and conversely by the relations:
v=uov(i), J=J@G), i€In,. (3.4)

When the ¢ notation is used, the degeneracy of the rovibrational energy level i
is written as a; = (2J(i) + 1) al¥>.

For the sake of later convenience, it is useful to introduce the subsets I§2
and IIP\I2 storing, respectively, the bound and the predissociated rovibrational
energy levels of N, and the subsets 7.2 and J} storing, respectively, the bound
and predissociated rotational levels of the vibrational level v. These satisfy the
relations Ii LJI%2 =1IN,, I§2 01'%2 =0, ij U ij — J, and ij A ‘71}) — 0.
Before concluding this section, it is instructive to investigate the thermody-
namic data of the NASA ARC database in more detail. Figure 3.1 shows how
the rotational levels are distributed across the vibrational ladder. The number
of rotational levels per each vibrational state decreases when increasing the
vibrational quantum number.
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Figure 3.1: Rotational structure of the vibrational levels of No('S}) (one level over
four is plotted; crosses bound levels, stars predissociated levels).

Figure 3.2 shows the vibrational and rotational spacings, defined as (Ey+1 —
E,)/ky and (AE,(J + 1) — AE,(J))/ky, respectively. The decrease of the
vibrational spacing (fig. 3.2(a)) when increasing the vibrational quantum num-
ber is a clear indication of anharmonicity effects starting from the first excited
vibrational level. At low energies, the rotational spacing for the vibrational
ground-state (fig. 3.2(b)) behaves linearly as in the Rigid-Rotor (RR) model
(Pauling and Wilson Jr. 1985). Non-linearities appear for high-lying rotational
levels when approaching the J dependent centrifugal barrier.



52

CHAPTER 3 - DEVELOPMENT OF QUANTUM BASED CHEMICAL MODELS

Figure 3.3 shows the equilibrium internal energy and constant volume specific
heat of Np('X]), obtained based on egs. (1.43) and (1.47), respectively:

. k, 742 9ln ZH(T°) delt (Te1)
AT = T AT = e ()

where the internal partition function is computed based on eq. (1.35), Zf\?; (T°) =
ZieINQ a; exp(—E; [k, T°9).
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(a) Vibrational energy spacing (J = 0).

(b) Rotational energy spacing (v = 0).

Figure 3.2: Vibrational and rotational energy spacings of Ng(lEg).

In fig. 3.3 the internal energy and specific heat values obtained based on the
Rigid-Rotor and Harmonic-Oscillator (RR-HO) models are also shown (Paul-
ing and Wilson Jr. 1985). The comparison confirms that the RR-HO approx-
imation works well at low temperatures, while it becomes inaccurate at high

temperatures (in particular for the specific heat).
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Figure 3.3: Internal energy and specific heat of Ng(lEg) (unbroken lines NASA

ARC, dashed lines RR-HO).



ParT I - Puysico-CHEMICAL MODELS FOR NON-EQUILIBRIUM FLOWS 53

3.1.2 Rate Coefficients

The NASA ARC database for the Ng(lzg)—N(‘lSu) system provides more than
20 x 10° rate coefficients for the following processes:

e Collisional dissociation of bound and predissociated levels:

kdis(T

K3

No(i) + N ﬁ()N-FN-i—N, i € 1IN, (3.6)
Jeree (T

e Predissociation, or tunneling, of predissociated levels:

‘ k?rC(T)
No(i) &= N+N, ieIk,, (3.7)
k;7P(T)

e Inelastic collisional excitation among all levels:

kll] (T)
No(i) + N 7= No(j)+N, i<y, i,j€In, (3.8)
kll] ()

J—1

The excitation rate coefficient k:;:] (T') (with i < j) accounts for the contribu-

tion of both inelastic (non-reactive) and exchange processes:

ki (T) = k2N (T) + B27T), i<j, i.j € In,. (3.9)

1—] 1—]

The first term k;:jm( ) represents the contribution of the inelastic process,
where the kinetic energy is transferred into internal energy during the collision.
The second term k:;: ]eXC(T) represents the contribution of the exchange process.
In this situation, the transfer between kinetic and internal energies occurs via
substitution of one bounded atom of the molecule with the colliding partner.
The importance of the exchange process has been assessed and studied by
Panesi et al. (2013) based on heat-bath calculations. .

The rate coefficients for the exothermic processes (k*°(T), k; *°(T) and k:}’;l( )
with ¢ < j, respectively) are computed based on micro-reversibility:

) ez (2EN—E»

kroc( Z) ]
o , 1 €IN,, (3.10)
KS(T) - [anzg™(D)]? 2

) 2 ¢ ka
FPe(TY 0, 28T 2Ey — Ej
pre( ) 6N )2exp( ~ Z), i€ IR, (3.11)
ki (1) [anz8(T)] kT
L), E_E
J—” i 9 i . . .o
= . i<j, i,j€TIn,. 3.12

The degeneracy of N is ay = 12 (nuclear and electronic spin contributions). The
translational partition functions of N and Ny are obtained based on eq. (1.35):

ra 2mmnk, T\ >/ A 2mmn, kT ) ¥/
zie(r) = (2T ) 5 gy - (BT (3.13)
p p
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Figure 3.4: Analytical fit of the N3 PES with the N — N — N angle constrained
to 115°. Blue regions have low energy and orange/red regions have high energy. The
potential energy minima corresponding to Ny +NpN¢ and NNy + N, are shown. These
arrangements are connected by a reaction path for the exchange reaction which has a
barrier and shallow minimum labeled N,NyN. (credits NASA Ames Research Center).

Numerical values for the rate coefficients have been obtained by integrating
over a Maxwell-Boltzmann distribution function (for the translational energy)
the cross-sections computed by applying the following two-step procedure:

e Generation of the N3 Potential Energy Surface (PES) based on first prin-
ciple quantum-chemistry calculations (Jaffe et al. 2008; Schwenke 2008).
The N3 PES provides a representation of the potential energy of three
nitrogen atoms in any arbitrary arrangement and geometry. For ex-
ample, if the N atoms are labeled N,, Ny and N¢ (as in fig. 3.4), the
PES describes the NN}, NN, and NyN, dinitrogen molecules, sepa-
rated atoms (N, + Ny, + N.) and a possible triatomic complex (NaNpN,
and its permutations). If one considers the collision between NNy (v, J)
and N, the possible outcomes are NNy, (v/, J') + N, N.N¢(v/, J') + Ny,
NpNe (v, J') + Ny and N, + Ny, + Ne. The first is a non reactive inelastic
collision and the last is a dissociation reaction. The other two outcomes
represent an exchange reaction (see eq. (3.9)), where the atoms compris-
ing the final molecule are different from the initial molecule.

e Application of the Quasi-Classical Trajectory (QCT) method (Park 1990)
in order to compute cross-sections.
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Rate coeflicients are available at nine values of the gas translational tempera-
ture: 7500, 10000, 12500, 15000, 20 000, 25000, 30 000, 40 000 and 50 000 K.
The total number of possible combinations for the collisional excitation process
(3.7) is around 44 x 10°. However, due to the stochastic nature of the QCT
method, only 19 x 10° excitation rate coefficients are available. An accurate
investigation of the kinetic data revealed that most of the missing rate coef-
ficients refer both to processes that have a small transition probability (i.e.
Jj >> i in eq. (3.7)) or to processes that are quantum-mechanically forbid-
den (i.e. inelastic collisions for which the rotation quantum number variation
|J(j) — J(4)| is odd). Hence, the missing kinetic data refer to processes that
have a small (or no) effect on the energy level dynamics. It is worth to men-
tion that in the database both endothermic and exothermic rate coefficients
are found. The number of exothermic rate coefficients (13.5 x 10°) is higher
than the number of endothermic rate coefficients (7.1 x 10°). For a small num-
ber of processes (1.5 x 10°%), both rate coefficients are available. In order to
use only endothermic rate coefficients in the calculations, exothermic rate co-
efficients are inverted by means of micro-reversibility. For those processes for
which both types of rate coefficients are available, exothermic rate coefficients
are preferentially used (Panesi et al. 2013) and the corresponding endothermic
rate coefficients are found via micro-reversibility.

3.1.3 Rovibrational Collisional Model

In this section the thermodynamic and kinetic data of the NASA ARC database
(described in secs. 3.1.1-3.1.2) are used to develop a rovibrational collisional
(RVC) model for the Ny(*Xf)-N(*S,) system. The set of master of equations
is written for a homogeneous and isochoric system. This is done because the
proposed reduced models (presented in secs. 3.2-3.4) are based on a kinetic
mechanism reduction which is not dependent on the presence of convective
and /or diffusive fluxes. The RVC model is presented for both the i and (v, J)
notations.

7 Notation

Master Equations The master equations for the RVC model are obtained
from the Navier-Stokes equations (2.82) by neglecting the convective and dif-
fusive flux terms, and by setting the flow velocity to zero. The final set of
equations comprises the continuity equations for N and the rovibrational en-
ergy levels of Ny, and the global energy conservation equation:

o PN WN
= | p =| w , 1E€TIN,. (3.14)
pe 0
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Mass Production Terms The mass production terms for N and the rovi-
brational energy levels of No are:

wn =Y wl YW (3.15)

1 €1IN, ieIPN2
(wslis + wim) ic IR
wi=—1< ¢ CIr N2 (3.16)
(Wil ), eIk,

where the partial production terms due to dissociation, predissociation and
inelastic collisional excitation are:

W = gy [k (T) = k(1) i € Tn, (3.17)
wfre = mn, [nzkpre(T) i Tl2 ki‘—pre(T)} , = INQ? (318)
w = MNy NN Z nzkilj k;n—n( )] -
j>1
JE€In,
monN Y [k (T) = naki® 5 (T)], i € I, (3.19)
Jj<i
JE€In,

The rate coefficients in egs. (3.17)-(3.19) are computed as explained in sec. 3.1.2.

Thermodynamic Properties The gas number density is obtained by sum-
ming the contributions of N and N», and its pressure follows from the applica-
tion of Dalton’s law of partial pressures:

n=nN+0nNy,, P= nnkpT + ’I’LNkaT, (3.20)

where the No number density is computed as nx, =, € T, M- The gas ther-
mal energy density is obtained by summing the translational and formation
energy of N, and the translational and internal energy of the rovibrational
energy levels of No:

3
pe = 577,ka + nnEnN + Z n;E;. (3.21)
ZEIN2

(v, J) Notation

Master Equations The master equations for the (v, J) notation can be ob-
tained based on that for the i notation (3.14) through the use of the correspon-
dence relations given in eq. (3.4):

o PN WN
& PuJ Wy J , vE VNQ, J e Tp. (3.22)
pe 0
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Mass Production Terms The mass production terms for N and the rovi-
brational energy levels of No are:

wN = Z wdis 4 Z wh s (3.23)

UGVNQ UEVNQ
JeTy JEJE’
di i B
oo i), VeV, JEJP, o1
vJ = - . .
(WiF + Wiy +wiy),  vEVN,, JeTT,

where the partial production terms for the (v,J) level due to dissociation,
predissociation and inelastic collisional excitation are:

Wil = gy [musKS(T) = R (T)| . veVny, JET,  (325)
WP = i, [ny JKP(T) — nﬁk;j,l’fe(T)} . vEVN,, JEJTP,  (3.26)

Wiy =mnnN Y > [eskl sy (T) = nuy kipy oy (T)] +

wW>VY E Ty
wEVN,
MN,IN Y [Nkl oy (T) = nuy kil 0 (T)] —
Y>J
YET,
MN,IN Y > [y Eily S (T) = skl y (T)] =
w<v Y e Ty
we VN2
maN Y [y ks (T) = okl sy (T)] (3:27)
Y<J

’UEVNQ, JEjv'

The rate coefficients in egs. (3.25)-(3.27) are computed as explained in sec. 3.1.2
(after applying the conversion relations given in eq. (3.4)).

Thermodynamic Properties The gas number density and pressure are
computed based on eq. (3.20), where the number density of Ny is now writ-
ten as:

Ny =Y M. (3.28)
UEVN2
JeTy
When using the (v, J) notation, the gas thermal energy density assumes the
following expression:

pe = gnka +nxEx+ Y muy [E + AEU(J)] . (3.29)
vE VN2
JeTy
The first and second terms in the sum in eq. (3.29) represent, respectively, the
gas vibrational and rotational energy densities according to the energy level
splitting given in eq. (3.1).
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3.2 Multi-Temperature Model

The most intuitive way for developing a multi-temperature (MT) model for
the Ng(lEg) — N(*S,) system would be to assume a Boltzmann distribution
(at its own temperature) for the internal energy modes of Ny and take the
zero and first-order moments of the production terms (3.15)-(3.16) and (3.23)-
(3.24). This would reduce the set of master equations (3.14) and (3.22) to the
continuity equations for N and Nj, the global energy conservation equation,
and additional energy conservation equations for the internal energy modes of
N5. The macroscopic dissociation rate coefficient would be a function of mul-
tiple temperatures. Instead of using this approach, Panesi et al. (2013) have
developed a MT model for the Ng(lzg)—N(‘lSu) system model based on a differ-
ent procedure. They repeated isochoric and isothermal heat-bath calculations
for different values of the translational temperatures. The calculations were
performed in a dissociating environment (no recombination) and by neglecting
the effects of predissociation. The macroscopic dissociation rate coefficient is
defined as:

- 1 .

ks () = kS (T). 3.30

Nz( ) nN, ;n i ( ) ( )
1 Ny

Since the definition of a rate coefficient requires the existence of a Quasi-Steady
State (QSS) population (Park 1990), its numerical value has been taken as that
given by eq. (3.30) in QSS conditions. The energy transfer terms have been
computed by taking the first-order moments of the production terms:

iEZN2 ieINQ

O Y Bl ot-- Yhe 62
vEVN, vEVN,
Jejv Jejv

tra—rot 3 dis—rot ) di

QEeret = — N AB(J) Q= — Y AE(J)wii.  (3.33)
’UEVN2 ’UEVN2
JETy JE€Tv

In order to cast the energy transfer terms defined in egs. (3.31)-(3.33) into a
form suitable for a multi-temperature description, Panesi et al. (2013) intro-
duced the following implicit definitions for the internal, vibrational and rota-
tional temperatures:

e Internal temperature (Tiy):

> niE; — nn, ERY(Ti) = 0, (3.34)

i€ I,

where the internal energy (per molecule) Eﬁ;(’fmt) can be obtained by
multiplying by my, the specific internal energy given in eq. (3.5) and by
replacing T’ with Ty, Ell\?; (Tint) = mn, e}\rf; (Tint)-
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e Vibrational and rotational temperatures (Ty;p and Tyot):

> By — nn, B (Taib, Trot) = 0, (3.35)
’l)GVN2
> s AE(J) = nny B (T, Trot) = 0. (3.36)
AS VN2
JeTy

The vibrational and rotational energies (per molecule; EI‘\’ff(Tvib,Trot)
and Emt( vibs Trot ), respectively) are defined as:

Oln le\?; (Tvib7 Trot)v

EXY (Toin, Trot) = ko Ty, 5T : (3.37)
8ln Z(Tow, T,
XY (Tvins Trot) = ko T N, (Lo mt), (3.38)
8jjrot
where the two-temperature internal partition function is:
E AE,(J)
73, (T, L= 3.39
T, T Z B R (3:39)
UEVN2
JETy

The division of egs. (3.37)-(3.38) by mn, gives the specific vibrational
and rotational energies of Ny (El‘(f;’ (Tvib, Trot) = mn, eﬁf (Tyib, Trot) and
ERN(Tviv, Trot) = mnyers (Tvib, Trot), respectively).
The multi-temperature formulations of the energy transfer terms due to inelas-
tic collisions (Qf\?;‘_mt, Qf\}j_"ib and Qf\?;‘_mt) have been developed by assuming
a Landau-Teller relaxation model:

. ERN(T) — EXY(Tim)
2 TlEIri;IlQnt (T, pN)
. EY>(T T) — EY® (T, T,
0y =y, e ) T 341
TN—N, (T, pn)
Emt (T7 T) Emt (Tv'by Tr t)
Qf\lff_mt = NN, tra—rot 1 - ’ (342)
TN—NQ (T7pN)

, (3.40)

Qtrafint —
2

The relaxation times Tf(faN;nt, Tﬁfi&‘;b and TltfaNmt in egs. (3.40)-(3.42) are all

functions of the translational temperature 7' and of the N partial pressure,
pn = nnkpT. The procedure for their evaluation can be found in the work of
Panesi et al. (2013). The product of the three relaxation times with the N
partial pressure is shown in fig. 3.5. The results show that the rotational and
vibrational relaxation times become comparable at high temperatures.

The energy transfer terms coupling the dissociation and the various components
of the internal energy (Q%i;_mt, Qld\li;_Vib and Ql‘i};_mt) have been developed by
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assuming that the average energy lost due to dissociation is a temperature
dependent fraction of the dissociation energy:!

les int _ _2mNnN2 nNCdls int (T) 2EN kdlS(T) (343)
les vib _ _2mNnN2 nNCdls vib (T) 2EN kdls (T) (344)
Qles rot _ _2mNnN2 nNCdls rot (T) 26N k‘dls(T). (345)

T
0.03 0.04 0.05 0.06

Figure 3.5: FEuxtracted relazation times (unbroken line TﬁfaNmtpN, dashed line
TIEI”NVIpr, dotted-dashed line T4 “’tp ).
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Figure 3.6: Chemistry coupling factors (unbroken line Cdlb int - Jashed line Cdm vib.
dotted-dashed line CdlS rot ).

The chemistry coupling factors Cl%i;’_int, Cﬁi;_"ib and are only function

of the translational temperature 1. These quantities are shown in fig. 3.6. The

dis—rot
C’N2

!This model is similar to the one proposed by Park (1990) where the average vibrational
energy lost by a molecule due to dissociation is 30% of its dissociation energy.
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average value of the vibrational energy lost due to dissociation decreases when
increasing the translational temperature. An opposite behavior is observed for
the rotational energy.

The fitting expressions for the macroscopic dissociation rate coefficient, relax-
ation times and chemistry coupling factors are provided in app. A.

The internal temperatures and the energy transfer terms defined in eqgs. (3.34)-
(3.36) and (3.40)-(3.45), respectively, allow for introducing two variants of the
MT model for the Ng(lEg)—N(‘lSu) system: T-Tiyt model and T-Ty;p-Trot model.

3.2.1 T — T;,; Model

Master Equations The master equations for the 7T-Ti,; model comprise the
continuity equations for N and No, the global energy conservation equation and
the internal energy conservation equation:

PN WN
0 PN, WN2
— = . 3.46
ot | pe 0 . o (3.46)
PN, 61{11; Q%\}rj—mt + Qles—lnt

Mass Production and Energy Transfer Terms The mass production
terms for N and Ny are:

o = 2mam | (T) = AR (T)], wny = —wn, (3.47)

where the macroscopic recombination rate coefficient k< (7T") is computed based
on micro-reversibility:

(3.48)

- kT

BT _ 28 (MZR(T) (@)
KT [anzgy(D)]?

The energy transfer terms Q&rs_im and Q%ij_int are computed based on egs.
(3.40) and (3.43), respectively.

Thermodynamic Properties The gas number density and pressure are
computed based on eq. (3.20). In the case of the T-Ti,; model, the expres-
sion for the gas thermal energy density simplifies to:

3 .
pe = anbT +nNEN + nNgEﬁlgt(ﬂnt)- (3.49)

The internal energies per unit mass and molecule (e%\?;(Tim) and Eﬁ;(ﬂnt),
respectively) are obtained based on eq. (3.34).
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3.2.2 T — Tvib — Trot Model

Master Equations The master equations for the T-T%;,-T10t model comprise
the continuity equations for N and Ns, the global energy conservation equation
and the vibrational and rotational energy conservation equations:

PN WN
D) PNs WN,
91 pe —{o R (3.50)
ot PNgef\?; Qiﬁ\l;Qabe_}_Qle;fwb

PNz@KJiE Q%\}rs—rot _|_QdNi§—rot

Mass Production and Energy Transfer Terms The mass production
terms are computed as done for the T-Ti,; model through eqgs. (3.47)-(3.48).
The energy transfer terms QES_V”:’, Qgs_mt, Q%i;’_"ib and Q%i;_mt are computed
based on eqs. (3.41)-(3.42) and (3.44)-(3.45), respectively.

Thermodynamic Properties The gas number density and pressure are
computed based on eq. (3.20). In the case of the T-Tyj,-Trot model, the ex-
pression for the gas thermal energy density is:

3 .
pe = §nka +nNEN + nN, [Ef\?;)(Tvib, Trot) + EXy (Tein, Trot) | - (3.51)

The vibrational and rotational energies per unit mass and molecule (eﬁin(Tvib, Trot),
et (Toib, Trot) and EXY (Tub, Trot), EXY (Tvin, Trot), respectively) are computed
by means of egs. (3.37)-(3.38).

The MT models presented before are purely macroscopic models. In the present
thesis, alternative reduced models have been developed. These consist in Vibra-
tional Collisional and an Energy Bin models (described in secs. 3.3-3.4). These
reduced models are more accurate than the MT models (as shown in ch. 4) and
are built by coarsening the resolution of the energy level dynamics (from which
the name coarse-grain models). This approach has the benefit of reducing the
number of governing equations to be solved, and is motivated by the fact that,
in CFD applications, one is mainly interested in capturing the correct dynamics
of flow quantities, than resolving the finest details of the internal energy level
dynamics. As for the MT models, predissociation has been neglected due its
negligible effects on flow quantities (as shown in ch. 4).
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3.3 Vibrational Collisional Model

The Vibrational Collisional (VC) model (Bourdon et al. 2008; Magin et al.
2009, Munafo at al. 2010; 2012) has represented the first attempt towards the
development of a coarse-grained model for the Nz(lEg)—N(4Su) system. The ro-
tational structure associated to each vibrational vibrational quantum state (see
fig. 3.1) provides indeed a natural way to coarsen the resolution of the energy
level dynamics. In the VC model, this is accomplished by assuming thermal
equilibrium between the translational and the rotational degrees of freedom.
Thus, the rotational levels within each vibrational level follow a Boltzmann
distribution at the local translational temperature T':

NyJg QyJ

B o _AE,(J)
= T 19 —_—

o, T

. vEVN,, JET, (3.52)

where the number density and the rotational partition function of the vibra-
tional level v are:

Ny = § NoJ, v E Ay J €XP

JeTy Je Ty

CAB(J)

. 3.53
T , V& VN2 ( )

During the years, different VC models have been proposed. Specific examples
are the VC model developed by Esposito (1999; 2006), and the one recently
developed by Guy et al. (2013) based on the FHO theory. An exhaustive
review of the VC models developed during the 1980-1990’s can be found in the
book of Capitelli et al. (2000)

Master Equations The master equations for the VC model can be obtained
from those for the RVC model (3.22) by summing the equations for the (v, J)
levels over the rotational levels of each vibrational state (stored in the sets 7))
and by using eq. (3.52):

o PN WN
En v =| @ |, veEVn,. (3.54)
pe 0

The mass production term and the density of the vibrational level v are defined
as Wy =y Jeg,Wul and p, = mn, 7y, respectively.

Mass Production Terms After some algebra, the mass production terms
for N and the vibrational levels of Ny in eq. (3.54) can be written as:

= Yol g (wdls + ol ) . vE VN, (3.55)

UEVN2
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where the partial production terms due to vibrational dissociation and inelastic
collisional excitation have the following expressions:

585 = my,ny [m/}giS(T) - n%\]l;:f)ec(T)} , (3.56)

Gl =g D [kl (T) = ki, (T)] -

w>v
wEVN2

mann Y [k (1) = ki (7)) (3.57)

w< v
wEVN,

Ve VNz‘

The rotationally-averaged (endothermic) rate coefficients for vibrational disso-
ciation and inelastic collisional excitation (k3%(T") and ki,  (T), with v < w,
respectively) are:

~Sis( Z Ay J kdls T) exp ——AEU(J) , (3.58)
Z,(T) /2 To kT
- 1 AFE,(J)
ki)n w( Ay J ka wY )eXp T 7T | (359)

v < w, v,w € VNQ.

From the algebraic manipulation needed to obtain to the VC model, it can be
shown that the (exothermic) rate coefficients for recombination and inelastic
collisional de-excitation (kX¢(T) and ki*, (T), with v < w, respectively) can
be computed by applying micro-reversibility among the vibrational levels:

Fer) | ZEDZ) (28— B,
k.gls(T) o [aNZIt\]ra(T)]Q €x ( KT ) , (360)
En (1) Z,(T) E, — E,
kin,,(T)  Z,(T) P ( kp T ) ’ (3.61)

v<w, v,wEVN,.

The dissociation and excitation VC rate coefficients have been compared with
available literature data. Figure 3.7 shows a comparison with the VC model of
Esposito (1999; 2006) developed at the University of Bari (U Bari). In the VC
model of Esposito, rate coefficients are available within the temperature range
20-10000 K and have been computed by using a different set of energy levels
and PES compared to those of the NASA ARC database (for more details see
the aforementioned papers of Esposito). Both databases are in fair agreement
as far as excitation is concerned. Some differences arise for dissociation when
moving towards high-lying levels. It is worth to mention that fig. 3.7 compares
rate coefficients for the same vibrational levels that do not correspond to the
same energy in the NASA ARC and U Bari databases.
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(a) Dissociation. (b) Excitation.

Figure 3.7: Comparison between the NASA ARC and U Bari databases for the vi-
brational dissociation and inelastic collisional excitation rate coefficients (lines NASA
ARC, lines with symbols U Bari; numbers indicate the vibrational levels involved in
the transitions).

Thermodynamics The gas number density and pressure are computed based
on eq. (3.20), where the number density of Ng is nn, = ZveVNva' The gas
thermal energy density can be obtained by substituting the assumed Boltzmann
distribution (3.52) for the rotational levels in eq. (3.29):

7201 Z,(T)

o (3.62)

3 =
pe = anbT + nNvEN + Z Ny | By + ky
’UEVN2

The temperature dependent term in the sum in eq. (3.62) represents the rota-
tional contribution to the gas internal energy density.

The formulation of the VC model is completed with the introduction of a vi-
brational temperature Ty;,. This is extracted from the level population as
post-processing and defined through the following implicit relation:

Zv 6VN2 ’FLUEU Z’UEVN2 EUZv(T) €xXp (_Ev/kavib)

_ ’ ~ . (3.63)
"Ny Zv EVnN, Zv (T) eXp (_Ev/kavib)

3.4 Emergy Bin Model

The Energy Bin model is the second coarse-grained model for the N 2(122_) —
N(*S,) system that has been developed in the present thesis (Magin et al. 2010;
Panesi et al. 2010; Magin et al. 2012, Munafo et al. 2011; 2014). This model
is built by sorting the energy levels of No by increasing energy and by lumping
them in energy bins. The coarsening of the energy level dynamics is realized
by assuming a distribution of the energy levels with the energy bins. Two
variants of the Energy Bin model have been developed: Uniform Rovibrational
Collisional and Boltzmann Rovibrational Collisional models.
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The procedure used for the generation of the energy bins is common to both
variants and goes as follows. The rovibrational energy levels of Ny are sorted by
increasing energy (i.e. by adopting the storage scheme of the set Zy, introduced
in sec. 3.1.1). The whole internal energy ladder of Ny is first divided in two
parts: one for the bound levels and the other for the predissociated levels.
Secondly, both regions are evenly sub-divided with spacing;:

SER, = 2EN/ N5, OB\, = (Ex — 2EN)/ N5, (3.64)

where the number of energy bins for the bound and predissociated regions
(JVl\]?Q and f/l/l\i, respectively) are free parameters and satisfy the relation
M, = JVl\% + JVI\IIDQ (where A7, is the total number of energy bins). Quantity
E, in eq. (3.64) represents the energy of the last energy level of No. The next
step consists in the construction of a map between energy bins and energy levels
in order to associate the energy level ¢ with the energy bin k it belongs to:

|Ei/0ER,] +1, iely,,

, (3.65)
L(E;i — 2Bx)/0ER,| + A% +1, i€y,

lev_to_ bin(i) = {

where the symbol | | stands for the floor function. For sake of convenience
it is useful to introduce the sets ’C1]\312v ICE2 and Ky,, storing the indices, re-
spectively, of the energy bins associated to the bound, predissociated and both
the bound and predissociated levels (satisfying the relations lCll\BI2 U ICE2 = KN,
and ICI]?12 N ICII\DI2 = ()) and the set B{fh storing the energy levels belonging to the
energy bin k:

Bk, = {i € In,|lev_to_bin(i) =k}, k€ Kn,. (3.66)

3.4.1 TUniform Rovibrational Collisional Model

In the Uniform Rovibrational Collisional (URVC) model (Magin et al. 2010;
Panesi et al. 2010; Magin et al. 2012), the population distribution within the
energy bins is assumed to be uniform:
T8 keKy, i€Tn, (3.67)
ng ag
where the number density and the degeneracy of the energy bin k are defined
as:

ngE = Z ng, Q= Z a;, kE€ /CNQ. (368)

i€ By, i€ By,

Equation (3.67) does not hold in equilibrium conditions. This means that the
URVC model introduces modifications, compared to the RVC model, in terms
of equilibrium thermodynamic properties. This fact makes the application of
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the URVC model less appealing for flows where equilibrium is imposed in some
parts of the domain (i.e. such as in the reservoir for nozzle flows). This problem
can be partially alleviated by increasing the number of energy bins. It is worth
to mention that, since the energy levels in the URVC model are sorted by
increasing energy, the assumed uniform distribution (3.67) within each bin may
mix together energy levels having different vibrational and rotational quantum
numbers. This means that the use of eq. (3.67) for the sake of mechanism
reduction should not prevent a priori to account for rotational non-equilibrium
effects.

For a given energy bin k, an average energy Ej, is further introduced:

1
Ey = i > @B, k€K, (3.69)

i€ By,

Based on the sub-division into energy bins constructed through egs. (3.64)-
(3.66), it is possible to write the energy F; of the level ¢ within the energy bin
k based on its average energy Ej as:

E; = Ey + AEL(i), i€In,, k€EKn,. (3.70)

The average bin energy Ej and the AE), (7) contribution are the equivalent of
the vibrational and rotational energies as defined through eq. (3.1).

Master Equations The master equations for the URVC model can be ob-
tained from those for the RVC model (3.14) by summing the equations for the
i levels over the energy levels contained within each bin (stored in the sets B{%z)
and by using eq. (3.67):

o PN WN
sl = o | kekn. (3.71)
pe 0

The mass production term and the density of the energy bin k£ are defined as
Wy = ZieB{g w; and pr = m, Nk, respectively.
2

Mass Production Terms After some algebra, the mass production terms
for N and the energy bins of Ny in eq. (3.71) can be written as:

o= Y A = (w;jis + w}:) . keKn,, (3.72)
kE’CN2
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where the partial production terms due to bin dissociation and inelastic colli-
sional excitation have the following expressions:

G = gy [k (T) = niEe(T)| (3.73)
Op = mNnN Y [ﬁkif}f%z(T) - ’ﬁz’%}lk(T)} -
>k
le ’CN2
maann Y [Tk (T) = ki (T)] (3.74)
<k
le ’CNZ
k€ Kn,.

The bin-averaged (endothermic) rate coefficients for dissociation and inelastic
collisional excitation (k{5(7) and ki, ,(T'), with k < I, respectively) are:

dls dlS
a; kj 3.75
- zk 79
i€ By
ki (T Z > aik (T (3.76)
S Bk ] € B
7> z

k<l, kleKn,.

The (exothermic) rate coefficients for recombination and inelastic collisional
de-excitation (ki°°(T) and kI, (T), with k < [, respectively) are:

- Za(T)D, (T 26N — E
ki (T) = Nz (1) Dyl 2) Nk (3.77)
[aNZ“a(T)] kpT
k™ (T Z Z a; eXP< T > k‘;l]( ), (3.78)
zeB§2 JEBL, b
J >2
k<1, klekn,,
where quantity D, (T) is defined as:
; AE(i
> ai k(T exp |- k() , k€Kn,. (3.79)
kT

i€BY,

Equations (3.77)-(3.78) show that the endothermic and exothermic rate coeffi-
cients for the URVC model are not related through a micro-reversibility relation
among the energy bins. This is due to the assumed uniform distribution (3.67)
within the energy bins.
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Thermodynamic Properties The gas number density and pressure are
Computed based on eq. (3.20), where the number density of Ng is written as

= ke K nk The gas thermal energy density can be obtained by substi-
tutlng the assumed uniform population distribution (3.67) within the energy
bins in eq. (3.21):

3 ~
pe = SnkuT + nNEy + > By (3.80)
kEICNQ

The formulation of the URVC model is completed with the introduction of an
internal temperature Ti,;. This is extracted from the energy bin population as
post-processing and defined through the following implicit relation:

2 kekn, i, By, D kekn, Eyay, exp (—Ey /kpTint) (381)
N2 Zke/cN2 ar exp (—Ey/kpTint) '

3.4.2 Boltzmann Rovibrational Collisional Model

In the Boltzmann Rovibrational Collisional (BRVC) model (Munafo et al. 2011,
2014), it is assumed that the population of the energy levels within each bin
follows a Boltzmann distribution at the local translational temperature 7"

_AE(i)
kpyT

MU exp
ng  Z,(T)

. i€In,, keKn,, (3.82)

where the number density and the partition function of the energy bin k are:

Z N, Z a; exp

i€ By, i€BY,

AEk( )

o | ek (3.83)

The energy contribution AFE}(i) is always computed, as for the URVC model,
through E; = Ej, + AEk( ), with the important difference that now E}, repre-
sents the energy of the first level within the energy bin k.

The assumption of local equilibrium of the internal levels within each bin is
justified by the large reaction rate coefficients for excitation and de-excitation
which characterize groups of levels with similar internal energy. This assump-
tion was found to work quite well in the conditions of interest to the present
thesis (as it is shown in chs. 4-5). Furthermore, increasing the number of energy
bins can easily extend the range of validity of the BRVC model to the strongest
non-equilibrium conditions. As for the URVC model, the assumed Boltzmann
distribution (3.82) within each bin) may mix together energy levels with dif-
ferent vibrational and rotational quantum numbers. Hence, also for the case
of the BRVC model, the use of eq. (3.82) for the sake of mechanism reduction
should not prevent a priori to account for rotational non-equilibrium effects.
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Equation (3.82) holds true in equilibrium conditions. This implies that the
BRVC model (together with the VC model) does not introduce modifications,
when compared with the RVC model, as far as equilibrium thermodynamic
properties are concerned. This is not the case for the URVC model. In equilib-
rium conditions, the energy bin population follows a Boltzmann distribution:

ik Z,,(T) exp <_Ek/ka>

Na Y ke ko, Z,,(T) exp (—Ek/ka)

where the bin partition function plays the role of a degeneracy. Equation (3.84)
can be obtained as follows. In equilibrium conditions, the number density of
the energy level i is related to that of No through the Boltzmann distribution
law (1.36):

n; a; E; )
- _ _ . ieTn,. 3.85
N, | Z0(T) exp( ka> fEN (3.85)

. ke Ry, (3.84)

The substitution of the eq. (3.85) in eq. (3.82) and the successive use of the
energy splitting E; = Ej + AEy(i) in the result obtained gives eq. (3.84).

Master Equations The master equations for the BRVC model are obtained
based on the same procedure used for the URVC model given in sec. 3.4.1.

o PN WN
ol o =1 @ | kekn, (3.86)
pe 0

The mass production term and the density of the energy bin k are always
defined as @y, = ZieB{g w; and P = MmN, Nk, respectively.
2

Mass Production Terms After some algebra, the mass production terms
for N and the energy bins of the Ng in eq. (3.86) can be written as:

o= ol @ = (@,‘jis + @};) . keKn,, (3.87)
kEKN2
where the partial production terms due to bin dissociation and inelastic colli-
sional excitation have the following expressions:

G = g [k () = nkiee(T)| (3.88)

G =mNnN Y [ﬁk%}g:z(T) - ﬁl]%}:k(T)} B
>k
1€ KN,

maann 3 [k (1) = Ak (T)] (3.89)
<k
le KNZ

kEICNz.
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The bin-averaged (endothermic) rate coefficients for dissociation and inelastic
collisional excitation (k{S(T') and ki (T), with k < [, respectively) are:

k—l

1 AE(i)

dis dis k

T) = = s kST S——AR .

B =5 gy 2 ekt (Mew | == (3.90)
R e Bk,

in 1 AEk(Z)

k., (T) A S ak(T)exp |- | (3.91)
RV ieBk, jeBl,

From the algebraic manipulation needed to obtain the BRVC model, it can be
shown that the (exothermic) rate coefficients for recombination and inelastic
collisional de-excitation (k[°°(T) and k™, (T), with k < [, respectively) can be
computed by applying micro-reversibility among the energy bins:

HEAT) _ (T 2(T) exp [ 2B~ Bk 3.92
RIS(T) [on (T ) p( kT > (3.92)
HR(T) 21 (BB

kL, (T)  Zy(T) eXp( kT ) (3.93)

k<l, kleKn,.

Equations (3.92)-(3.93) are a direct consequence of the assumed Boltzmann
distribution (3.82) within the energy bins.

Thermodynamic Properties The gas number density and pressure are
Computed based on eq. (3.20), where the number density of Ny is written as

=D e K, ng. For the BRVC model, the gas thermal energy density can
be obtamed by substituting the assumed population distribution within the
energy bins (eq. (3.82)) in eq. (3.21). After some algebra, one has:

ww

o (3.94)

3 ~ -
pe = énka + nnEn + Z ne | B + kp
kEICNQ

The formulation of the BRVC model is completed with the introduction of an
internal temperature Ti,. This is extracted from the energy bin population as
post-processing and defined through the following implicit relation:

Ykekn, B Yrery, EnZy(T) exp (~Ep/kyThn)
N> 2kekn, Ze(T) exp (—Ey/kpTin)

(3.95)



72 CHAPTER 3 - DEVELOPMENT OF QUANTUM BASED CHEMICAL MODELS

3.5 Unified Notation

The RVC and coarse-grained models (VC, BRVC and URVC) presented in
secs. 3.3-3.4 can be cast into a unified notation. This is convenient when one
has to compare the different models as done in chs. 4-5.

The internal states of Ny considered by a particular model (vibrational, rovi-
brational and bins) can be indicated by means a generalized index € and stored
in the set £y, defined as:

VN,, VG,
&N, = § Kn,, BRVC-URVC, (3.96)
In,, RVC.

As already done before, the generalized set £y, can be split into its bound and
predissociated subsets (511\?2 and 5152, respectively). These satisfy the relations
ER, UEN, = &x, and EF, NEY, = 0. In what follows, physical quantities that
are related to a generalized internal state of N are indicated with a = over-
script. The number of generalized internal energy states of N is indicated with
NN, -

Master Equations The use of eq. (3.96) allows to write the master equations
for the RVC, VC, BRVC and URVC models as:

o PN WN
= fe — | @ , e€én,. (3.97)
pe 0

Mass Production Terms The mass production terms for N and the gener-
alized internal states of Ny are:

wn= Y a4 Y are (3.98)

€cény c€EL,
(@ @iy €€ &y,
We = =19/ qis . ~pre | i P (3.99)
(@3 + @ + @) €€ &N,

where the partial production terms due to dissociation, predissociation and
inelastic collisional excitation are:

@8 = my,nN {ﬁekSiS(T) - nlez?gec(T)} ;€€ &N, (3.100)
G =y, [chPe(T) —nkBPe(T)|, e £, (3.101)
O = my,nN Z [ﬁel;:?;g(T) - ﬁafcihe(T)} -
et
maunN Y [fze,l%i;%(T) - ﬁel%i;;e,(T)} , e€ (3.102)
€ <e

e e SNQ
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Obviously, the production terms related to predissociation in eqs. (3.98)-(3.102)
are only non-zero for the RVC model.

Thermodynamic Properties The gas number density and pressure are
computed based on eq. (3.20), where the number density of Ng is written as
NNy = D cc ex.Ne- The generalized expression for the gas thermal energy density
. 2

is:

5 0, RVC-URVC,
pe = §nka+ nNEN + Z ﬁEEE + Z ’ﬁ ka2 a h’l ZG(T) VC—BRVC
e€éN ¢ 8T ’ '
2 €c gNZ
(3.103)

With the use of the generalized notation introduced here, the thermodynamic
properties of N and Ng (energy, enthalpy and specific heats per unit mass; see
egs. (1.45)-(1.47)) assume the following expressions:

_ 3k g BN

T) = T 3.104
en(T) 5 + — ( )
- 0, RVC-URVC,
e =2y B g s (3.105)
‘ 2mN, M, bT7 9ln Z( ), VC-BRVC, '
MmN, oT
€ c 5N27
kb 7 ~ kb
IN(T) = ex(T) + 2T, he(T) =é(T)+ —>=T, e€&n,, (3.106)
MmN MmN,
3 ky
T)=5— 3.107

CVN( ) 2mN7 ( )

- 0, RVC-URVC,
G T) = =2 18 9 [k,T2 0 Z,(T) (3.108)

2 — £ VC-BRVC

MmN, oT MmN, oT s s

€ € ENQ,
epn(T) = ¢ (T)+k—b Eoe(T) =&,(T) + s €& (3.109)
pN — “vN mN, pe — Cyve mNQ, € No- .

Transport Properties Transport phenomena have not been taken into ac-
count while developing the coarse-grained models. However, in view of appli-
cations to viscous flows (shown in ch. 5), few words need to be said on how to
evaluate transport properties and fluxes.
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Based on the contents of sec. 2.4.2, the shear viscosity and the translational
thermal conductivity are:

N = ag XN + af, XN,, (3.110)
AT — o™ X+ L X, (3.111)
where Xn, = > X,. The a coefficients are found by solving the following

6€£N2
two-by-two linear (symmetric) transport systems:

(o ) (5 ) (%) .
G’KIQN GKIQNQ a%z XN2

Gﬁt&a GI{;&Z aﬁtra B XN 3 113
A\tra \tra Atra - X N ( . )
GRon G, N, N2

The total thermal conductivity is computed by summing the translational and
internal contributions, A = A"+ \i"*, The internal contribution appears due to
the assumed Boltzmann distributions at the translational temperature 1" in the
BRVC and VC models. The internal thermal conductivity is computed based
on the generalized Eucken’s correction (Magin and Degrez 2004):

ZEGSN2 ﬁﬁ [(3/2)(kb/mN2) - éVE(T*)]

\int — , 3.114
XN/ DNoN + XNy / DNoNs ( )

where the temperature 7T, is extracted from:
ZEGSNQ nekLe _ 26651\]2 EEZe(T) exXp (_Eé/ka*) (3 115)

O\P dce Ny Z(T)exp (_Ee/ka*)

Notice that internal thermal conductivity is zero for the RVC and URVC mod-
els. This is consistent with the STS CE method developed in ch. 2.

Thermal diffusion is neglected. The diffusion velocities of N and Ny are found
by solving the Stefan-Maxwell equations (2.74), which, based on the assumption

vl = v¢ (introduced in sec. 2.4.2), reduce to:
2

( Gl G, ) ( "N ) = ( VAN ) (3.116)
Gld\sz GdNQNz V%z VXXNQ

The constitutive relations for the stress tensor and the heat flux vector are
always given by eqgs. (2.87)-(2.88) (with no thermal diffusion effects):

2
Tr=n |:va + (VXV)T - gvxvl] ) (3.117)
q=pnvihx + Y pevehe — AV T. (3.118)
6€£N2

The reduced collision integrals @I(éli), _1(\?131)2 and @1(@1312 needed for the evaluation
of the transport properties and fluxes are computed by using the curve fits of
Gupta et al. (1991).
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3.6 Intermediate Conclusions

In this chapter a quantum-chemistry database for the NQ(IEg)-N(4Su) sys-
tem, developed at NASA Ames Research Center, has been presented in detail
(sec. 3.1). The state-to-state kinetics and thermodynamic data contained in
the database have been used for developing a RVC model. The developed RVC
model is extremely accurate, as no simplifying assumptions are introduced.
However, its use can lead to expensive calculations, due to the fact that almost
10000 coupled differential equations must be solved simultaneously. For this
reason, reduced models have been proposed by increasing complexity (MT, VC,
URVC and BRVC). The MT model (sec. 3.2) is a purely macroscopic model,
where the continuity equations for N and Ns are coupled to the rotational and
vibrational (or internal only) energy conservation equations. The MT model is
the cheapest one, among the reduced models. The VC model (sec. 3.3) has been
developed by assuming rotational equilibrium. This hypothesis (which does not
hold true for flows behind strong normal shock waves; see ch. 4) allows for an
important reduction of the number of equations, as only the vibrational levels
of Ny (61) must be tracked. The URVC and BRVC models are two variants of
the Energy Bin model (sec. 3.4). This model has been developed by lumping
the energy levels of Ny in energy bins, where a distribution of the energy levels
is assumed. In the URVC model (sec. 3.4.1), the distribution is uniform. In
the BRVC model (sec. 3.4.2), a Boltzmann distribution at the local transla-
tional temperature is assumed. The mathematical formulation of the BRVC
and URVC models is similar, with the important difference that the URVC
model does not allow for retrieving equilibrium. The computational cost of the
Energy bin model depends on the number of energy bins in use.

The RVC and reduced models have been integrated in hydrodynamic flow
solvers developed by the author. Applications to inviscid and viscous flows
are treated in chs. 4-5.
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Chapter 4

ODE Solver for Flows Behind
Normal Shock Waves

This chapter illustrates the coupling of the RVC and reduced models developed
in ch. 3 with in an Ordinary Differential Equation (ODE) solver for computing
inviscid flows behind normal shock waves. The scope is two-fold: to gain insight
on the dynamics of internal energy excitation and dissociation and to compare
all the models in terms of accuracy and computational cost. Since the discussion
is focused on the kinetics of the considered collisional processes, simplifying
assumptions are introduced to make the flow problem more tractable.

The present chapter is structured as follows. In sec. 4.1 the time-dependent and
multi-dimensional flow governing equations are reduced to a system of ODEs
after the introduction of simplifying assumptions. In the same section, the nu-
merical method is briefly outlined. Applications are first shown for the RVC
model in sec. 4.2, where a detailed analysis is performed on both flow quan-
tities and energy level dynamics. After that, the results obtained by means
of the reduced models (MT, VC, BRVC and URVC) are introduced and pre-
sented by increasing complexity of the reduced models in sec. 4.3. Intermediate
conclusions are given in sec. 4.4.

4.1 Governing Equations and Numerical Method

The non-equilibrium flow behind a normal shock wave is computed under the
following assumptions:

1. The flow is steady and one-dimensional,

2. The flow is inviscid,

3. The shock wave moves at constant speed.
The flow problem is conveniently studied in the shock reference frame. The
shock front is treated as a mathematical discontinuity, where the flow prop-
erties experience a sudden jump from their free-stream values. The governing
equations for the problem under investigation are the steady, one-dimensional
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Euler equations (obtained by applying the adopted simplifying assumptions to
eq. (2.82)):

PNU WN

0 Dell W,

o p—iepu2 =1 5| ecen (4.1)
puH 0

The mass production terms and the thermodynamic properties in eq. (4.1) are
computed based on the contents of secs. 3.2-3.5. The mathematical problem to
be solved is an Initial Value Problem (IVP) for a system of ODEs (Gear 1971).
The solution initial value is provided by the jump conditions at the shock
location. These are computed based on the Rankine-Hugoniot jump relations
(Rankine 1870, Hugoniot 1887; 1889) by assuming frozen flow conditions within
the shock (no dissociation and no excitation acting).

In order to numerically solve eq. (4.1), it is convenient to perform a transforma-
tion from a conservative to a non-conservative canonical form (Thivet 1992):

YN SN

[ Te 3¢

oz | u | | su |’ €E N, 42
T ST

where the mass fractions of N and the generalized internal state € of Ny are
yN = pn/p and g, = pc/p, respectively. The expressions of the components
of the right-hand-side vector in eq. (4.2) can be obtained from the algebraic
manipulation needed to pass from eq. (4.1) to (4.2), and are given in app. B.
The IVP represented by eq. (4.2) and its initial condition is usually stiff, due
to the wide spectrum of time-scales involved. In view of this, eq. (4.2) is
numerically solved by means of the family of Backward Differentiation Formula
(BDF) implicit methods (Gear 1971) as implemented in the LSODE FORTRAN
library (Radhakrishnan and Hindmarsh 1993).

4.2 Application of the RVC Model

The inviscid flow behind a normal shock wave has been computed by using
the free-stream conditions given in tab. 4.1, where the reported free-stream
pressure values correspond to 6.67 Pa, 13.33 Pa and 44.4 Pa, respectively. The
free-stream flow has been seeded with 2.8 % of N, since only only N3-N colli-
sions are considered. Preliminary computations performed by means of multi-
temperature models (for us = 9,10km/s; Magin et al. 2009; Munafo et al.
2010) have shown that the solution obtained by adopting the present free-
stream conditions did not experience an important departure from the results
obtained without seeding the free-stream flow and by accounting for No-No and
Ny-e~ collisions.



PART II - INTEGRATION OF COARSE-GRAINED MODELS IN HYDRODYNAMIC 31
Frows

The use of a RVC model in CFD simulations allows for obtaining a great
quantity of information concerning flow properties and energy level dynam-
ics. Before analyzing the population distributions, a parametric study on the
free-stream conditions/kinetic processes has been initially performed. This has
been done for two reasons: to understand the important flow features that must
be captured by an accurate reduced model and to select the most appropriate
conditions under which testing the reduced models.

Poo [torr]  0.05, 0.1 and 0.33
Uso [m/s]  6,7,8,9,10 and 11
Two [K] 300

Table 4.1: Free-stream conditions for normal shock wave studies.

4.2.1 Influence of the Free-Stream Pressure

Figure 4.1 shows the temperature evolution behind the shock wave for different
values of the free-stream pressure (both moderate and high-speed conditions
are considered). When increasing the free-stream pressure, the flow reaches
the post-shock equilibrium conditions faster as a consequence of the enhanced
collisional rate between the gas particles.

30000 60000+
iz 25000 0.05 torr 50000+ 0.05 torr
] 0.1 torr 1
& 20000 40000 - 0.1 torr
4 1) N LT ]
& 15000 o R 30000 0.33 torr
<0000 § 20000 ’
~ 1 ; / /// ] /
- I 7 - _ J
5000 I Pt 10000 Fa ?f/)'/(‘. z7
L el
0 I T T T T T T T T 0 | - T T T T
0 0.005 0.01 0.015 0.02 0 0.005 0.01
x [m)] x [m]
(a) oo = Tkm/s. (b) uoo = 10km/s.

Figure 4.1: RVC model. Temperature evolution behind the shock wave for different
values of the free-stream pressure (unbroken lines T, dashed lines Ty, dotted-dashed
lines Ty, dotted lines Tyt ).

The internal, vibrational and rotational temperatures shown in fig. 4.1 have
been computed based on their definitions given in eqs. (3.34) and (3.35)-(3.38),
respectively. It is interesting to notice that the rotational and vibrational tem-
peratures show a very similar behavior. In particular, the vibrational tempera-
ture rises faster in the region immediately behind the shock front. The internal
temperature always lies between the vibrational and rotational temperatures.
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The results obtained indicate that assuming that rotational relaxation proceeds
much faster than vibrational relaxation is questionable. The aforementioned
approximation is often employed in the aerothermodynamic community (Park
1990), and is usually justified in view of the results obtained when using Parker’s
model for rotational relaxation (Parker 1959) and in view of experimental data
on rotational relaxation times. However, experimental data are mainly avail-
able within the temperature range 300-1000 K, which is much lower than that
reported in fig. 4.1. Recently, Panesi et al. (2013) have computed rotational
relaxation times based on heat-bath calculations by using the same RVC model
employed in this thesis. Their results (recalled also in sec. 3.2) show that,
at high-temperatures, the rotational and vibrational relaxation times become
comparable. This is consistent with the temperature evolution shown in fig. 4.1.
The free-stream pressure effect can be also appreciated from the N mole fraction
evolution given in fig. 4.2. As expected, increasing the free-stream pressure
leads to a faster dissociation due to the enhanced collisional rate among the
gas particles.

‘ \ ‘ T ‘ \ ‘ ‘
0 0.005 0.01 0.015 0.02 0.025

z [m]

Figure 4.2: RVC model. N mole fraction evolution behind the shock wave for different
values of the free-stream pressure (us = 10km/s; unbroken lines poo = 0.33torr,
dashed lines poo = 0.1torr, dotted-dashed lines p», = 0.05 torr).

4.2.2 Influence of the Free-Stream Velocity

Figure 4.3 shows the temperature and N mole fraction evolution behind the
shock wave for different values of the free-stream velocity (the free-stream pres-
sure is 0.1torr). The increasing of the free-stream velocity has the effect of
increasing the amount of translational thermal energy available to the flow in
the region immediately behind the shock front. As a consequence, the post-
shock values of the gas pressure and translational temperature are increased
compared to low-speed conditions (see fig. 4.3(a)). The combined effects of in-
creased pressure and temperature lead to more energetic and frequent collisions,
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thereby enhancing the amount of dissociation within the flow (see fig. 4.3(b)).
Notice that at low-speed conditions, the distance needed in order to reach the
post-shock equilibrium state is higher than that needed for high-speed condi-
tions. This is due to the lowering of the post-shock pressure when decreasing
the free-stream velocity.

Some words of caution are needed when analyzing the low-speed results shown
in fig. 4.3. Indeed, in view of the limited amount of dissociation (especially for
the case us = 6km/s), neglecting the effects of N3-No collisions may constitute
a less realistic approximation compared to high-speed conditions.
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(a) Translational temperature. (b) N mole fraction.

Figure 4.3: RVC model. Translational temperature and N mole fraction evolution
behind the shock wave for different values of the free-stream velocity (p~ = 0.1 torr;
unbroken lines us, = 11km/s, dashed lines uo, = 10km/s, dotted-dashed lines uo =
9km/s, lines with circles us = 8km/s, lines with squares us, = Tkm/s, lines with
triangles uoo = 6km/s).

4.2.3 Influence of Exchange Processes and Predissociation

After studying the effects induced by changing the free-stream pressure and
velocity in secs. 4.2.1-4.2.2, a similar study has been performed by includ-
ing/excluding exchange processes and predissociation. For sake of brevity, only
the results obtained by adopting the values of 0.1torr and 10km/s for the
free-stream pressure and velocity, respectively, are discussed.

Figure 4.4 shows the influence of exchange processes on the temperatures and
N mole fraction. The distance at which thermal equilibrium is reached is
roughly doubled when exchange processes are not taken into account, as shown
in fig. 4.4(a). Neglecting the exchange processes has therefore the effect of low-
ering the excitation rate of the internal energy of No which, in turn, slows-down
the dissociation.

Figure 4.5 shows the influence of predissociation on the temperatures and N
mole fraction. Predissociation has the effect of speeding up the dissociation of
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No. However, the differences observed between the cases with /without predisso-
ciation are negligible compared to those associated with the inclusion/exclusion
of exchange processes. The same conclusion holds also for other flow quantities,
such as velocity, which are not shown in fig. 4.5.

The findings deduced from figs. 4.4-4.5 apply, in general, to all the cases of
tab. 4.1 and confirm the results of Panesi et al. (2013).

1

60000+ "\
50000 087
= 40000 064
= 1 z
& 30000 >
o 0.4
20000+
| 0.2
10000+
0= " T " T " T " 0 " T " T " T "
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
2 [m] 2 [m]
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Figure 4.4: RVC model. Temperature and N mole fraction evolution behind the shock
wave with/without exchange processes (poo, = 0.1 torr and us = 10km/s; in (a) unbro-
ken line T with exchange, dashed line Tiny with exchange, dotted-dashed line T without
exchange, dotted line Tiny without exchange; in (b) unbroken line with exchange, dashed
line without exchange).
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(a) Temperatures. (b) N mole fraction.

Figure 4.5: RVC model. Temperature and N mole fraction evolution behind the shock
wave with/without predissociation (poo = 0.1torr and us = 10km/s; in (a) unbroken
line T with predissociation, dashed line Tiny with predissociation, dotted-dashed line T
without predissociation, dotted line Tiny without predissociation; in (b) unbroken line
with predissociation, dashed line without predissociation).
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4.2.4 Findings from the Flowfield Analysis
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Before moving to the detailed analysis of the rovibrational energy population
distribution (shown in sec. 4.2.5), it is better to summarize the most important
observations deduced from the flowfield analysis performed in secs. 4.2.1-4.2.3.

e Flow quantities. The temperature evolution in fig. 4.1 suggests that

the rates of rotational and vibrational energy relaxation become compa-
rable when the post-shock translational temperature is sufficiently high.
This conclusion is consistent with the results obtained by Panesi et al.
(2013) for heath-bath calculations. However, the vibrational and ro-
tational temperatures in fig. 4.1 have been obtained as post-processing
based on egs. (3.35)-(3.38). For this reason, the existence and the extent
of rotational non-equilibrium effects are further investigated in sec. 4.2.5
by analyzing in detail the evolution of the internal energy population
distribution.

Kinetic processes. The results given in fig. 4.4 have shown that ex-
change processes have an important impact on the flowfield. The oppo-
site conclusion has been found for predissociation (see fig. 4.5), which
can be therefore neglected in the development of the reduced models (a
conclusion that was already anticipated in sec. 3.2).

Free-stream conditions for testing the reduced models. The para-
metric study on the free-stream conditions has suggested not to use low
values for the free-stream velocity (such as 6km/s), due to the limited
amount of dissociation and the importance of No-Ng collisions for those
conditions. In what follows, the free-stream pressure and velocity are
kept fixed at 0.1 torr and 10 km/s, respectively.

4.2.5 Energy Level Dynamics

The energy level population distributions have been extracted at eight locations
listed in tab. 4.2 (where the corresponding values for the N mole fraction and
temperatures are also given).

# X [m] XN T [K] Tint [K] Tvib [K] Trot [K]
1 25x10° 28x10"2 62486 473 947 375

2 25x107%* 29x1072 61926 1595 2269 1059

3 23x107% 75x1072 53205 11232 11964 10367
4 32x1073 23x10"' 40637 19953 19275 20771
5 34x107% 3.2x107! 36297 22291 21210 23565
6 3.6x107% 4.1x10"! 32481 23748 22506 25185
7 39x107% 54x107' 27794 23891 22850 25092
8 51x107% 81x10"! 18987 18016 17696 18408

Table 4.2: RVC model. Position, N mole fraction and temperatures for the locations
at which the population distributions are extracted.
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(a) N mole fraction. (b) Population distribution.

Figure 4.6: RVC model. Comparative evolution of the N mole fraction and rovi-
brational energy level distribution behind the shock wave (ps = 0.1torr and us, =
10km/s; the symbols in (a) highlight the locations at which the population distribu-
tions, plotted in (b), are extracted).
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Figure 4.7: RVC model. Evolution behind the shock wave of the population of the
rovibrational energy levels lying close to the ground-state (po, = 0.1torr and us =
10km/s; the locations at which the distributions are plotted are the same as those of

fig- 4.6).

Figure 4.6 provides a visual correspondence between the evolution of the N
mole fraction and the population distribution behind the shock wave. In the
region immediately behind the shock front (locations 1 and 2 of tab. 4.2),
the distribution is heavily distorted and experiences strong departures from
a Boltzmann distribution. In this zone, the dissociation has not started yet
and the medium and high-lying energy levels are poorly populated. Their
population progressively increases due to the occurrence of inelastic collisions
between N and Na (location 3 of tab. 4.2). Moving further downstream, the
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inelastic collisions continue to occur and the population distribution assumes a
more regular shape. Distortions are more and more localized around the ground
state (see fig. 4.7), while the distribution of medium and high-lying energy
levels is almost Boltzmann. Once a sufficient degree of excitation reached,
the dissociation process starts and, in its initial phase (locations from 2 to 6
of tab. 4.2), occurs through sequences of non-Boltzmann distributions. This
feature is still noticeable when more than 40 % of Ny has already undergone
dissociation. The rest of the dissociation (locations 7 and 8 of tab. 4.2), occurs
under thermal equilibrium conditions.

Rotational non-equilibrium effects have been investigated by comparing the
distributions of the rotational levels (of selected vibrational states) with the
Boltzmann distributions at the state-specific rotational temperatures 7;7;. The
rotational temperatures 777, have been extracted through the following relation:

S g MBS (N ez, ABu(J) avyexp |~ AEL(J) /T,

- (4.3)
L Zv (Trlz)t)

v € VNy,

where the number density and the rotational partition function of the vibra-
tional level v (71, and Z,, respectively) are computed based on eq. (3.53). Figure
4.8 shows the results of this comparison for the location 6 of tab. 4.2.
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Figure 4.8: RVC model. Rotational energy level distribution for the ground and
the first three excited vibrational states at x = 3.6 x 1073 m (poo = 0.1torr and
Uoo = 10km/s; in (a) the unbroken lines represent the Boltzmann distributions at
the rotational temperatures T, ).

The numerical values obtained for the rotational temperatures (reported in
fig. 4.8(a)) confirm the existence of thermal non-equilibrium between transla-
tion and rotation. The reported values further indicate that rotational non-
equilibrium effects are more pronounced for low-lying vibrational states. This
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is due to the fact that rotational excitation proceeds faster for higher vibra-
tional states as confirmed by fig. 4.8(b) which focuses on the distribution of the
rotational levels close to the ground-state. Deviations from a Boltzmann dis-
tribution can be observed for low-lying rotational levels of all vibrational states
and become more and more pronounced when moving towards the vibrational
ground-state. It is interesting to notice that the rotational levels having odd
and even rotational quantum number (J) split in two distinct groups. This
feature is observed for all vibrational states shown in fig. 4.8(b) and is more
evident for the vibrational ground-state.

The assessment of rotational non-equilibrium effects has been completed by
tracking the evolution behind the shock wave of the state-specific rotational
temperatures 7,7, and by comparing them with the global rotational temper-
ature Tyot (see fig. 4.9). All the rotational temperatures, despite the differ-
ent behaviors, reach the thermal equilibrium condition within the locations
x ~ 3.5 — 4 x 1073 m. This justifies the use of the global rotational temper-
ature 1ot as macroscopic indicator of rotational non-equilibrium effects. The
rotational temperature of the vibrational ground-state 7O, shows the same
trend as Tyot, though it rises slower. This is not the case for the rotational
temperatures of the excited vibrational states. In the region immediately be-
hind the shock (not shown in fig. 4.9), they quickly rise to values which are
much higher than those of T}, and T2, and, at the same time, sensibly lower
than the translational temperature. This is consistent with the shape of the
rotational level distributions shown in fig. 4.8 and further confirms that rota-
tional excitation proceeds faster for higher vibrational states. The differences
between the various rotational temperatures becomes smaller and smaller when
the dissociation becomes significant.

x [m]

Figure 4.9: RVC model. Translational and rotational temperature evolution behind
the shock wave (ps = 0.1torr and us = 10km/s; unbroken line T, dashed line Tyot,
line with circles TC, , line with squares Tk, , line with triangles T2, line with diamonds
Tr?z)t)'
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After completing the study of rotational non-equilibrium effects, the energy
level dynamics has been further analyzed by looking at the vibrational and ro-
tational specific population distributions (see fig. 4.10). The rotational specific
population, plotted in fig. 4.10(b), is defined as:

iy= Y nys, Ej=Ey, Je{0,...,279}. (4.4)

UEVN2

The distributions shown in fig. 4.10 share the same features of that of the
rovibrational energy levels (fig. 4.6). There is an initial phase in which the
medium and high-lying energy levels are being populated through inelastic
collisions. This is followed by the onset of dissociation that occurs once the
high-lying energy levels are sufficiently populated. The distributions are non-
Boltzmann when dissociation starts. This feature disappears after that half
of Ng has undergone dissociation. Notice that, the rotational levels (shown in
fig. 4.10(b)) split according to odd and even rotational quantum numbers, as
already observed in fig. 4.8(b).

/ Zy [m™3]

Ty

E, [eV] Ej[eV]
(a) Vibrational specific distribution. (b) Rotational specific distribution.

Figure 4.10: RVC model. Evolution of the vibrational and rotational specific popula-
tion distributions behind the shock wave (ps = 0.1torr and us, = 10km/s; in (a) line
with circles x = 2.5 x 107°m, line with squares © = 2.5 x 10~*m, line with triangles
z = 2.3 x 1073 m, line with diamonds x = 3.2 x 10~3m, dotted line x = 3.4 x 10~ m,
dotted-dashed line x = 3.6 x 1073 m, dashed line x = 3.9 x 1073 m, unbroken line
x =51x10"3m; in (b) circles x = 2.5 x 107°m, squares x = 2.5 x 10~* m, trian-
gles x = 2.3 x 1073 m, diamonds x = 3.2 x 1073 m, unbroken line x = 3.9 x 103 m,
dashed line z = 5.1 x 1073 m).
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4.3 Application of the Reduced Models (MT, VC,
BRVC and URVCQ)

After completing the analysis of the RVC model solution, the flow behind a
normal shock wave has been computed by means of the reduced models (MT,
VC, BRVC and URVC) by adopting the free-stream conditions given in tab. 4.1.
The results obtained have been then compared with those provided by the
RVC model. For reasons that become apparent while analyzing the results, the
comparison is shown by increasing complexity of the reduced models.

4.3.1 RVC vs MT

Figure 4.11 compares the RVC and MT model solutions for the temperatures
and the N mole fraction behind the shock wave. The two variants of the MT
model (T-Tin and T-Tyi,-Trot) give practically the same result in terms of chem-
ical composition and translational temperature (in fig. 4.11(a) these quantities
are shown only for the T-Tyj,-T1ot variant of the MT model).
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(a) Temperatures. (b) N mole fraction.

Figure 4.11: RVC and MT model comparison. Temperature and N mole fraction
evolution behind the shock wave (poo = 0.1torr and us = 10km/s; in (a) unbroken
line T RVC, dashed line T;y RVC, dotted-dashed line Ty, RVC, dotted line Tyo; RVC,
line with circles T MT, line with squares Tiny MT, line with triangles Ty, MT, line
with diamonds Tyor MT; in (b) unbroken line RVC, dashed line MT).

The MT model leads to a faster dissociation. This is a general behavior that has
been observed for all the cases of tab. 4.1. In order to understand the possible
sources for this systematic difference, the mass production and energy transfer
terms have been extracted for both the RVC and MT solutions (see fig. 4.12).
The results suggest that the MT fails in predicting the correct flow behavior due
an overestimation of the macroscopic dissociation rate. On the other hand, the
energy transfer seems to be described correctly. This aspect has been further
investigated by repeating the calculations without dissociation. Figure 4.13
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shows a comparison between the MT and RVC models for the temperatures.
The agreement is good, though the MT leads to slightly faster excitation of
vibrational and rotational energies. The same conclusion was found for the
T-Tiy variant of the MT model (not shown in fig. 4.13). The results shown
in fig. 4.13 confirm that the disagreement observed in figs. 4.11-4.12 is due to
an inaccurate estimation of the macroscopic dissociation rate coefficient in the
MT model.
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(a) N mass production term. (b) Energy transfer terms.

Figure 4.12: RVC and MT model comparison. Mass production and energy trans-
fer term evolution behind the shock wave (poo = 0.1torr and us = 10km/s; in (a)
unbroken line RVC, dashed line MT; in (b) unbroken line les vib RVC, dashed line
Qd‘b "% RVC, dotted-dashed line Qtr‘; Vib RVC, dotted line Qdf "t RVC, line with
CZT’CZES lez vib MT, line with squares Qdlq U MT, line with diamonds Qtr‘l vib T,
line with triangles Qd’g Y MT).
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Figure 4.13: RVC and MT model comparison. Temperature evolution behind the
shock wave switching off dissociation (pos = 0.1torr and us = 10km/s; unbroken line
T RVC, dashed line Ty, RVC, dotted-dashed line T.ox RVC, line with circles T MT,
line with squares Tyir, MT, line with triangles Tyor MT).
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The MT macroscopic dissociation rate coefficient has been computed by Panesi
et al. (2013) based on isothermal heat-bath calculations. As it was recalled in
sec. 3.2, the one-temperature macroscopic dissociation rate coefficient was de-
termined by taking the QSS value of the following quantity (see also eq. (3.30)):

- 1 .

ks () = kS (T, 4.5

Nz( ) nN, ;n i ( ) ( )
1 Ny

Figure 4.14 is taken form the work of Panesi et al. (2013) and shows the
quantity defined in eq. (4.5) as a function of time for different translational
temperatures. The QSS period is identified by the existence of a plateau region.
The results in fig. 4.14 indicate that the duration of the QSS period decreases
when increasing the translational temperature. At T'= 40000 K, the extent of
the plateau region is so narrow that the existence of QSS becomes questionable.
In view of this, one can conclude that the lack of agreement observed between
the RVC and MT results is due to the use of a macroscopic dissociation rate
coefficient outside of QSS conditions (i.e. outside of the range where it is
possible to define a macroscopic rate coefficient; Park 1990).

Figure 4.14: RVC model. Time evolution of the macroscopic dissociation rate co-
efficient (unbroken line T = 10000K, dashed line T = 15000K, dotted-dashed line
T =20000K, line with circles T = 30000K, line with squares T = 40000K).

4.3.2 RVC vs VC, URVC, BRVC and MTP

After assessing the inaccuracy of the MT model, it was decided to test the
coarse-grained models (VC, BRVC and URVC) described in secs. 3.3-3.4. For
the BRVC and URVC models, the computations have been performed by using
different numbers of energy bins (see tab. 4.3). The number of energy bins
assigned to the bound region of the internal energy ladder of Ny (JVI\I?Z ) has
been set, whenever possible, to 75-80 % of the total number of energy bins
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(4x,)- This choice was motivated by the fact that about 80 % of the internal
energy levels of No in the NASA ARC database are bound (see sec. 3.1.1).

# M, </V1\]f3’2 N N
1 2 1 1

2 5 4 1

3 10 8 2

4 20 16 4

5 30 24 6

6 40 32 8

7 50 40 10
8 75 60 15
9 100 80 20
10 500 325 175

Table 4.3: Number of energy bins used for the BRVC and URVC models.

For the sake of completeness, the comparison between the RVC and coarse-
grained model solutions has been performed by including also the results ob-
tained by means of the MT model developed by Panesi et al. (2013) and the
multi-temperature model developed by Park (MTP; Park 1993). The MTP
model has been considered as, at the present time, it represents the model
which is most commonly used in aerothermodynamic flow solvers (Gnoffo et al.
1989; Candler and MacCormack 1991; Lani 2009). The MTP model accounts
for two distinct temperatures (translational and vibrational; T-Ty;, model). In
this model, the Qf\?;_"ib and Q%is_"ib energy transfer terms are described by us-
ing the Landau-Teller model (1936) and the non-preferential dissociation model
of Candler and MacCormack (1991), respectively.

Figure 4.15 compares the RVC and reduced model solutions in terms of trans-
lational temperature and N mole fraction. The BRVC(50) model (where 50
indicates the number of energy bins) leads to the best agreement with the
RVC model solution, as the dissociation is only slightly overestimated. The
URVC(50) model solution is also very close to that of the BRVC(50) model.
For this reason, it is not shown in fig. 4.15. The MTP model leads to the fastest
dissociation. The MT and VC models give very similar results and they both
lead to a too fast dissociation. The too fast dissociation of the MT model is due
(as shown in sec. 4.3.1) to the lack of QSS conditions. In case of the VC model,
the too fast dissociation is instead due to the assumed rotational equilibrium
the model is based on. As clearly shown in sec. 4.2.5, the assumption of ro-
tational equilibrium does not hold true for the adopted free-stream conditions
(see fig. 4.9). On the other hand, the results obtained for the BRVC(50) and
URVC(50) models indicate that these coarse-grained models can account for
rotational non-equilibrium effects. Hence, their use should be preferred to the
MT and VC models for dissociating flows behind shock waves.
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(a) Translational temperature. (b) N mole fraction.

Figure 4.15: RVC, BRVC(50), VC, MT and MTP model comparison. Translational
temperature and N mole fraction evolution behind the shock wave (poo = 0.1torr and
Uoo = 10km/s; unbroken lines RVC, dashed lines BRVC(50), dotted-dashed lines VC,
lines with circles MT, lines with squares MTP).

The sources of the slight discrepancy between the BRVC(50) and RVC models
observed in fig. 4.15 have been further investigated by comparing the evolu-
tion behind the shock wave of the mass production and energy transfer terms
(see fig. 4.16). The results show that the internal energy excitation is perfectly
captured by the BRVC(50) model, while the dissociation rate is a bit overesti-
mated. These results are consistent with the Ny mole fraction evolution shown

in fig. 4.15(b).

z [m]

z [m)]

(a) N mass production term. (b) Energy transfer terms.

Figure 4.16: RVC and BRVC(50) model comparison. Mass production and energy
transfer term evolution behind the shock wave (poo = 0.1torr and us = 10km/s; in (a)
unbroken line RVC, dashed line BRVC(50); in (b) unbroken line Q“a in® RVC, dashed
line Qd‘b it RVC, line with circles Qt” it BRVC(50), line wzth squares Qd‘b n
BRVC( 50) ).
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4.3.3 Bin Number Sensitivity Analysis for the BRVC and URVC
Models

The comparison among the reduced models performed in sec. 4.3.2 has demon-
strated that the BRVC and URVC models are the most accurate. However, the
results shown in figs. 4.15-4.16 refer to a fixed number of energy bins (50). In
order to assess the influence of the number of energy bins used on flow quanti-
ties, the solutions obtained for the number of energy bins given in tab. 4.3 have
been compared with each other.

Figure 4.17 shows the temperatures and N mole fraction evolution behind the
shock wave for different numbers of energy bins in the case of the BRVC model.
Notice that the post-shock translational temperature depends on the number
of energy bins. This is due to the non-linear temperature dependent term in
the expression for the gas thermal energy density (see eq. (3.94)). In all the
cases, both the translational and internal temperature approach the post-shock
equilibrium value. The solutions obtained when using 2 and 5 energy bins tend
to overestimate the dissociation rate, implying that a larger number should be
used. This behavior could be partly due to the lower value of the post-shock
translational temperature. The use of a larger number of energy bins does not
introduce appreciable changes as can be seen from the small differences between
the 20 and 100 energy bin solutions.

10° 10” 10

2 [m] @ [m]
(a) Temperatures. (b) N mole fraction.

Figure 4.17: BRVC model. Bin number convergence study on the temperatures and
the N mole fraction for the flow behind a normal shock wave (po, = 0.1torr and
Uso = 10km/s; unbroken lines BRVC(2), dashed lines BRVC(5), dotted-dashed lines
BRVC(10), dotted lines BVRC(20), lines with circles BRVC(50), lines with squares
BRV(C(100)).

In the case of the URVC model, the sensitivity of the N mole fraction and trans-
lational temperature to the number of energy bins is similar to that observed
for the BRVC model (with the difference that the post-shock translational tem-
perature is no-longer bin number dependent). The situation for the internal
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temperature is different, as shown in fig. 4.18. When using only 5 energy bins,
the value obtained for the URVC model does not converge to the correct post-
shock equilibrium value (11420 K), as opposed to the case of the BVRC model.
A higher number of energy bins is needed for obtaining a more physical evo-
lution of the internal temperature. These results are due to the fact that (as
shown in sec. 3.4.1) the URVC model does not allow to retrieve the equilibrium
state (i.e. chemical composition and energy distribution). The present obser-
vations lead to the conclusion that the BRVC model should be preferred to the
URVC model. This is especially true for computations that require to impose
equilibrium conditions in some parts of the computational domain (such as in
nozzle flows, shown in ch. 5).

‘ \ ‘ T ‘ \ ‘ T ‘
0 0.005 0.01 0.015 0.02 0.025

z [m]

Figure 4.18: BRVC and URVC models. Internal temperature evolution behind the
shock wave for different numbers of energy bins (poo = 0.1torr and us, = 10km/s;
unbroken line BRVC(5), dashed line BRVC(50), dotted-dashed line URVC(5), dotted
line URVC(50)).

4.4 Intermediate conclusions

This chapter has described the application of the RVC and reduced models
(MT, VC, BRVC and URVC) to study non-equilibrium inviscid flows behind
normal shock waves.

The numerical solutions obtained by means of the RVC model (sec. 4.2) have
highlighted the importance of rotational non-equilibrium effects. In particular,
it was found that the rates of vibrational and rotational excitation behind the
shock wave become comparable for high-speed conditions. These results are
consistent with those of Panesi et al. (2013) who used the RVC model in
heath-bath calculations. The results obtained by means of the RVC model
have also shown that exchange processes play an important role and cannot be
neglected. The opposite behavior was found for predissociation, demostrating
that this process could be neglected for the development of the reduced models.
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Rotational non-equilibrium effects have been investigated more in detail by
analyzing the rovibrational energy level population distributions at different
locations behind the shock (sec. 4.2.5). The extracted state-specific rotational
temperatures have confirmed the lack of thermal equilibrium between the No
translational and rotational degrees of freedom. A careful inspection of the
behavior of the rotational levels close to the ground-state has revealed the
existence of a splitting according to odd and even rotational quantum numbers.
The splitting was systematically observed for all low-lying vibrational states and
was more pronounced for the vibrational ground-state (which experienced the
biggest departure from rotational equilibrium).

The RVC model solution has been then compared with those obtained by means
of the reduced models (MT, VC, BRVC and URVC). The comparison between
the RVC and MT results (sec. 4.3.1) has shown that the MT model leads to a
too fast dissociation. This behavior was due to the lack of QSS for the adopted
free-stream conditions. After assessing the deficiencies of the MT model, the
results obtained by means of the coarse-grained models (VC, BRVC and URVC)
have been introduced (sec. 4.3.2). The VC model led to a too fast dissociation,
due to the assumed rotational equilibrium. The BRVC and URVC models were
in much better agreement with the RVC model, meaning that these coarse-
grained models could automatically account for rotational non-equilibrium ef-
fects. A sensitivity analysis to the number of energy bins has shown that a
correct description of flow quantities could be achieved by using only 20 energy
bins. This led to the conclusion that the BRVC and URVC models should be
preferred to the VC model for high-speed conditions. The differences between
the BRVC and URVC models have been further investigated by looking at the
internal temperature evolution (sec. 4.3.3). In the case of the BRVC model,
the internal temperature approached the correct post-shock equilibrium value
independently on the number of bins in used. A high number (50) was needed
for the URVC model. The observed behavior is a direct consequence of the
fact the BRVC model allows to retrieve equilibrium, as opposed to the URVC
model. The use of the BRVC model should be preferred to the URVC model.

The conclusions regarding the performances of the reduced models (MT, VC,
BRVC and URVC) have been drawn based on the results obtained in a purely
dissociating environment. In view of this, the application domain is enlarged
in ch. 5, where the RVC and reduced models are applied to other benchmarks,
such as nozzle and stagnation-line flows. This is also done with scope of having
a deeper and more accurate understanding of the performances offered by the
developed reduced models.






Chapter 5

CFD Solvers for
Aerothermodynamic Flows

This chapter illustrates the application of the RVC and reduced models de-
veloped in ch. 3 to CFD solvers for aerothermodynamic flows. The scope of
the analysis is: to gain insight on the dynamics of internal energy excitation
and dissociation and to compare all the models in terms of accuracy and com-
putational cost. The benchmarks considered here constitute a more realistic
representation of actual aerothermodynamic flows compared to ch. 4.

The present chapter is structured as follows. Section 5.1 introduces the flow
governing equations in conservation law form. The numerical methods are ex-
plained in sec. 5.2. After that, computational results are discussed. Section 5.3
focuses on quasi-one-dimensional nozzle flows. In sec. 5.4 the viscous flow along
the stagnation line of blunt bodies is analyzed. Multi-dimensional applications
are considered in sec. 5.5. Intermediate conclusions are given in sec. 5.6.

5.1 Governing Equations in Conservation Law Form

As shown in ch. 2, a hydrodynamic description of non-equilibrium flows is
provided by the time-dependent, three-dimensional Navier-Stokes equations:

ou

5 +
When adopting the unified notation of sec. 3.5, the conservative variable and
source term vectors, and the inviscid and diffusive flux tensors are:

Vi -F—Vy -Fi=8. (5.1)

U=[px pe pv pE]", (5.2)
S:[wN we 03 O]T, (5.3)
F=[pxv pev pv@v+pl pvH ]T, (5.4)
Fl=[ v —pvd T zv-q] . (5.5)

€€ ENQ.
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In the Navier-Stokes equations (5.1), the constitutive relations for the stress
tensor T and the heat flux vector q are given by Newton’s and Fourier’s laws
(3.117)-(3.118), respectively. The diffusion velocities are found by solving the
Stefan-Maxwell equations (3.116). The thermodynamic properties, mass pro-
duction terms and transport properties in egs. (5.2)-(5.5) can be computed
based on the contents of ch. 3.

In the present chapter, the following benchmarks are considered:

e Quasi-one-dimensional flows within converging-diverging nozzles (sec. 5.3),

e Flows along the stagnation line of blunt bodies (sec. 5.4),

e Inviscid axisymmetric flows (sec. 5.5).
Each case in the previous list is studied by applying ad-hoc simplifying as-
sumptions to eq. (5.1). When this is done, a simpler form of the flow governing
equations (5.1) is obtained. Sections 5.1.1-5.1.3 provide the conservation law
form of the simplified governing equations.

5.1.1 Inviscid Quasi-One-Dimensional Nozzle Flows

The governing equations for an inviscid and quasi-one-dimensional flow within
a nozzle of cross-sectional area distribution A = A(z) (where z is the posi-
tion along the nozzle axis), can be obtained based on the Navier-Stokes equa-
tions (5.1) by neglecting the transport fluxes and applying the hypothesis of
quasi-one-dimensional gas motion. The set of equations obtained by using this
procedure can be written in conservation law form as (Hirsch 1990):

ou OF
— 4+ — =8, (5.6)
ot Ox

where the vector F is the inviscid flux vector. The source term vector is the
sum of two distinct contributions:

S =S¢ 4 sk, (5.7)

The convective source term vector S¢ accounts for the nozzle cross-sectional
area variation. The vector S¥ accounts for the kinetic processes within the
flow (internal energy excitation and dissociation). The conservative variable,
inviscid flux and source term vectors in egs. (5.6)-(5.7) are:

U=[px pe pu pE]", (5.8)
F=[pvu peu p+pu? puH ]T, (5.9)
S¢ = —82;14 [ PNU  peu pu’  puH ]T, (5.10)
S =[wy @ 0 0], (5.11)

6651\12.
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5.1.2 Stagnation-Line Flows

The flow along the stagnation-line of blunt bodies can be studied by using the
quasi-one-dimensional Navier-Stokes equations derived by Klomfass and Miiller
(1997). The derivation starts by writing egs. (5.1) in spherical (or cylindrical)
coordinates and by assuming a functional dependence for the flow variables:

PN =DN(T),  pe= E(T)7 € € &Ny, (5.12)
u="(r)cosf, v=70(r)sinf, T=T(r), p—peo=n(r)cos’h,(5.13)

where quantities u and v are the axial and radial velocity components, respec-
tively, and quantity r is the distance from the stagnation-point. The 6 angle
is measured with respect to the stagnation-line. The stagnation-line equations
are obtained by substituting eqs. (5.12)-(5.13) in eq. (5.1), and taking then
the limit & — 0. The obtained set of one-dimensional equations can be writ-
ten as system of time-dependent hyperbolic-parabolic conservation laws (see
below). This is particularly advantageous, as it allows for the use of shock-
capturing methods in conjunction with a time-marching approach for reaching
steady-state conditions (Hirsch 1990). Depending on the coordinate system in
use, two formulations can be obtained: spherical and cylindrical. In this the-
sis, the spherical formulation has been adopted as it provides a more realistic
representation of the flow around the stagnation-point of re-entry vehicles.
Alternative formulations to that of Klomfass and Miiller (1997) exist, such
as viscous shock-layers (Thivet 1992; Gupta and Lee 1995). In viscous shock
layers, the governing equations cannot be cast in a conservative form. This
obliges to resort to shock-fitting procedures for computing the jumps in flow
variables at the shock location. These reasons explain why the formulation of
Klomfass and Miiller (1997) was preferred to viscous shock-layers.

The stagnation-line equations obtained by Klomfass and Miiller (1997) are:

oU  OF OF!

= 5.14
ot + or or ( )
The conservative variable, inviscid flux and diffusive flux vectors are:
. T
U=[px pe pu pv pE ], (5.15)
F=|pvu peu p+pu* puww puH ]T, (5.16)
. T
Fd = [ _pNU% —,OE’LLg Trr Trog Trrd —( ] ) (517)

€ € EN,,

where the overbar symbol has been omitted for the sake of clarity. It is im-
portant to mention that only the axial velocity component u (@ in eq. (5.12))
contributes to the gas specific kinetic energy (i.e. €™ = w2/2). This pecu-
liarity results from the procedure leading to the stagnation-line equations and
must be taken into account when deriving the eigensystem associated to the
hyperbolic part of eq. (5.14) (see app. C for more details).
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The source term vector in eq. (5.14) is the sum of three distinct contributions:
S =8¢+ 8448k (5.18)

As it was in sec. 5.1.1, the kinetic source term vector S¥ accounts for the kinetic
processes within the flow. The convective and diffusive source term vectors (S¢
and S9, respectively) are additional source terms resulting from the procedure
leading to the stagnation-line equations:

1
S¢ = - [ 2o8(u+v) 20e(u+v) 2pu(u+v)
T

3pv(u+v) = 2(p— pos) 2p(u+v)H |7, (5.19)
s = —% [ 2onuRy 2pe0¢ —2(Ter + Trp — To9)  —(3Tv0 — 7o)

—2(Tortt + T+ Togv — @) |, (5.20)
S*—[wxy @ 0 0 0], (5.21)

€ € 8N2.

In the stagnation-line formulation of Klomfass and Miiller (1997), the consti-
tutive relations for the stress tensor and the heat flux vector reduce to:

4 [(Ou u-+tw
rr — o a. y .22
7 377 (87“ r ) (5.22)
ov u+tv
o = — — , 5.23
e =1 (87’ r > ( )
1
oo = —5Trrs (5.24)
~ oT
d ~ ~d
= h E . e — A—. 2
q PNUNNN + p ueh’ A or (5 5)
6651\12

5.1.3 Inviscid Axisymmetric Flows

The governing equations for inviscid axisymmetric flows can be obtained based
on the Navier-Stokes equations (5.1) by neglecting the transport fluxes and by
assuming that the flow is axisymmetric. After some algebraic manipulation,
the conservation law form of the governing equations is obtained:

oyuU oyF 0yG
ot ox oy

where quantities x and y are the axial and radial coordinates, respectively. The
conservative variable and inviscid flux vectors are:

=8, (5.26)

. T
U=[px pe pu pv pE ], (5.27)
F=|[pnu peu p+pu* puv puH ]T, (5.28)
G=[pxv pv pw p+pv? pvH ]T, (5.29)

€ € ENy,
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where v and v are the axial and radial velocity components, respectively. The
source term vector in eq. (5.26) is made of two distinct contributions:

S = S° 4 ySk. (5.30)

As it was in secs. 5.1.1-5.1.2, the kinetic source term vector S¥ accounts for the
kinetic processes within the flow. The convective (or axisymmetric) source term
vector S is an additional source term resulting from the procedure leading to
the axisymmetric equations (5.26):

s*=[0 0. 0 p 0], (5.31)
S*=[wx @ 00 0], (5.32)
€ € &Ny,

where the symbol 0, indicates the component € of the null vector O%/Nz-

5.2 Numerical Methods

5.2.1 1D Flows

The conservation law form of the governing equations (5.6) and (5.14) for
quasi-one-dimensional nozzle and stagnation-line flows, respectively, are for-
mally identical except for the presence of diffusive terms (flux and source) in
the stagnation-line case. This means that the discretization procedure for the
quasi-one-dimensional nozzle flow governing equations can be obtained based
on that for the stagnation-line case by neglecting the diffusive terms, and by
replacing the r coordinate with the x coordinate.

The numerical procedure used for solving eq. (5.14) is based on the application
of the method-of-lines (MOL). The latter consists in separating the spatial and
temporal discretization (Hirsch 1990).

Spatial Discretization

The spatial discretization of eq. (5.14) is performed by means of the Finite
Volume (FV) method (Hirsch 1990). Its application leads to the following
ODE describing the time evolution of the conservative variable vector of the
cell 4:

ou;

Ar; +F
BN r; +

. —F
2

71—

= (P, —FLL ) = (748! +8F) An, (5.33)

i+ 5

with the cell volume (length) Ar; = r;1/5 — ri_1/3. The numerical inviscid
flux F; /7 is computed by means of Roe’s approximate Riemann solver (Roe
1981):

F(Usi) + F(UD)] — 5|A(0)| (Ui~ Uy). (5.34)
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The dissipation matrix |A(U)| is defined as |A (U)| = R(U)|A(U)|L(T), where
A, R and L are, respectively, the eigenvalue, right eigenvector and left eigen-
vector matrices associated to the inviscid flux Jacobian matrix A = 0F/0U =
RAL (Gnoffo et al. 1989; Hirsch 1990; Candler and MacCormack 1991). The
expressions for the matrices A, R and L (i.e. the eigensystem associated to the
Jacobian A) are provided in app. C. The hat symbol in eq. (5.34) indicates that
the conservative variable vector must be evaluated at Roe’s averaged state. In
the present thesis, Roe’s averaged state is computed based on the linearization
proposed by Prabhu (1994). The entropy fix of Harten and Hyman (Hirsch
1990) is used in order to prevent the occurrence of expansion shocks.
The diffusive flux and source term (Ffl+1 /2 and S¢, respectively) are both eval-
uated in terms of primitive variables:

P=[pn fc u v T], ecén, (5.35)

In the computation of the diffusive flux F? 120 the value and the gradient of the
generic primitive variable p at the interface ¢ + 1/2 are computed according to

a weighted average and a central finite difference approximation, respectively:

A A 9 o,
D1 = Pi+1 ?"z+1 + pz' Tz, _p =9 M . (536)
2 ATH—l + Ar; or Z'Jr% A"nz-‘rl + Ar;

In the computation of the diffusive source term S?, the gradient of the generic
primitive variable p at the centroid location of the cell ¢ is computed according
to a two point central finite-difference approximation:

9p\ _ Pi+1 — Pi—1
<ar)i =2 (ATiH +2Ar; + Ar_q ) (5.37)

Boundary Conditions and Reconstruction

Boundary conditions are implemented through ghost cells (Hirsch 1990) and
are imposed in terms of primitive variables (5.35).

Second order accuracy in space is achieved through an upwind variable recon-
struction at cell interface. For the sake of robustness, the reconstruction is
performed on primitive variables (Candler and MacCormack 1991). The recon-
structed values of the generic primitive variable p at the left (L) and right (R)
sides of the interface i+ 1/2 are computed by means of the Monotone Upstream
Centered Schemes for Conservation Laws (MUSCL) method of van Leer (1979):

1
Pit1j2 = Pi+ §¢(Y%) (Pi — pi-1), (5.38)
1
Pit1j2 = Pit1 — §¢(1/1“?+1) (Pi+2 — Pit1) , (5.39)

where ¢ = ¢(r) is a slope limiter function (van Leer 1979; Hirsch 1990). The
left and right ratios of consecutive differences are computed as:
L= Pi4+1 — Pi R Pi+2 — pi+1‘ (5.40)

L e N =
‘ Pi — pi—l’ o Pi+1 — Ps
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In the present thesis, the slope limiter of van Albada et al. (1982) has been used.
After applying egs. (5. 38) (5.40), the reconstructed left and right conservative
variables (U i1/ and UR i+1/20 respectively) are found, and the second-order

numerical flux is then computed as F,H/g = Fl+1/2(U UR

i+1/2° z+1/2)

Temporal Discretization

Equation (5.33) is integrated in time by means of the implicit Backward-Euler
(BE) method (Gear 1971; Hirsch 1990):

ouy
Atz A?“erFanl Fn+21 (Fd:;rl F;i_n;l) _ <S§n+1+sgn+1 +Si§n+1) Ari,

(5.41)

with 60U} = U?H — U?. The local time-step At; is computed based on the
Courant-Friedrichs-Lewy (CFL) number according to (Blazek 2006):

lu| + ¢+ ! ma in A 7
Ar\3 G

where the quantities ¢ and C, are the gas frozen speed of sound and the gas
volumetric specific heat at constant volume, respectively (their expressions are
given in app. C). The viscous contribution to the time-step (given by the second
term at the denominator of eq. (5.42)) is needed in order prevent numerical in-
stabilities in zones such as boundary layers, where the diffusive part of eq. (5.14)
becomes dominant. Equation (5.42) has been derived based on heuristic consid-
erations and alternative formulation can be found in the literature (Hirsch 1990;
Plectcher et al. 2011). In order to advance the solution from the time-level n
to the time-level n 4 1, the flux and source terms in eq. (5.41) are linearized
around the solution at the time-level n by means of a Taylor-series expansion.
For the sake of robustness, the effects of the reconstruction are not considered
while performing the linearization. Depending on the terms that are retained in
the linearization process, two time-integration methods result: a) fully implicit
method and b) point-implicit method.

At; =

(5.42)

Fully Implicit Method The numerical inviscid flux is linearized according
to the formulation of Liou and van Leer (1988):

Fn++11 ~ Fn : + AU + ALLSUT, (5.43)
where the positive-negative split Jacobians are A* = RA*L (Liou and van
Leer 1988; Hirsch 1990) and their expressions are given in app. D. A popu-
lar alternative to eq. (5.43) is the approximation proposed by Jameson and
Yoon (1987) where the matrices AT are replaced with the simpler expression



106 CHAPTER 5 - CFD SOLVERS FOR AEROTHERMODYNAMIC FLOWS

1/2[A £ (Ju| + ¢)I], where I is the identity matrix. However, calculations of
both nozzle and stagnation-line flows have shown that eq. (5.43) enables to
obtain a significant convergence speed-up compared to the approximation of
Jameson and Yoon (1987).

The linearization of the convective and kinetic source terms is straightforward:

dSE™
sentl ~ gen Ly 5.44
7 7 + aUZ 1 ( )
HSkn
gkntl  gkn Ly § 8 5.45
(A (A + 8UZ (A ( )

The Jacobian matrices 9S¢/0U and dS* /OU are evaluated analytically in
order to enhance stability. Their expressions are given in app. E.

The linearization of the diffusive flux and source term is more delicate and is
performed in two steps. The first step consists in writing the diffusive flux and
source term as the sum of a first term, which depends linearly on the gradient
of conservative variables, and a second non-linear term as:

oU\"
Fd7, = Adn (2= Bd" 4
it+1 i+1 (m >i+1 + it+1) (5.46)
2
Sdn = Adn @—E) +Bdn. (5.47)

To facilitate the linearization procedure, the matrices A4 and A‘é are computed
by assuming a Fickian diffusion model based on self-consistent effective diffusion
coefficients (Ramshaw and Chang 1996). The expressions for the matrices
Ad and ACS1 and the vectors B and BdS are given in app. F. The gradients
of the conservative variables in eqs. (5.46)-(5.47) are computed according to
eqs. (5.36)-(5.37). The expressions obtained are then linearized around the
time-level n as follows:

oBdn
JUr 4 — L2 5yn,

d
pdntl o pdn | gadn (5U{°+1 — 5U§"b) N OB )y

it it3 2 \ Arir + Arg ouy ouy
(5.48)
our , —our oBdn
Sdn-‘rl ~ Sdn 2Ad7} Gan! il St SUR. 5.49
i i A Arii1 + 2081 + Ary_y * ouy " (549)

Notice that the matrices A9 and A% are kept frozen while performing the
linearization. In eq. (5.48), the last two terms on the right-hand-side are further
approximated to:

d d
OBy, oBdn OB OBy (5.50)
aU’ZL B aUzL ’ aU’?—f—l B aU’Ln-‘rl . .

The substitution of egs. (5.43)-(5.50) in eq. (5.41) leads to a block-tridiagonal
linear algebraic system to be solved at each time-step:

n,0UT |+ MR, 6UR + My, 6UY,, = —RY, (5.51)
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where the left, center and right block matrices, and the right-hand-side residual
have the following expressions:

d
M, ; = 2A7;AS, A n OBL1 4
! (AT‘H—I + 2Ar; + ATz‘_l) (ATZ' + ATi_l) oU;_1 il
(5.52)
I osk 98¢ oBY.
Mc; = |— — i L si )| Ar + |A; 5.53
c [Ati (aUﬁaUﬁanﬂ ik A+ (5:53)
2AL, 1 2A7 )
(AT‘H—I + AT,‘) (Am + An_l)’
M — 247 A, A%, 9BY, L A-
Ri (A""H—l + 2A7r; + A’I”Z'_l) (ATZ'_H + ATZ) 8Ui+1 D
(5.54)
R,~F, , -F_ - (F§+% - F?_%> - <S§ +8d 4 Si.‘) Ar;. (5.55)

The folding of the boundary conditions in the block matrices My, ;, M¢; and
Mpg; is performed as suggested by Candler and MacCormack (1991). The
block-tridiagonal system in eq. (5.51) is solved by means of Thomas’ algorithm
(Hirsch 1990) and the solution updated at the time-level n + 1:

UMt = UP + U7 (5.56)

This process is continued until steady-state is not reached.

Point-Implicit Method In the case of a point-implicit method, only the
Jacobian matrices associated to the cell ¢ are retained while performing the
linearization. This is equivalent to set to zero the matrices My,; and Mg; in
eq. (5.51). In this way, at each time-step, the solution variation 6U; can be
computed independently for each cell according to:

¢ 0U} = —R}. (5.57)

(2

Once eq. (5.57) applied for each cell, the solution update readily follows from
eq. (5.56). The advantage of a point-implicit method lies in its low memory
requirements compared to a fully implicit method. This property is used for
applications of the RVC model to expanding flows in sec. 5.3.1. Moreover, a
point-implicit method is also less demanding in terms of programming efforts,
compared to a fully implicit method. This is due to the fact the solution
update in a point-implicit method does not involve the solution of a linear
algebraic system (i.e. only a local matrix inversion is required). These positive
aspects are counterbalanced by more stringent stability limits which become
quite severe for viscous flows. Indeed, the CFL number cannot exceed, in
general, values of the order of 1-2 and 0.1-0.5 for inviscid and viscous flows,
respectively.
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5.2.2 2D Flows

Numerical solutions of eq. (5.26) are obtained by means of a 2D structured,
multi-block and parallel inviscid FV solver developed by Kapper (2009). Even
in this case, the MOL is used. Only the main characteristics of the solver are
given in this section. For more details the reader is referred to the PhD thesis
of Kapper (2009) and to the papers of Kapper and Cambier (2011a; 2011b).

Spatial Discretization

The computational domain is discretized by using structured grids. Figure 5.1
provides the node and cell ordering convention.

EEYER

Figure 5.1: Node and cell ordering convention in the 2D structured grid code in use.

The spatial discretization of eq. (5.26) is performed by applying the FV method
to each 4,5 cell of the domain. This leads to the following ODE for the time
evolution of the conservative variable vector of the cell 4, j:

oU; ;
ot

with A; ; being the cell volume (area). The right-hand-side residual can be split
as RW = R.;; T Ry, ;, where the convective and source term contributions are:

Aij=-R (5.58)

i7j’

S%,77

Rei; = (lyFn) y + (lyf‘n>i_1 + (lyl'?n)' L+ (lyf‘n)' e (5.59)
3

§7] Z7j+§ 27.7_2

Rsi,j =—=S;;Ai;, Sij= (SC + ySk> . (5.60)

l’j

where the symbol [ is used to indicate the cell face area (length). The numerical
inviscid flux F,,;41/2; is computed by means of Roe’s approximate Riemann
solver (Roe 1981):

~ 1 1 ~

Foiv1; = 5 Fa(Uitry) + Fa (Uij)] = 5lAa(U)] (Uisry = Uiy) . (5.61)
The normal inviscid flux is given by F,, = Fn,+Gn,, where n, and n, are the «
and y components of the outward unit normal vector n of the interface i+1/2, 7,

respectively. The dissipation matrix is |A, (U)| = Ry (U)|AL(0)|Ly(U), where
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Ay, R, and Ly, are, respectively, the eigenvalue, right eigenvector and left eigen-
vector matrices of the projected inviscid flux Jacobian matrix A,, = 0F,/0U =
R,A,L;,. The Roe averaged state is computed, as in sec. 5.2.1, based on the
linearization of Prabhu (1994). Multi-dimensional applications of Roe’s ap-
proximate Riemann solver can potentially lead to undesired effects, such as
the carbuncle phenomenon and odd-even decoupling (Quirk 1994). These may
be cured by ad-hoc fixes. In the present work, a different approach has been
used. As recognized by Quirk (1994), the previous shortcomings can be avoided
trough a targeted application of the Harten-Lax-van Leer-Einfeldt (HLLE) ap-
proximate Riemann solver (Einfeldt et al. 1991):

~ . b+Fn (Ui-i-l,j) — b~ F, (Ui,j) btb~
mitgg —— R—

(Uis1; — Uiy) . (5.62)
The upwind wave speeds are defined as:
b+ = max [0, (Vi ©)isr s Vo + c} : (5.63)
b™ = min |0, (Va = 0),;, Vo — ] (5.64)

ij0/n

where the normal velocity is V, = un; + vn,. The use of the HLLE numer-
ical flux is activated when the interface non-dimensional pressure difference
|Di+1,; — Pij|/ min(piy1,j, pij) is greater than a threshold critical value (Quirk
1994). For a more detailed discussion, the reader is referred to the paper of
Quirk (1994) and the PhD thesis of Kapper (2009).

Boundary Conditions and Reconstruction

Boundary conditions are implemented through ghost cells (Hirsch 1990) and
are imposed in terms of primitive variables.

High-order spatial resolution is achieved by evaluating the inviscid flux at a
reconstructed state at cell interface. The reconstruction is performed on char-
acteristic variables W = LU through a parabolic interpolation (Suresh and
Huynh 1997). Referring to the a one-dimensional and uniform mesh example,
the reconstructed characteristic variables at the interfaces i +1/2 are found via:

W.

1—=

1

N

1
Wi 1= 6(2Wi+1 +5W,; — W,_1). (5.66)
The use of egs. (5.65)-(5.66) makes the scheme third-order accurate in space. In
order to prevent the occurrence of instabilities, a limiting procedure is required
and the reconstructed characteristic variables are modified according to:
W._ 1 < median(W,
2

K3 (2

W,

LW W), (5.67)

I median(WH%, Wi, WM. (5.68)
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The monotonicity-preserving (MP) limits of the interfaces ¢ £ 1/2 are:
W%\/IP =W, + minmod[WHl - W,;, Oé(WZ' — Wi—l)], (5.69)
WME =W, + minmod[WHg — W1, O[(WiJrl — WZ)], (570)

with minmod(a,b) = 3(sgn(a) + sgn(b))min(abs(a),abs(b)). In the present
thesis, the parameter o has been set to 2. Once eqgs. (5.67)-(5.68) applied,
the reconstructed conservative variables are found through U = L='W. Then
the numerical inviscid fluxes F;4; /2 are then evaluated as Fii 12 =F(Uji1)2).
Details regarding the multi-dimensional version of the reconstruction procedure
on non-uniform/uniform meshes can be found in the PhD thesis of Kapper
(2009).

Temporal Discretization

The temporal discretization is realized as follows. Given the numerical solution
at the time-level n, the update at the time-level n 4 1 is computed as:

Urtt = Uy +6.U7; + 6:.U7. (5.71)

The convective and source contributions to the solution update (d.U and 45U,
respectively) are computed independently as explained below.
During the convective step, the presence of source terms is neglected and the
solution update is computed explicitly according to:
B At ij Rn '

A’Lh7 C1,7°
The convective time-step At is computed based on the CFL criterion for 2D
structured grids (see for instance Hirsch 1990; Blazek 2006).
The source step is performed by neglecting the flux contributions. In this case
the solution update is performed in an implicit manner:

3 U? L OSLY g 5.73
Y Atsi’j B aUm‘ A ( . )

For the purpose of enhancing stability and reducing the computational time, the
Jacobian matrices involved in the computation of 9S/0U are evaluated analyt-
ically (their expressions are given in app. E). The source time-step At should
be computed based on a stability analysis of the ODE system 0U /0t = S, and
not based on the CFL number. However, it was found that the assumption
At . = At did not lead to severe convergence problems.

The approach used here for the temporal discretization is known as opera-
tor splitting. The use of operator splitting can be be advantageous in multi-
dimensional applications, at it avoids the solution of large linear systems which
arise for implicit methods (Hirsch 1990). This nice feature comes at the price
of a narrower stability domain. A possible improvement in this aspect can be
obtained with the use of multi-stage time-stepping schemes (such as the second
order two-stage Adams-Bashforth method; Kapper 2009).

Ut = (5.72)
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5.3 Quasi-One-Dimensional Nozzle Flows

This section investigates non-equilibrium recombination in quasi-one-dimensional
flows within realistic nozzle geometries. In the case of the RVC model, steady-
state solutions of the nozzle flow governing equations (5.6) have been obtained
by means of the point-implicit method described in sec. 5.2.1. For the other
models, the fully implicit method described in the same section has been used.

5.3.1 Application of the RVC Model to the Flow within the
Nozzle of the EAST Facility

The study of non-equilibrium recombination within nozzles has considered, as
first application, the flow within the nozzle of the Electric Arc Shock Tube
(EAST) facility at NASA ARC. Figure 5.2 shows the normalized area distribu-
tion of the EAST facility nozzle. For the RVC model, predissociation has not
been accounted for (due to its limited impact on flow quantities as observed
in sec. 4.2.3 for flows behind shock waves). The nozzle has been truncated at
the location z = 5 x 1072 m in order to avoid numerical problems due to the
low-temperature extrapolation of the elementary rate coefficients. This issue
was not faced in the case of the VC and BRVC models and can be explained
by the fact that the rate coefficients for these coarse-grained models are com-
puted through weighted averages over the energy levels (egs. (3.58)-(3.61) and
egs. (3.90)-(3.93)). This operation tends to smooth and attenuate an eventual
irregular behavior of the elementary rate coefficients at low temperatures.
The nozzle flowfield has been computed by assuming Local Thermodynamic
Equilibrium (LTE) at the nozzle inlet. The inlet static pressure and tempera-
ture have been set to 101 325 Pa and 10000 K, respectively. The corresponding
mole fractions of N and Ny are 0.993 and 0.07, respectively. These conditions
have been selected, so that No-N collisions are the dominant mechanism in the
flow.

12

x [m]

Figure 5.2: Normalized area distribution of the EAST facility nozzle (inlet x =
—0.025m, throat x = 0m, outlet x = 0.083 m).
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Flowfield Analysis

Figure 5.3 shows the evolution along the nozzle axis of the Ny mole fraction
and the temperatures. The temperature evolution shows that rotational non-
equilibrium effects are quite limited. This is not the case for the vibrational
energy mode, whose temperature is sensibly higher than the translational and
rotational temperatures at the nozzle outlet. The internal temperature always
lies in between the rotational and vibrational ones (as observed in sec. 4.2.1 for
flows behind shock waves). The results shown in fig. 5.3 suggest that, for the
expanding case, a VC model should lead to an accurate description. This is
indeed confirmed by the results shown later.

10000
9.0x10™
g 8000
8.5x10° 3
5 \
>§ é 6000 S
3 | = \< e
8.0x10 d NERIETT
g S~
£ 4000 ~<_
7.5x10° & -
2000
7.0x10° T T T T T T T T T T T
-0.02 0 0.02 0.04 -0.02 0.02 0.04
x [m] z [m)]

(a) N2 mole fraction. (b) Temperatures.

Figure 5.3: RVC Model. No mole fraction and temperature evolution along the axis
of the EAST facility nozzle (in (b) unbroken line T, dashed line Ty, dotted line Ty,
dotted-dashed line Tyo).

Energy Level Dynamics

The internal energy level population distributions have been extracted at 7
locations listed in tab. 5.1.

# x[m] XN, TIK] T [K] T, K] Trot [K]
1 —25x10"%2 7.09x 103 10000 10000 10000 10000
2 1.1x107* 867x107% 7794 7848 7879 7815
3 1x1072 9.07 x 1072 5846 6032 6173 5884
4 2x1072 9.19 x 1073 4232 4767 5237 4285
5 3x1072 9.22 x 1073 3052 4036 4945 3116
6 4x1072 9.24 x 1073 2322 3578 4763 2391
7 5x1072 9.25 x 1073 1809 3166 4468 1885

Table 5.1: RVC model. Position, No mole fraction and temperatures for the locations
at which the population distributions are extracted.
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Figure 5.4 provides a visual correspondence between the evolution of the No
mole fraction and the population distribution along the nozzle axis. At the noz-
zle inlet the energy level population distribution is Boltzmann, due to assumed
LTE conditions. Moving along the nozzle axis, recombination starts to occur.
This leads to a progressive overpopulation in the high-energy regions of the
population distribution, due to the preferential recombination in high-lying en-
ergy levels. It is interesting to notice that, in the zone close to the dissociation
limit (~ 9.735eV), a local overpopulation peak is formed.

o x=-25x10"2m
9.0x107 10" cr=11x10"m
: cx=1x10"2m
% r=2x10"2m
3 104 r=3%10"m
8.5x10 "7 fral cx=4x10"2m
o ! e =5x10"2m
><Z i 1012,
8.0x10° <
SN
7.5x10° 8]
1077
7.0x10° T 10° s
-0.02 0 0.02 0.04 0 7.5 10 . 15
z [m] E; [eV]
(a) N2 mole fraction. (b) Population distribution.

Figure 5.4: RVC model. Comparative evolution of the No mole fraction and the
rovibrational energy level distribution along the axis of the EAST facility nozzle (the
symbols in (a) highlight the locations at which the population distributions, plotted in
(b), are extracted).
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Figure 5.5: RVC model. Evolution along the azis of the EAST facility nozzle of
the population of the rovibrational energy levels lying close to the ground-state (the
locations at which the distributions are plotted are the same as those of fig. 5.4).
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The extension of the overpopulation peak becomes bigger and bigger while
approaching the nozzle outlet. This result shows that the dynamical behavior of
the energy levels lying close to the dissociation limit is quite different from that
of the others. In particular, it seems to suggest the existence of a preferential
channel for recombination.

When the temperature decreases (due to the expansion process), the popula-
tion distribution separates into distinct straight lines in the region close to the
ground-state (see fig. 5.5). These correspond to the rotational levels of the
ground and the first excited vibrational states as shown in fig. 5.6 for the loca-
tion 7 of tab. 5.1. The fact that the rotational levels close to the ground-state
lie along a straight line, indicates that they are in thermal equilibrium at their
own temperature. Numerical values for this temperature for each vibrational
level shown in fig. 5.6 have been extracted based on eq. (4.3) and are reported
in fig. 5.6(a). The values obtained are very close to that of the translational
temperature and confirm that the rotational energy mode is in thermal equilib-
rium with translation (as anticipated before). A more detailed investigation of
the rotational level distribution in fig. 5.6(b) reveals the existence of a splitting
between energy levels having odd and even rotational quantum numbers (.J).
This feature was already observed before when studying flows behind shock
waves (sec. 4.2.5; see fig. 4.8(b)). However, for a recombining nozzle expansion,
the splitting is barely noticeable for the ground and the first excited vibra-
tional states, while it becomes more and more evident when moving towards
higher vibrational states. This result shows that the assumption of rotational
equilibrium is less appropriate for these states.
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E _ 2 _ . Q ° °! | 09 9. ©o 000,
630 v=2 T2 =1865K %00 © oo
10 _— 3 _ 18 1 ) o o
R it o o, 0P SR
© 008gg §0°, 7
] ° B0 @po 9
<z>
12
1 ' 1 10 i T i T i T " T
2.5 5 0 0.5 1 1.5 2
(a) Global view. (b) Zoom around the ground-state.

Figure 5.6: RVC model. Rotational energy level distribution for the ground and the
first five excited vibrational states at the location x =5 x 1072 m along the axis of the
EAST facility nozzle (the unbroken lines in (a) represent the Boltzmann distributions
at the rotational temperatures T2, ).
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E,[eV] Ej[eV]
(a) Vibrational specific distribution. (b) Rotational specific distribution.

Figure 5.7: RVC model. Evolution of the vibrational and rotational specific popu-
lation distributions along the axis of the EAST facility nozzle (in (a) unbroken line
z = —2.5x10"2m, dashed line x = 1.1 x 10~*m, dotted-dashed line x =1 x 10~ 2 m,
dotted line x = 2 x 1072m, line with circles x = 3 x 1072m, line with squares
x =4 x 1072 m, line with triangles v =5 x 10~2m; in (b) circles x = —2.5 x 1072 m,
crosses x = 1.1 x 107%*m, squares £ = 1x 107 2m, plus © = 2 x 1072 m, triangles
x=3x10"2m, stars x =4 x 102 m, diamonds x =5 x 10~2m).

The energy level dynamics can also be studied by looking at vibrational and ro-
tational specific population distributions (fig. 5.7). The observed over-population
illustrates again the existence of a preferential recombination in high-lying en-
ergy levels. In the region where the distribution deviates from a Boltzmann-like
shape, the rotational levels split according to odd and even rotational quantum
numbers (as observed in fig. 5.5).

Comparison with the VC, BRVC and MTP Models

After a detailed investigation of the RVC model solution, the nozzle flowfield has
been computed by means of the BRVC(50), VC and MTP models. Figure 5.8
compares all the models in terms of the No mole fraction. The BRVC(50) and
VC model solutions are very close to that obtained by means of the RVC model.
On the other hand, the MTP leads to an excessive amount of recombination.

Model XN, T[K] wu[m/s]
RVC 9.25 x 1073 1809 5041
BRVC(50) 9.69 x 1073 1822 5045
VC 9.42 x 1073 1808 5042
MTP 1.35 x 1072 1896 5072

Table 5.2: RVC, BRVC(50), VC and MTP model comparison. Outlet values for the

Ny mole fraction, translational temperature and velocity (EAST facility nozzle).
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Figure 5.8: RVC, BRVC(50), VC and MTP model comparison. Na mole fraction
evolution along the axis of the EAST facility nozzle (unbroken line RVC, dashed line
BRVC(50), dotted-dashed line VC, dotted line MTP).

Due to the limited amount of recombination, flow quantities such as temper-
ature and velocity do not experience noticeable variations among the models.
This can be seen from tab. 5.2 reporting the outlet values of the Ny mole
fraction, translational temperature and velocity. The translational tempera-
ture and velocity values obtained in the case of the MTP are slightly higher
than those obtained by means of the RVC, BRVC(50) and VC models. This is
consistent with the higher values for the No mole fraction observed in fig. 5.8.
The relative errors on the outlet values of the Ny mole fraction for the BRVC(50),
VC and MTP are 4.76 percent, 1.84 percent and 45.95 %, respectively. In the
present situation, the VC model performs slightly better than the BRVC model
(as opposed to what observed in sec. 4.3.2 for flows behind shock waves). The
better agreement observed in the case of the VC model is probably due to the
fact that the assumed rotational equilibrium distribution (3.52) is naturally
suggested by the observed energy level dynamics. The analysis of the rovibra-
tional distributions given in figs. 5.4(b)-5.7 has shown that the assumption of
rotational equilibrium is indeed appropriate for the low-lying rotational levels
of the vibrational ground-state and the first excited vibrational states.

Figures 5.9 and 5.10 show the evolution along the nozzle axis of the mass pro-
duction and energy transfer terms, respectively. The VC model solution is the
one leading to the better agreement with the RVC model. This result is con-
sistent with the Ny mole fraction evolution given in fig. 5.8. The differences
observed between the BRVC(50) and RVC model solutions put in evidence that
the BRVC model slightly overestimates not only the dissociation rate, but also
the rate at which the translational-internal energy transfer occurs. This result is
in contrast with those obtained in sec. 4.3.2 while investigating non-equilibrium
effects behind shock waves (see fig. 4.16). The disagreement observed in the
rate of translational-internal energy transfer is probably an indication that the
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BRVC model is most suited for high-temperature conditions. However, it is
worth to recall that, even in the present low-temperature conditions, the de-
parture from the VC model solution is quite limited.

14
124

10

wn, [kg/m?]

Figure 5.9: RVC, BRVC(50), VC and MTP model comparison. Ng mass production
term evolution along the axis of the EAST facility nozzle (unbroken line RVC, dashed
line BRVC(50), dotted-dashed line VC, dotted line MTP).
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Figure 5.10: RVC, BRVC(50), VC and MTP model comparison. Energy transfer
term evolution along the axis of the EAST facility nozzle (in (a) unbroken line Qd‘: int
RVC, dashed line Qd’g vVib RVC, dotted-dashed line les it BRVC(50), dotted-line line
les Vib VO, line wzth circles les vib MTP; in (b) unbmken line th int RVC, dashed
lme Qtra vib RVC; dotted- dashed line Q”a int BRVC(50), dotted- lme line Qtra vib v,

line wzth circles Qtra Vil MTP).

The small discrepancy observed between the RVC and VC model solutions have
been investigated more in detail by looking at the vibrational specific population
distributions along the nozzle axis. Figure 5.11 compares the vibrational specific
population distributions for the two models at the locations 2-7 of tab. 5.1.
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Figure 5.11: RVC and VC model comparison. Vibrational specific population distri-
butions along the axis of the EAST facility nozzle (lines with circles RVC, lines with
squares VC; the reported values for the No mole fraction, translational and vibrational
temperatures refer to the RVC model solution).
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For both models, the recombination (which occurs around the nozzle throat as
shown in fig. 5.8) leads to an overpopulation of high-lying vibrational states.
The agreement between the RVC and VC model solutions is very good at the
nozzle throat (location 2; fig. 5.11(a)). Moving further downstream, some dif-
ferences start to arise in the high-energy portion of the distribution (locations
3-4; figs. 5.11(b)-5.11(c)). These differences become more and more enhanced
towards the nozzle exit (location 7; fig. 5.11(f)) where the agreement between
the RVC and VC solutions is good only for the vibrational ground-state and
the first four excited vibrational states. For higher vibrational states, the pop-
ulation predicted by the RVC model is lower that of the VC model. This result
is consistent with the rotational level distributions at location 7 which have
been investigated before (fig. 5.6). The previous analysis of the rotational dis-
tributions has highlighted the existence of an odd-even splitting of rotational
levels (with the consequent lack of rotational non-equilibrium) starting from
the fourth excited vibrational state. From this analysis, one can conclude that
the observed differences between the RVC and VC model solutions are due to
the lack of rotational equilibrium throughout the whole rovibrational ladder
(see figs. 5.4(b)-5.7).

5.3.2 Application of the BRVC Model to the Flow within the
F4 and Scirocco Nozzles

The performances of the BRVC model have been further tested by computing
the non-equilibrium flow within the following realistic geometries:

e F4 (ONERA; France),
e Scirocco (CIRA; Italy).

Figure 5.12 provides their normalized area distributions.

100
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(a) F4. (b) Scirocco.

Figure 5.12: Normalized area distributions of the F4 and Scirocco nozzles (in (a)
inlet © = —0.5m, throat x = 0m, outlet x = 3m; in (b) inlet x = —0.28 m, throat
x=0m, outlet x =5m).
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The nozzle geometries considered in this section have been chosen as, due to
the high outlet/throat area ratio, they lead to a more significant expansion
compared to the EAST facility nozzle. Computations have been performed by
using the same inlet conditions as in sec. 5.3.1.

Comparison with the VC and MTP Models

Figure 5.13 shows the No mole fraction, velocity and temperature evolution
along the axis of the F4 and Scirocco nozzles for the BRVC(50), VC and MTP

models. The corresponding outlet values are provided in tab. 5.3.

F4 Scirocco
Model XN, T[K] wlm/s] | Xn, T[K] u[m/s|
BRVC(50) | 1.40 x 102 21.3 5520 1.74 x 1072 781 5556
VC 1.34 x 1072 21.03 5509 1.67 x 1072 762 5543
MTP 2.11 x 1072 25.7 5599 3.37x 1072 133 5718

Table 5.3: BRVC(50), VC and MTP model comparison. Outlet values for the No
mole fraction, translational temperature and velocity (F4 and Scirocco nozzles).

The spatial evolution of the flow quantities shown in fig. 5.13 confirms that
the expansion in the F4 and Scirocco nozzles is much more severe compared
to the case of the EAST facility nozzle (as anticipated before). In particular,
the outlet values of the translational temperature are decreased by almost two
orders of magnitude. Despite this, the outlet values of the No mole fraction
are only roughly doubled. This is due to the freezing of recombination which
occurs around the throat location (figs. 5.13(a)-5.13(b)).

For both nozzle geometries, the evolution of the Na mole fraction (figs. 5.13(a)-
5.13(b)) shows that the use of the VC model leads to a slightly lower recombi-
nation than the BRVC(50) model. This trend is consistent with the results ob-
tained for the EAST facility nozzle (see fig. 5.8). As demonstrated in sec. 5.3.1,
the VC model solution can be considered as the exact solution of the problem
under investigation (as far as the flow properties are concerned) due to the
limited influence of rotational non-equilibrium effects. In this case, the relative
errors on the outlet value of the No mole fraction when using the BRVC(50)
model are 4.48% and 4.19% for the F4 and Scirocco nozzles, respectively.
The approximation introduced by the use of the BRVC(50) model is therefore
contained within acceptable limits. In the case of the MTP model, the recom-
bination is overestimated and the relative error on the outlet values of the No
mole fraction are much higher (more than 100 % for the Scirocco nozzle). Due
to the higher recombination in the adopted nozzles, the differences in terms
of velocity and translational temperature between the VC (or BRVC(50)) and
MTP models are more pronounced compared to the case of the EAST facility
nozzle (see tab. 5.2).
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Figure 5.13: BRVC(50), VC and MTP model comparison. No mole fraction, veloc-
ity and temperature evolution along the axis of the F4 and Scirocco nozzles (in (a)-(d)
unbroken lines BRVC(50), dashed lines VC, dotted-dashed lines MTP; in (e)-(f) lines
with circles T BRVC(50), lines with squares T VC, lines with triangles T MTP, un-
broken lines Tiny BRVC(50), dashed lines Tyn, VC, dotted-dashed lines Ty, MTP).
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Energy Bin Dynamics

The energy bin population distributions have been extracted at 9 nine locations
along the axis of the Scirocco nozzle (with the corresponding values for position,
No mole fraction and temperatures provided in tab. 5.4).

x [m] XN2 T [K] 71int [K]
—3x 1071 7.09 x 1072 10000 10000
—4.03x 1072 1.14x 1072 8969 8977
3.46 x 1072 1.59x 1072 6719 6736
8.46 x 1072 1.69 x 1072 5051 5072
1.35 x 1071 1.73x 1072 3803 3829
2.85 x 1071 1.74 x 1072 2082 2118
3.5 x 1071 1.74 x 1072 1721 1763
529 x 1071 1.74 x 1072 1160 1229
6.94 x 107t 1.74x 1072 852 977

@OONICTJO"%OO[\DH:H:

Table 5.4: BRVC(50) model. Position, No mole fraction and temperatures for the
locations at which the energy bin population distributions are extracted (Scirocco noz-

zle).

Figure 5.14 provides a visual correspondence between the evolution of the Ny
mole fraction and the energy bin population distribution along the nozzle axis.
The population is Boltzmann at the nozzle inlet, as a result of the LTE assump-
tion. Deviations from a Boltzmann distribution start occurring in the throat
region, due to preferential recombination in high-lying energy bins. Moving
towards the nozzle outlet, the distribution is highly distorted putting forward
differences in the dynamics of bound and predissociated energy bins.

Figure 5.15 focuses on the population distribution at the locations 6 and 9 of
tab. 5.4. Three regions can be identified. The first comprises the energy bins
close to ground-state. The second includes the medium and high-lying bound
energy bins, while the third region contains all the predissociated energy bins.
Boltzmann distributions at the internal and translational temperature are su-
perimposed on the first and third regions, respectively. The good agreement
observed between the actual and the Boltzmann distributions indicates that the
bound energy bins close to the ground-state are in partial equilibrium at the
internal temperature, while the predissociated energy bins are in partial equi-
librium at the translational temperature (i.e. they are in chemical equilibrium
with the free state). The observed behavior of the energy bins is analogous
to that of the electronic states of atoms and molecules in recombining plas-
mas. In that situation the electronic levels close to the ground-state are partial
equilibrium at the free-electron temperature while those close to the ionization
limit are in chemical (Saha) equilibrium with the free state (Panesi et al. 2011,
Munafo et al. 2013). The energy bin population distributions along the axis of
the F4 nozzle (not shown) share the same features observed in fig. 5.15.
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Figure 5.14: BRVC(50) model. Comparative evolution of the No mole fraction
and the energy bin population distribution along the azxis of the Scirocco nozzle (the
symbols in (a) highlight the locations where the population distributions, plotted in
(b), are extracted; in (b) line with circles * = —3 x 10~ m, line with squares
z = —4.03 x 1073 m, line with triangles x+ = 3.46 x 10~?m, line with diamonds x =
8.46 x 1072 m, line with stars x = 1.35 x 10~ m, unbroken line x = 2.85 x 10~ m,
dashed line x = 3.5 x 107 ' m, dotted-dashed line x = 5.29 x 10~ ' m, dotted line
r=16.94x 1071 m).
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Figure 5.15: BRVC(50) model. Energy bin population distributions at the locations
x=285x10"'m and z = 6.94 x 10~ m along the axis of the Scirocco nozzle (the
dashed and the dotted-dashed lines indicate the Boltzmann distributions at the trans-
lational and internal temperature, respectively).

Bin Number Sensitivity Analysis

The computational results obtained by means of the BRVC model have con-
sidered so far only a fixed number of energy bins (50). In order to assess the
sensitivity of the solution to the number of energy bins, the same strategy
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adopted in sec. 4.3.3 for flows behind shock waves has been used. Hence, the
computation of the non-equilibrium flows within the F4 and Scirocco nozzles
has been repeated by using different numbers of energy bins (listed in tab. 4.3).
Figure 5.16 shows the Ny mole fraction evolution along the axis of the F4 and
Scirocco nozzles for different numbers of energy bins. For sake of completeness,
the solution obtained by means of the VC and MTP models are also reported.
As expected, the solution accuracy improves by increasing the number of energy
bins. It is interesting to notice that, even in the case of 2-5 energy bins, the
BRVC solution is quite close to that of the VC model. The computational cost
of the numerical solutions obtained by using 2-5 energy bins is of the same order
as that of the MTP model. This means that, in a comparison with conventional
multi-temperature models, the BRVC model allows for a more accurate descrip-
tion of the recombination dynamics without incurring in an excessive increase
of the computational cost. This fact becomes particularly important in view
of possible multi-dimensional CFD applications of the proposed coarse-grain
models.

0.02

0.014

2 [m] @ [m]

(a) F4. (b) Scirocco.

Figure 5.16: BRVC model. Influence of the number of energy bins on the Nj
mole fraction evolution along the axis of the F4 and Scirocco nozzles (unbroken
lines BRVC(2), dotted-broken lines BRVC(10), dashed lines BRVC(50), dotted lines
BRVC(500), lines with circles VC, lines with squares MTP).

Table 5.5 provides the outlet values of the No mole fraction for different numbers
of energy bins. In the same Table, the relative errors on the Ny fraction are
also given. This is estimated by considering the VC model solution as the
exact solution of the problem under investigation. The numerical error on the
outlet value of the Ny fraction is already quite contained (between 5 percent
and 7%) when using only 10-20 energy bins. The increase of the number of
energy bins leads only to a slight improvement of the solution accuracy at the
price of a much higher computational cost. These results are consistent with
those obtained in sec. 4.3.3 for flows behind shock waves.
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F4 Scirocco

M, | XN, err. Xn, %0 | X, err. Xn, %
2 1.87 x 1072 11.98 1.47 x 1071 9.701

5 1.85 x 1072 10.78 1.45 x 1071 8.209

10 1.79 x 1072 7.19 142 x 1071 5.97

20 1.76 x 1073 5.39 1.405 x 1071 4.85

50 1.74 x 1072 4.19 1.395 x 1071 4.104

100 1.74 x 1072 4.19 1.39 x 101 3.73

500 1.72 x 1072 2.99 1.36 x 1071 1.49

Table 5.5: BRVC model. Outlet values of the No mole fraction and related relative
error for different number of energy bins (the relative error on the No mole fraction is
estimated by taking the VC model solution as the exact solution).

The influence of the number of energy bins can also be observed at the mi-
croscopic level. This is done in fig. 5.17 showing the energy bin population
distribution at the location 6 of tab. 5.4 for the Scirocco nozzle. The analysis
of fig. 5.17 shows that a minimum number of 10-20 energy bins is needed in
order to obtain a proper resolution of the main features of the distribution.

o1 T=2082K

1003 7, = 2118k

10%4 Xy, = 174 x 102

10 ] T T T T T T T T
0 2.5 5 7.5 10

Ek [GV]

Figure 5.17: BRVC model. Energy bin population distribution at the location x =
2.85 x 10~' m along the axis of the Scirocco nozzle for different numbers of energy bins
(unbroken line BRVC(5), dashed line BRVC(10), dotted line BRVC(20), dotted-dashed
line BVVC(50), circles BRVC(100), triangles BRVC(500); the reported values for the
Ny mole fraction, translational and internal temperatures refer to the BRVC(50) model
solution).
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5.4 Stagnation-Line Flows

This section presents the results on non-equilibrium stagnation-line flows. The
steady-state solutions to the stagnation-line governing equations (5.14) have
been obtained by means of the fully implicit method described in sec. 5.2.1.
Computations have been performed by means of the BRVC model. This was
motivated by the higher flexibility and lower computational cost of the BRVC
model compared to the VC model, as obtained from the investigation of flows
behind normal shock waves (sec. 4.3) and within nozzles (sec. 5.3).

The nose radius has been set to r = 0.4m. The free-stream pressure and
temperature have been set to the same values used in secs. 4.2-4.3 for studying
inviscid flows behind shock waves (poo = 0.05 torr, 0.1 torr, 0.33 torr and Tt =
300K, respectively). The free-stream velocity has been kept fixed at 10 km/s.
As done in secs. 4.2-4.3, the free-stream flow is seeded with 2.8 % of N since
only Na-N collisions are considered. At the wall a no-slip boundary condition
is applied. The wall has been considered non-catalytic and its temperature set
to 2000 K.

5.4.1 Flowfield analysis

Figure 5.18 shows the temperature and N mole fraction along the stagnation-
line for different values of the free-stream pressure. The results shown have
been obtained by means of the BRVC(20) model. In the high-pressure case
(Poo = 0.33 torr), three regions can be identified in the flowfield: a) The shock
wave, b) an intermediate post-shock area where the flow reaches local equilib-
rium conditions and c¢) the boundary layer. When the free-stream pressure is
decreased, regions b) and ¢) mix together leading to the formation of a so called
merged-layer flow (Gnoffo 1999).
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(a) Temperatures. (b) N mole fraction.

Figure 5.18: BRVC(20) model. Temperature and N mole fraction evolution along the
stagnation-line for different values of the free-stream pressure (unbroken lines ps, =
0.05 torr, dashed lines po, = 0.1torr, dotted-dashed lines poo = 0.33 torr)).
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Moreover, the thickness of the shock wave and the boundary layer regions in-
crease and decrease, respectively. This is due to the lowering of the collision
rate among the gas particles which also affects the recombination and the tem-
perature gradients at the wall. Notice that for the lowest free-stream pressure
value (poo = 0.05 torr), the flow is still undergoing dissociation when it suddenly
hits the wall. This is the reason why the wall value of the N mole fraction is
lower compared to the case py, = 0.1 torr.

Figure 5.19 shows the heat flux evolution along the stagnation-line. The corre-
sponding wall values are reported in tab. 5.6 (together with pressure, N mole
fraction and internal temperature). Increasing the free-stream pressure induces
higher wall heat flux values, which is consistent with the results shown fig. 5.18
on temperature and chemical composition.
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Figure 5.19: BRVC(20) model. Heat fluz evolution along the stagnation-line for
different values of the free-stream pressure (unbroken line po, = 0.05torr, dashed line
Poo = 0.1torr, dotted-dashed line po, = 0.33 torr).

The reported values for the internal temperature at the wall (given in tab. 5.20)
are higher than the imposed translational temperature value (2000 K) and in-
dicate the existence of thermal non-equilibrium between the translational and
the internal energy mode in the boundary layer.

Poo [torT]  pltorr] Xy ¢ MW /m?] Ty [K]

0.05 52.643 0.985 0.96 2118.901
0.1 105.75 0.991 1.23 2372.34
0.33 350.98 0.941 2.38 2181.57

Table 5.6: BRVC(20) model. Wall pressure, N mole fraction, heat flur and internal
temperature for different values of the free-stream pressure.

This aspect has been investigated more in detail by looking at the temperature
profiles within the boundary layer as done in fig. 5.20. The results show that,
during recombination, the internal temperature is systematically higher than
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the translational one. This is analogous to what observed in sec. 5.3 for recom-
bining nozzle flows. In the present situation, however, the differences observed
between the two temperatures are quite small compared to the nozzle case.
This is due to the fact that, in a boundary layer, the gas pressure is constant,
while in a nozzle expansion it may decrease of several orders of magnitude along
the nozzle axis.
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(a) poo = 0.1torr.

(b) pso = 0.33 torr.

Figure 5.20: BRVC(20) model. Translational and internal temperature profiles
within the boundary layer for different values of the free-stream pressure (unbroken
lines T, dashed lines Tint ).

The observed lack of thermal equilibrium in the boundary layer is consistent
with the results obtained by Armenise et al. (1994) who studied boundary
layer flows by means of vibrational collisional models. It is worth to recall that,
in multi-dimensional CFD codes employing conventional multi-temperature
models (such as that of Park 1993), the possible existence of thermal non-
equilibrium effects at the wall is usually neglected. This choice is often mo-
tivated by the lack of theoretical information concerning the non-equilibrium
state of the gas at the wall. On the other hand, the use of detailed collisional
models (as done this section) allows to circumvent this problem as the internal
temperature at the wall does not need to be specified and is obtained as a result
of the calculation.

5.4.2 Energy Bin Dynamics

The computation of stagnation-line non-equilibrium flows allows to study, in
the same testcase, the detailed dynamics of both dissociation and recombina-
tion which have been so far investigated separately in inviscid flows behind
shock waves and within nozzles (sects. 4.2-4.3 and 5.3, respectively). This as-
pect reveals the completeness, in terms of physical description, of the testcase
considered in this section.

Figures 5.21-5.23 shows a comparative evolution between the N mole frac-
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tion and the energy bin population distributions across the three flowfield re-
gions outlined before: a) shock-wave (fig. 5.21), b) post-shock equilibrium area
(fig. 5.22) and c¢) boundary layer (fig. 5.23).

The dynamics of dissociation in fig. 5.21 proceeds as observed in sec. 4.2.5.
There is an initial phase where inelastic collisions lead to an increase of the
population of high-lying energy bins. This induces strong distortions in the pop-
ulation distribution which considerably deviates from a Boltzmann-like shape.
Once a sufficient degree of excitation reached, No begins to dissociate. The
dissociation initially occurs through sequences of non-Boltzmann distributions
with evident distortions around the ground-state. These progressively disap-
pear and the final part of the dissociation occurs in thermal equilibrium condi-
tions. After that, the flow enters the post-shock relaxation area (fig. 5.22). The
population distribution remains Boltzmann with slope given by the post-shock
equilibrium temperature. In this region of the flowfield, the population of the
energy bins increases due to the rise of the gas pressure while approaching the
wall. The recombination in the boundary layer occurs in a similar manner to
that observed in sec. 5.3.2 for nozzle flows. Initially, the distribution is Boltz-
mann and changes its slope due to the cooling of the flow. Distortions are then
progressively induced by preferential recombination in high-lying energy bins.
At the wall and in the points immediately upstream, the population distribu-
tions splits into three distinct regions as already observed in sec. 5.3.2 (fig. 5.15)
for the non-equilibrium flow within the Scirocco nozzle.
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(a) N mole fraction. (b) Population distribution.

Figure 5.21: BRV(C(20) model. Comparative evolution of the N mole fraction and
the energy bin population distribution across the shock wave. The circles in fig. 5.21(a)
indicate the locations at which the population distributions, plotted in fig. 5.21(b), are
extracted (in fig. 5.21(b) line with circles r = 0.425m, line with squares r = 0.4245m,
line with diamonds r = 0.4242m, line with triangles r = 0.424m, unbroken line r =
0.4237m , dashed line r = 0.4235m , dotted-dashed line r = 0.423m, dotted line
r=0.4225m).
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Figure 5.22: BRV(C(20) model. Comparative evolution of the N mole fraction and
the energy bin population distribution in the post-shock equilibrium area. The circles
in (a) indicate the locations at which the population distributions, plotted in (b), are
extracted (in (b) line with circles v = 0.421 m, unbroken line r = 0.416 m , dashed line
r =0.413m , dotted-dashed line r = 0.411m, dotted line r = 0.406 m).
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(a) N mole fraction. (b) Population distribution.

Figure 5.23: BRVC(20) model. Comparative evolution of the N mole fraction and
the energy bin population distribution in the boundary layer. The circles in (a) indicate
the locations at which the population distributions, plotted in (b), are extracted (in (b)
line with circles r = 0.404 m, line with squares r = 0.402 m, unbroken line r = 0.401 m,
dashed line r = 0.4005m, dotted-dashed line r = 0.4002m , dotted line r = 0.4m)

Figure 5.24 focuses on the energy bin population distribution at the locations
r = 0.4m (wall) and » = 0.402m. The results confirm that the bound energy
bins close to the ground-state and the predissociated bins are in Boltzmann
equilibrium at the internal and translational temperature, respectively.
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Figure 5.24: BRVC(20) model. Energy bin population distributions at the locations
r =04m (wall) and r = 0.402m in the boundary layer (the dashed and the dotted-
dashed lines indicate the Boltzmann distributions at the translational and internal
temperature, respectively).

5.4.3 Comparison with the MTP Model

The results obtained by means of the BRVC(20) model have been compared
with the MTP model solution. Figure 5.25 compares the two models in terms of
temperature and N mole fraction for the adopted values of free-stream pressure.
In all the cases, it is observed that the shock stand-off distance is slightly under-
predicted by the MTP model. The evolution of the N mole fraction along the
stagnation-line clearly shows that the MTP model leads to a faster dissociation
across the shock wave and to a higher recombination in the boundary layer.
These results are consistent with those obtained in sects. 4.3.2 and 5.3.2 for
inviscid shock and nozzle flows, respectively.

The differences between the two models, in terms of recombination in the
boundary layer, become more and more enhanced when increasing the free-
stream pressure. This can also be seen from tab. 5.7, reporting the wall values
for the heat flux and the N mole fraction, and from fig. 5.26 showing the heat
flux evolution along the stagnation-line. Notice that for the high pressure case
(poo = 0.33torr), the wall heat flux predicted by the MTP model is almost
twice the value predicted by the BRVC(20) model. The observed discrepancy
is quite high and underlines the importance of accounting for non-Boltzmann
distribution effects in the computation of stagnation-line, and more in general,
aerothermodynamic flows. One may object that a more realistic heat flux com-
parison should also account for No-Ns collisions. However, it should be recalled
that the comparison between the BRVC(20) and the MTP models is performed
consistently, by excluding in both cases N9-No and other types of collisions.
Hence, the heat flux overestimation obtained in the case of the MTP model
can be considered as a valid proof of its lack of accuracy.
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Figure 5.25: BRVC(20) and MTP model comparison. Temperature and N mole frac-
tion evolution along the stagnation-line for different values of the free-stream pressure
((a)-(b) poo = 0.05torr, (c)-(d) poo = 0.1torr, (e)-(f) poo = 0.33torr; in (a), (¢) and
(e) unbroken lines T BRVC(20), dashed lines T, BRVC(20), dotted-dashed lines T

MTP, dotted lines Ty, MTP; in (b), (d) and (f) unbroken lines BRVC(20), dashed
lines MTP).
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Poo 0.05 torr 0.1torr 0.33 torr

Model dr [MW/HI2] XN dr [MW/mz] XN qr [MW/m2] XN
BRVC(20) 0.958 0.985 1.23 0.991 2.38 0.941
MTP 0.948 0.975 1.47 0.933 | 4.13 0.714

Table 5.7: BRVC(20) and MTP model. Wall heat flur and N mole fraction values.
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: ‘ :
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Figure 5.26: BRVC(20) and MTP model comparison. Heat flux evolution along
the stagnation-line for different values of the free-stream pressure (unbroken line
BRVC(20) poo = 0.05torr, dashed line BRVC(20) ps, = 0.1torr, dotted-dashed line
BRVC(20) po = 0.33torr, line with circles MTP po, = 0.05torr, line with squares
MTP po. = 0.1torr, line with diamonds MTP ps = 0.33torr).

5.4.4 Bin number Sensitivity Analysis

The sensitivity analysis performed in sects. 4.3.3 and 5.3.2 for inviscid flows
behind shock waves and within nozzles indicated that, for the BRVC model, 20
energy bins guaranteed an accurate resolution of dissociation and recombina-
tion. This conclusion has been further investigated in the case of stagnation-line
flows by repeating the calculations of sec. 5.4.1 with 10 and 100 energy bins.
Figure 5.27 compares the BRVC(10), BRVC(20) and BRVC(100) model solu-
tions in terms of translational temperature and N mole fraction. The dissocia-
tion and recombination within the shock and the boundary layer, respectively,
are already well captured with only 10 energy bins. Using a higher number
does not lead to appreciable changes in flowfield and it only allows for a better
resolution of the temperature profile across the shock wave. This is further
confirmed by the wall heat flux values reported in tab. 5.8. It is interesting
to notice that the differences between the three solutions are much less pro-
nounced than what observed in sec. 4.3.3 for inviscid flows behind shock waves
(see fig. 4.17). This is due to dissipation phenomena which lead to a smooth
temperature rise across the shock wave with a consequent lower sensitivity of
the post-shock conditions to the number of energy bins.
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Figure 5.27: BRVC model. Translational temperature and N mole fraction evolution

along the stagnation-line for different numbers of energy bins ((a)-(b) poo = 0.05 torr

, (¢)-(d) poo = 0.1torr, (e)-(f) poo = 0.33 torr; unbroken lines BRVC(10), dotted lines
BRVC(20), dashed lines BRVC(100)).
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Poo 0.05 torr 0.1 torr 0.33 torr

Ny, | @IMW/m?] Xy ¢[MW/m?] Xy ¢[MW/m?] Xy
10 —0.954 0.985 | —1.23 0.9902 | —2.42 0.934
20 —0.958 0.985 | —1.23 0.991 —2.38 0.941
100 —0.961 0.985 | —1.23 0.991 —2.35 0.944

Table 5.8: BRVC model. Wall heat flur and N mole fraction for different numbers
of energy bins.

5.5 Inviscid Axisymmetric Flows

The coarse-grained models developed in ch. 3 have been applied to inviscid
axisymmetric flows by solving the flow governing equations (5.26) as explained
in sec. 5.2.2. The aim of the investigation was two-fold: to illustrate the feasi-
bility of multi-dimensional simulations by means of collisional models, and to
validate the models through comparison with experiments.

A comparison with experiments would require accounting for No-Ns collisions.
Since the NASA ARC database provides kinetic data only for a limited set of
all the N9-Ny rovibrational transitions (Panesi et al. 2013), the simulations
have been performed by means of an enriched VC model accounting for the
following No-N and No-Ng interactions (Munafo et al. 2012):

e Atomic impact dissociation/recombination (d, and r,):

fda
No(v)+ N &= N+N+N, veVy,, (5.74)

“ra
K

e Molecular impact dissociation/recombination (dp, and ry,):
kg™
No(w) + Ny 7= N+N+Np, ve Vn,, (5.75)
kym
e Atomic impact vibrational-translational energy transfer (vt,):
kv 3w
No(v) + N ? No(w)+ N, v<w, v,weVn,, (5.76)
kw2
e Molecular impact vibrational-translational energy transfer (vty,):
kS
NQ('U)“FNQ Ntﬁ NQ(U—l)—i-NQ, v € VN, (5.77)
ky M0
e Vibrational-vibrational energy transfer (vv):
ket
No(v) + No(w—1) #= ) Nao(v —1) + No(w), wv,w € Vn,. (5.78)
pw—w—

v—1—v
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The direct rate coefficients for the d, and vt, processes (kd» and EY'a, . re-

spectively) have been taken from the VC model developed in sec. 3.3 (see
eqgs. (3.58)-(3.59)). The direct rate coefficients for the dp,, vty and vv processes
(kdm EYm and E¥S17%) respectively) have been taken from the available lit-
erature (Armenise et al. 1994; Capitelli et al. 2000; Colonna et al. 2006). The
inverse process rate coefficients are computed by means of micro-reversibility.

The enriched VC model given by eqgs. (5.74)-(5.78) has been also applied to
quasi-one-dimensional nozzle flows by Munafo et al. (2012). In the same refer-
ence, a comparison has been performed with the results obtained by using the

da, and vt, rate coefficients computed by Esposito (1999; 2006).

5.5.1 Flow within the Nozzle of the EAST Facility

The enriched VC model has been applied to compute the inviscid axisymmetric
flow within the nozzle of the EAST facility (whose area distribution is given in
fig. 5.2). The throat area value has been taken from Sharma et al. (1993).
The flow is supposed to be in LTE conditions at the nozzle inlet. The re-
lated values for total pressure and temperature have been set to 10132 500 Pa
and 5600 K, respectively. These values have chosen been because: a) they cor-
respond to actual operative conditions of the EAST facility and b) for these
conditions, Sharma et al. (1993) have measured the population of vibrational
levels by means of Raman spectroscopy. The inlet N and N9 mole fractions (as
obtained from the simulation) are 0.005 and 0.9995, respectively.

Calculations have been run by using a 4-block structured mesh where each
block consisted of a 50 x 50 grid (see fig. 5.28). A grid convergence study has
been performed by computing the nozzle flowfield on a finer grid obtained by
doubling the number of nodes in both the radial and axial directions. The
numerical solution obtained on the refined mesh did not show appreciable dif-
ferences compared to that obtained on the initial one. Hence, the numerical
solution obtained on the 50 x 50 grid could be considered grid-converged.

0.024

0.005

002 0 002 0.7074”””0.06 0.8
z [m]

Figure 5.28: VC model. Mesh used for the EAST facility nozzle (4 blocks, 200 x 50

cells; one node over two is plotted along both the azial and radial directions).
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Figure 5.29 shows the density and velocity magnitude fields. Figure 5.30 focuses
on the temperature and mole fraction evolution along the axis. Due to the low
temperature conditions at the nozzle inlet, the recombination of N is extremely
limited (though its effects are noticeable when looking at the vibrational level
populations as shown later in this section). The flow remains in thermal equi-
librium for all the converging portion of the nozzle. Once the nozzle throat
is past, the expansion becomes significant and non-equilibrium effects appear.
These are caused by the combination of: a) decrease of the flow macroscopic
time-scale (due to the velocity increase) and b) increase of the kinetic time-scale
(due to the temperature decrease). In the diverging portion of the nozzle, the
translational and vibrational temperatures deviate from each other, with the
latter becoming frozen around the location z ~ 4 x 1072m. Moving further
downstream, the flow continues to expand as if the recombination and inelastic
vta, vty and vv collisional processes were not occurring.

57
0.02 .
5
4 4
0.015 oy
’ =
£l 2 237
= 001 ! =
27
0.005
17
0 0 T T T T T T T T T T T
-0.02 0 0.02 0.04 0.06 0.08 -0.02 0 0.02 0.04 0.06 0.08
z [m] x [m]
(a) Density. (b) Evolution along the nozzle axis.
3000
25004
= 2000
i)
3 1500
1000
500
002 0 002 004 006 008 002 0 002 004 006 008
 [m] 2 [m]
(c) Velocity. (d) Evolution along the nozzle axis.

Figure 5.29: VC model. Density and velocity distributions within the EAST facility
nozzle.
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Figure 5.30: VC model. Temperature and mole fraction evolution along the axis of
the EAST facility nozzle (in (a) unbroken line T, dashed line Tyip; in (b) unbroken
line N, dashed line N3 ).

Figure 5.31 shows the evolution of the population distribution along the nozzle
axis. At the nozzle inlet, the distribution is Boltzmann due to assumed LTE
conditions. When the flow expands, the shape of the distribution remains ini-
tially the same. Only its slope changes as an effect of the cooling. The recom-
bination causes an overpopulation in high-lying energy levels which becomes
more and more pronounced moving along the nozzle axis. At the nozzle outlet,
the ground-state and low-lying levels lie along a straight line (whose slope is
given by the vibrational temperature previously shown) while high-lying energy
levels are overpopulated.

1 026

24§
107 %
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Figure 5.31: VC model. Evolution of the vibrational population distribution along
the axis of the EAST facility nozzle (unbroken line x = —2.5 x 1072 m, dashed line
x = —6 x 1073 m, dotted-dashed line x = 0m, line with circles * = 2.4 x 1072 m, line
with squares x = 5.4 x 1072 m, line with triangles x = 8.3 x 1072 m).
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The computed population distributions have been compared with the experi-
mental data of Sharma et al. (1993) who performed Raman spectroscopy mea-
surements at the locations £ = —6 x 1073 m, 2.4 x 107?m and 5.4 x 1072 m.
Figure 5.32 compares the computed and experimental normalized population
distributions for the first 10 vibrational levels. The agreement is excellent at
the first location, where the flow is close to equilibrium. At the second and
third locations, some discrepancies appear for higher vibrational states. In this
zone (where measurement errors are more significant), the simulation predicts a
Boltzmann distribution at the vibrational temperature, while an overpopulation
appears in the experimental data. The latter could be due to non-equilibrium
at the nozzle inlet. This possibility has been neglected in the computations,
due to assumed LTE conditions at the nozzle inlet. Moreover, the actual flow
in the facility is unsteady and viscous. None of these features has been taken
into account. In view of this, the comparison between computational and ex-
perimental results can be considered satisfactory.
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(c) Location 3 (x = 5.4 x 10™? m).

Figure 5.32: VC model. Comparison between the computed and experimental nor-
malized vibrational population distributions for the FAST facility nozzle (unbroken
lines calculations, circles experiments).
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5.5.2 Flow over a Sphere

The second application of the enriched VC model described before has consid-
ered the inviscid and axisymmetric flow over a sphere with radius r = 0.5 m.
The free-stream pressure, temperature and velocity have been set to 0.1 torr,
300K and 9km/s, respectively. Since No-Ng collisions are now taken into ac-
count, there was no need for seeding the free-stream with some small amount
of N. Calculations have been run by using a 12-block structured mesh, where
each block consisted of a 90 x 30 grid (see fig. 5.33). As done in sec. 5.5.1 for
the EAST facility nozzle flow, a grid convergence study has been performed by
computing the flowfield around the sphere on a finer grid obtained by doubling
the number of nodes in both radial and axial directions. The numerical solution
obtained on the refined mesh did not show appreciable differences compared to
that obtained on the initial one. Hence, the numerical solution obtained on the
90 x 30 grid could be considered grid-converged.

0.6

0.4+

y [m]

0.2+

Figure 5.33: VC model. Mesh used for the flow over a sphere (12 blocks, 90 x 360
cells; one node over three is plotted along both the azial and radial directions).

Figure 5.34 shows the temperature N mole fraction distributions around the
sphere, while the related evolutions along the stagnation-line are given in fig. 5.35.
At the shock location, the vibrational temperature is frozen and maintains its
free-stream value. Behind the shock, excitation initially occurs through vty
processes. This leads to a steep rise of the vibrational temperature (obtained
based on eq. (3.63)) behind the shock. Once molecules are excited, they start
to dissociate and, as soon as some N is formed, vt, processes start to occur
as well. In this phase, dissociation occurs at the expense of vibrational energy
causing a decrease of the vibrational temperature. Since the flow is inviscid,
no boundary layer is formed at the wall. At the wall, the gas temperature
assumes the value corresponding to the post-shock equilibrium conditions. It
is worth to notice that, as opposed to what observed when using conventional
multi-temperature models (Park 1990), the vibrational temperature behind the
shock is always lower than the translational one.
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Figure 5.34: VC model. Temperature and N mole fraction distributions around the
sphere.
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Figure 5.35: VC model. Temperature and N mole fraction evolution along the
stagnation-line (in (a) unbroken line T, dashed line Tyin; in (b) unbroken line N,
dashed line Ny ).

The dynamics of the dissociation and internal energy excitation can also be
studied at the microscopic level. This is done in fig. 5.36 showing the evolution
along the stagnation-line of the mole fractions of the first 10 vibrational states of
N; (fig. 5.36(a)) and the vibrational level population distribution (fig. 5.36(b)).
The results indicates that macroscopic dissociation proceeds through an initial
stage of excitation followed by a second phase where dissociation from all vibra-
tional levels occurs. The evolution of the population distribution in fig. 5.36(b)
shares the same features observed in sects. 4.2.5 and 5.4.2 for inviscid flows
behind shock waves and viscous stagnation-line flows, respectively. When the
flow crosses the shock, the free-stream Boltzmann distribution is progressively
distorted due to collisional excitation processes that populate high-lying energy
levels. Then, the dissociation of No starts and, in its final phase, it occurs under
thermal equilibrium conditions.
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Figure 5.36: VC model. Evolution of the Ny(v) mole fractions and the vibrational
population distribution along the stagnation-line (in (a) unbroken line No(0), dashed
line No(1), dotted-dashed line N2(2), dotted line No(3), line with circles No(4), line with
squares N2(5), line with triangles No(6), crosses No(7), plus No(8), stars Na(9); in (b)
unbroken line x = —0.55m, dashed line x = —0.53 m, dotted-dashed line x = —0.525m,
dotted line x = —0.52 m, line with circles x = —0.515m, line with squares z = —0.5m).

5.6 Intermediate Conclusions

This chapter has described the integration of the RVC, BRVC and VC mod-
els in CFD solvers for aerothermodynamic flows. Applications have consid-
ered inviscid quasi-one-dimensional flows within converging-diverging nozzles
(sec. 5.3), viscous stagnation-line flows (sec. 5.4), and inviscid axisymmetric
flows (sec. 5.5). In all the cases, with the exception of sec. 5.5, the computa-
tional results have been also compared with those obtained by means of the
MTP model.

5.6.1 Nozzle Flows

The RVC model has been applied to investigate the non-equilibrium flow within
the nozzle of the EAST facility in sec. 5.3.1. The results obtained have shown
that rotational non-equilibrium effects have a small influence on flow quantities.
This was confirmed by the good agreement between the RVC and VC model
solutions. A comparison of the vibrational specific distributions obtained by
means of the RVC and VC models has shown that the VC model tends to over-
estimate the population of high-lying vibrational states (due to the assumption
of rotational equilibrium). However, these high-lying states contribute to a
negligible extent to the bulk vibrational energy.

The analysis of the rovibrational energy level population distributions for the
EAST facility nozzle, has shown that the rotational levels of the ground and
the low-lying vibrational states are in thermal equilibrium with translation.
This is not the case for higher states. A careful investigation of the rotational
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level distributions has revealed the presence of an odd-even rotational quantum
number splitting for those levels close to the ground-state. This feature (already
observed in sec. 4.2.5 for flows behind shock waves) was more noticeable for
higher vibrational states, which experienced a bigger departure from the local
thermal equilibrium.

Both the BRVC and VC models have shown to be in good agreement with
the RVC model. The VC model was slightly more accurate, as opposed to
what observed in sec. 4.3.2 for flows behind shock waves. This result could be
explained by the fact that the adoption of a VC model is naturally suggested
by the observed rotational equilibrium for the low-lying vibrational states.
The BRVC model has been then applied to investigate the non-equilibrium flow
within the F4 and Scirocco nozzles in sec. 5.3.2. These simulations were also
performed for a further investigation of the discrepancies observed between the
BRVC and VC model solutions in sec. 5.3.1. The results obtained have shown
that, even with 10-20 energy bins, the numerical solutions are very close to
those obtained by means of the VC model. For both nozzle geometries, the
relative error on the outlet values of the No mole fraction have been estimated
by assuming the VC model as the exact solution. The error was lower than
5% when using 20 energy bins. Moreover, for the case of 2-5 energy bins,
the results did not show an excessive departure from the VC model solution
and provided also a much more accurate description than the MTP model.
This facts make the BRVC model more appealing for multi-dimensional CFD
applications. This is the reason why the investigation of viscous stagnation-line
flows (sec. 5.4) has been performed by considering only the BRVC model among
all the coarse-grained models developed in the present thesis.

5.6.2 Stagnation-line Flows

Based on the conclusions drawn from the investigation of nozzle flows, the
analysis of viscous stagnation-line flows (sec. 5.4) has been carried out by means
of the BRVC model. This test-case revealed to be particularly rich, in terms
of physico-chemical modeling, as it allowed to account for both recombination
and dissociation in the same benchmark.

The detailed analysis of the energy bin dynamics (sec. 5.4.2) has shown that
the recombination in the boundary layer occurs through sequences of non-
Boltzmann distributions. The comparison between the BRVC and MTP model
solutions (sec. 5.4.3) has shown that the MTP model overestimates the wall
heat flux, due to an inaccurate description of recombination within the bound-
ary layer. The sensitivity study on the number of energy bins (sec. 5.4.4) has
shown that, when dissipation phenomena are considered, the flowfield solution
is less dependent on the number of energy bins, compared to what observed
for the inviscid flow results discussed in sects. 4.3.3 and 5.3.2. Indeed, for the
adopted free-stream conditions, even 10 energy bins could be used for achieving
an accurate flow description.
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5.6.3 Inviscid Axisymmetric Flows

Multi-dimensional applications to inviscid and axisymmetric non-equilibrium
flows (sec. 5.5) have been performed in order to show their feasibility and to
validate the models developed in the present thesis. In order to accomplish
validation, the numerical simulations have been performed by means of an en-
riched VC model, accounting for both No-N and Ns-Ns interactions. The rate
coefficients for No-No interactions have been taken from the available literature.
The use of the BRVC model has not been considered, due to the limited set of
rovibrational kinetic data for No-Ns interactions in the NASA ARC database.
The enriched VC model has been applied to compute the steady flows within
the nozzle of the EAST facility (sec. 5.5.1) and around a sphere (sec. 5.5.2).
In the case of the flow within the nozzle of the EAST facility, the computed
vibrational population distributions have been compared with the Raman spec-
troscopy measurements of Sharma et al. (1993). A fair agreement has been
observed, allowing for a partial validation of the enriched VC model used in
the simulations.

For the sake of completeness, it should be said that the promising multi-
dimensional results obtained in this chapter are preliminary, due to the lack
of “2D effects” caused by the neglecting of the transport fluxes in the flow
governing equations.
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Chapter 6

Extension of a Conservative
Spectral-Lagrangian Method to
Multi-Component Gases and
Inelastic Collisions

This chapter describes a spectral-Lagrangian method for solving the Boltz-
mann equation for multi-component gases with internal energy (Munafo et al.
2014). Reactive collisions, such as dissociation, are not accounted for. The
spectral-Lagrangian method is an extension of that developed by Gamba and
Tharkabhushanam (2009) for a mono-component gas without internal energy.
The present chapter is structured as follows. Section 6.1 introduces the weak
form of the partial collision operators. The development of the numerical
method starts in sec. 6.2 with the derivation of the weighted convolution struc-
ture of the Fourier transformed Boltzmann equation. The computational pro-
cedure for the discrete evaluation of the collision operators is given in sec. 6.3,
where the discretization of the phase-space is also detailed.

6.1 The Weak Form of The Partial Collision Opera-
tors

In the case of a multi-component gas with internal energy (where the effects of
reactive collisions are neglected), the Boltzmann equation (1.5) reduces to:

Dofs =QL+QN, seS8, i€l (6.1)
where the elastic and inelastic collision operators are:

QL= Qupy Q= > QI seS8, iel,. (6.2)

PES (pj»sk-P1)
Je€ty ecn
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The expressions for the partial elastic and inelastic collision operators (given
in egs. (1.7) and (1.11), respectively) are repeated here for the sake of clarity:

Qsipj = // <fs/2f1/7] - fsifpj> Usipj gdw/dcpj7 (63)
2R3
s,peS, i€l je,,
s Bs,. B s
by = / / [(5"—5’” Flofyy = feifp, | 05500 g dw'dey,, (6.4)
S2XR3 b

(pj,skm) ECR, s€S, i€,

The weak form of the partial collision operators can be obtained through mul-
tiplication of egs. (6.3)-(6.4) by a smooth test function s, = ¢, (cs;) and
integration over the velocity space:

/Qsipj (Psidcsi = /// (90/51 - Spsi) fSifp]'O-Sipj gdwldcpjdcsm (6-5)
R3 2R3 R3
s,peS, i€, jeEi,

SED _ ! pl SiPj 1 / /
/stpj s, des;, = /// Os; [ [py Osepr 9 dw dg, de;, —
R3 F2ZXRIxR3

/@sifsifpjaﬁfggdw’dcsidcpj, (6.6)
S2XRIKR3
(pj, sk, m) EC, s€S, i€,

where ¢} = @, (ci,). In obtaining egs. (6.5)-(6.6) the micro-reversibility re-
lations (1.8) and (1.12) for elastic and inelastic collisions, respectively, have
been used. For the partial elastic collision operator the weak form is obtained
by applying the usual technique of swapping between primed and unprimed
variables in the integral and by exploiting micro-reversibility (eq. (1.8)). Since
in elastic collisions there are no transitions between the internal energy levels,
swapping between primed and unprimed variables has no effect on the species
index. This allows for casting the weak form into a unique integral involving
the species velocity distribution function in the pre-collisional state. The same
result cannot be obtained in the case of inelastic collisions (swapping between
primed and unprimed variables is associated to a species index change). The
weak form of the partial inelastic collision operator is obtained by applying
micro-reversibility (eq. (1.12)) to the gain part of the operator, while the loss
part is left unchanged. As discussed by Dellacherie (2003), alternative expres-
sions to that given in eq. (6.6) can be obtained. However, the one given in
eq. (6.6) is the most suited for the work presented in this thesis.
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6.2 The Fourier Transform of the Partial Collision
Operators

The numerical method proposed in sec. 6.3 makes use of the Fourier transform
of the partial collision operators. This can be obtained by using a Fourier
velocity mode (27)™%/2exp(—1¢ - ¢s,) as test function in the weak form given
in egs. (6.5)-(6.6) (Bobylev 1988; Gamba and Tharkabhushanam 2009).

The Fourier transform of the partial collision operators satisfy the following
properties (Munafo et al. 2014).

Proposition 6.2.1. The Fourier transform of the partial elastic and inelastic
collision operators can be written as weighted convolutions in Fourier space:

Qoupy (€) = / Fo(C—€) fo, (6) Wiy, (¢, €) de, (6.7)
%3

s,peS, 1€y, jeETI,
VO = [F (€~ €) Ful©) G (¢.€) de-

/ FolC =€) &) 1301 () de, (6.8)

(pj,skop) €ECR, s€S, i€,

Quantities fsi, fsk, fpj and fpz are the Fourier transform of the velocity dis-
trz’butz’on function of the species Si, Sk, Dj and py, respectively. The functions
Wiip; (€,8), Sfﬁl (¢, &) and Lsff;;’ (¢, &) are convolution weights defined as:

Weip; (€, €) = 273)3/2 //gos,pj {exlo[ (g ~g)- C} - 1} X

exp(—zg E Jdw'dg, s,peS, i€ZI,, jeI, (6.9)
G 1 Si
GUP (¢, €) = 27r3/2 //9 Us;ﬁexp[ f(g—g’)-C]x

)
exp( vg - E dw dg’, (6.10)
ﬁifﬁj( = 3/2 //g ot exp (g - €) dw'dg, (6.11)
S2xR3

(pj, sk p) EC, s€S, i€T,,

where the pre and post-collisional relative velocity vectors are g = gw and
g’ = g'w’, respectively.

Proof. The direct substitution of ¢, (cs,) = (27)73/2 exp(—1¢-cs,) in egs. (6.5)-
(6.6) gives, after some algebra, the thesis. The mathematical details of the proof
can be found in app. G. O
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From Proposition 6.2.1, the following observations can be made:

1. The convolution weights depend only on the differential cross-section.
No dependence on the velocity distribution function occurs. This finding
can be exploited to develop a computational method that uses egs. (6.7)-
(6.8) for the discrete evaluation of the collision operators (i.e. the
weights associated to each interaction can be pre-computed).

2. The convolution weights G55 (¢,€) and L35 (¢, €) are associated, re-
spectively, to the gain and loss part of the partial inelastic collision
operator and cannot be directly summed to give a unique convolution
weight. This is possible only for elastic collisions, for which case it can
be shown that Wi, (¢, €) = G2 (C.€) — L3 (¢, €)

3. Since no assumption is introduced on the cross-section, anisotropic in-
teractions can naturally be taken into account.

Proposition 6.2.2. The expressions for the convolution weights reduce to one-
dimensional integrals on the pre and post-collisional relative velocity magnitudes
in the case of isotropic interactions (differential cross-section depending only on

the relative velocity magnitude):
. Ksp .
>Jo (g‘E—C—D —jo(gﬁ)] X
ms

+00
WSin (Ca&) =4v 2”/032';0]' []0 (f;p
0

g3dg, spe& i€ZLs, jETI, (6.12)
AESHD
G%ZC&—A¢_i/%$U G@ﬂm@+2—iﬂ<>x
Mg Hsp

g

0 (g’ £ ¢t ) g'%dg, (6.13)

mS

“+00

L3pi(e) = 4V27T/0 o (9€) g°dy, (6.14)
SkPl
SiPj

(pj,sk.m) ECY, s€S, Q€T

where the lower relative velocity limits G sggf and Qﬁfﬁ in the integrals defining
the gain and loss inelastic isotropic convolution weights are:

2AE§EI§?
i ——— 9 gf AERP <0,
/sskgl] = Msp / *iba (6'15)
0 if AESH >0,
2 AES%’
? ; AEskpl
Gl = Hsp v vy >0 (6.16)
0 if AE‘SZ’“}@’ <0,

(pj,skp) €ECE, s€S, i€,
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The function jo(x) = sin(x)/x is the zeroth-order spherical Bessel function
of first kind (or, in alternative, un-normalized sinc function; Abramovitz and
Stegun 1972). Quantities ¢ and & are the magnitudes of the vectors ¢ and &,
respectively.

Proof. The use of a spherical coordinate system in the integrals over g, g’, w and
w’ in eqs. (6.9)-(6.11) gives, after some algebra, the thesis. As an example, the
integral over w’ in eq. (6.9) can be computed by adopting a spherical coordinate
system for the vector w’ with the pole aligned along the direction of the vector
¢. A similar procedure can be used for the other integrals. The mathematical
details of the proof can be found in app. H. O

6.3 Numerical Method

The numerical method proposed for solving the Boltzmann equation (6.1) ex-
ploits the particularly simple structure assumed by the Fourier transform of the
partial elastic and inelastic collision operators (weighted convolution in Fourier
space; eqgs. (6.7)-(6.8)). The velocity space is always kept three-dimensional
and only zero/one-dimensional flow problems are considered. This is justified
in view of the fact that the main purpose of the thesis work was the development
of a conservative algorithm for the evaluation of the collision operators in the
case of multi-component gases with discrete internal energy levels. The exten-
sion of the proposed method to multi-dimensional flows is trivial, as the afore-
mentioned algorithm remains the same whether the flow is multi-dimensional
or not.

When the flow is one-dimensional and its direction is aligned with the x axis of
a Cartesian reference frame (O;x, y, z), the Boltzmann equation (6.1) becomes:

Ofs; 3f i
o e

In order obtain numerical solutions to eq. (6.17), the following steps have to be
taken:

= Q0 +QY, seS, Qe (6.17)

1. Discretization of the phase-space,

2. Discretization of the streaming and collision operators (in both time and
position domains),

3. Development of a computational algorithm for an efficient evaluation
of the elastic and inelastic collision operators allowing to satisfy the
conservation requirements stated in egs. (1.24) and (1.26):

> /WV ddes, =0, verzd /z/;;n”Qi;gdcsi =0, velI™

SGS 3 SGS
i, R s

(6.18)

All the items of the previous list are described in secs. 6.3.1-6.3.2



152 CHAPTER 6 - EXTENSION OF A CONSERVATIVE SPECTRAL-LAGRANGIAN
METHOD TO MULTI-COMPONENT (GASES AND INELASTIC COLLISIONS

6.3.1 Discretization of the Phase-Space

A Cartesian reference frame (O;cy, ¢y, ¢;) is introduced for the velocity space
of all species. The former is discretized by considering points falling inside a
cube, having side semi-length equal to L. and centered at the origin O:

Ve ={c=(ca,cy,c:) € R co€|-Le L), ac€{z,y, z}}. (6.19)

The individual discrete velocity nodes belonging to the set V. are obtained as
follows. Let Ac be the velocity mesh spacing, defined as:
2L
Ac= "=, 6.20
= (6.20)
where N, is the number of velocity nodes along the c;, ¢, and c; directions, let
h = (hg, hy, h.) be the vector of indices associated to the discrete velocity node
ch = (ChysChy,cn,) and let H be the set H = {0,...,N. —1}. The discrete
velocity node cj, belonging to the set V. is computed as follows:

ey = —Lc (i, +1ic, +ic,) +hAc, h=(hy hy h.) € H>. (6.21)

The vectors i,, i, and i., are, respectively, the unit vectors of the ¢, ¢, and
c, axes of the Cartesian frame (O; ¢z, ¢y, c;), and the set H3 is defined as H x
H x H. A vector of integration weights wj, = (wp, , wp,, wy, ) is introduced and
associated to each discrete velocity node cj. In the present work, trapezoidal-
rule weights are used:

a€E{x,y,z}. 6.22
1 otherwise, {zy, 2} ( )

{1/2 if hy=0,N,—1,
Wha =

The global integration weight associated to the discrete velocity node cj is
computed as wy, = Wh, Wh, W, -

As anticipated before in this section, the algorithm proposed for the evaluation
of the collision operators (described in sec. 6.3.2) is based on their Fourier trans-
form. This is the reason why a Fourier velocity space (associated to the velocity
space described above) is introduced and discretized as follows. A Cartesian
reference frame (O; (s, (y,(;) in the Fourier velocity space is introduced and
the points falling inside a cube, having semi-length equal to L and centered
at the origin O, are considered:

Ve = {C = (Cz, Gy, ¢C2) € %3| Ca €[—L¢,Le), ac {ar,y,z}}. (6.23)

The coordinates of the discrete Fourier velocity nodes, belonging to the set Vg,
are obtained in the same manner as done for the physical velocity nodes in
eq. (6.21). Thus:

G = —L¢ (i, +ig, +ic.) +mAG n = (e, my,m2) € H, (6.24)
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where the vectors ic,, i¢, and i¢, are, respectively, the unit vectors of the (,
¢y and (, axes of the Cartesian frame (O;(;,(y,(z). A vector of trapezoidal-
rule weights is also associated to each discrete Fourier velocity node, w, =
(wy, , wy,, wy,) (with the related global weight being w, = wy, wy,wy,). The
mesh size in the Fourier velocity space is computed as:

2L

AC= T (6.25)

In the proposed numerical method, the semi-length L. and the number of nodes
N, along each direction of the velocity space are input parameters. The velocity
mesh spacing Ac is then computed through eq. (6.20). The semi-length L¢ and
the mesh spacing A( of the Fourier velocity space are found by imposing in
eq. (6.25) the condition:
2T
A(Ac= —. 6.26
(o= (6.26)
The substitution of the expressions for Ac and A (given in eqgs. (6.20) and
(6.25), respectively) in eq. (6.26) allows to obtain a relation for L depending
only on the input parameters (N, and L.):
TN,

Le= 57 (6.27)

Once L¢ computed, the Fourier velocity mesh spacing A( is then found from
eq. (6.25). The choice of a uniform mesh along each direction of the velocity
spaces (physical and Fourier) and of the condition given in eq. (6.26) are due
to the use of the Fast-Fourier-Transform (FFT) algorithm for the evaluation of
the Fourier and the inverse Fourier transforms (Gamba and Tharkabhushanam
2009; 2010).

The position space is discretized by considering points belonging to the follow-
ing subset A" of the = axis:

X ={(z,00)€eR| ze[-L,, L]}, (6.28)

where quantities L and L} are both positive. A finite volume grid can be
defined based on eq. (6.28). Let N, be the number of nodes in the position
space, j the index corresponding to a generic cell in the discretized position
space, T;_1/2 and z;,1/o the coordinates of the related left and right nodes,
respectively, and J the set J = {0,..., N, — 2}. The centroid location x; and
the volume (length) Axz; of the cell j are computed as:

1 .
Tj = §($j+1/2 + xj—1/2)7 Azj = Tjy1/2 — Tj—1/2, J € J. (6.29)

The time domain is discretized as follows. Let N; be the number time-steps,
At"™ the time-step value associated to the time-level t" and N the set N =
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{0,..., N¢}. The set of nodes of the discretized time-domain is then:

T=t"=> Aty €R| nmeN ;. (6.30)

m<n

For the sake of later convenience, it is useful to introduce the compact notation
ohj = [s:(j,cn, ") to indicate the value of the velocity distribution function
of the species s; at the point (x;,cp) of the discretized phase-space at the

discrete time-level ¢™.

6.3.2 Numerical Integration of the Boltzmann Equation

Numerical solutions to the Boltzmann equation (6.17) are obtained by means of
the MOL. A second-order FV method is firstly applied in order to perform the
discretization in the position space. Secondly, the semi-discrete set of equations
obtained is integrated in time. In the present work, explicit time-integration
methods are considered due their ease of implementation and low memory
requirements compared to implicit methods (Mieussens 2000; Mieussens and
Struchtrup 2004).

Spatial Discretization

The application of the FV method to the Boltzmann equation (6.17) (written
for the discrete velocity node cj) leads to the following semi-discrete equation
for the cell j:

afs,
Ax; < gf) * q)S¢hj+% N ‘I)sihj—g = Az Qs;njs (6.31)
hj

seS, jeI,, jeJ, heH,

where @1, ;_1/2 and @,y ;,1/7 are, respectively, the numerical fluxes at the
interfaces j —1/2 and j 4 1/2 of the cell j, respectively, while Q, n; represents
the sum of the elastic and inelastic collision operators for the species s; evalu-
ated at the node (z;,cp) of the discretized phase-space (the algorithm for its
evaluation is described later in this section). The numerical flux is computed
by means of a second order slope-limited upwind scheme (Hirsch 1990):

L ~ (R
O njet = fong +0n fongrn (6.32)
seS, iel, jeJ, heH’,
where the upwind wave speeds are ¢ = (cp, + |cn,|)/2. In analogy with

what done for the CFD solvers described in ch. 5 (see egs. (5.38)-(5.40)), the
reconstructed values of the distribution function at the left and right sides of
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the interface j 4+ 1/2 are obtained based on a limited MUSCL reconstruction:

Lo

fong :fsihj+§¢(rj)(fs,-hj_fs,-hj—l)v (6.33)

1
fni = Fonj — §¢(1/T?+1) (fomjoo = Fomirt) » (6.34)
seS, i€, jeJ, he#

where ¢ = ¢(r) is a slope limiter function (van Leer 1979; Hirsch 1990). The
left and right ratios of consecutive differences are computed as:

b= , (6.35)
’ fsihj_fsihj—l
iy, = Lunies " Jansen (6:3)

seS, iel, jeJ, heH.
Temporal Discretization

Equation (6.31) is integrated in time by means of the Forward-Euler (FE)
method (Hirsch 1990):

At

1

Faks = fins ~ A (00 =0y ) = A7 QL. (637)
seS, i€, jeJ, heH neN.

The time-step is computed according to (Mieussens 2000):

CFL ‘

Ar T Az

where At is the collision time-step. Equation (6.38) has been derived based
on a model Boltzmann equation with a BGK collision operator (Mieussens
2000). However, its use did not lead to particular problems while performing
the calculations presented in ch. 7.

As alternative to the FE method, multi-stage time-stepping schemes (such as
Runge-Kutta methods; Hirsch 1990) could be considered. Similarly, one might
use high-order F'V schemes for the streaming operator (as done by Filbet and
Russo 2003) which would give the advantage of requiring less cells in the po-
sition space at which to evaluate the collision operators. However, the main
focus of this thesis was the development of a computational algorithm for the
discrete evaluation of the elastic and inelastic collision operators. For this rea-
son, it was chosen to use a simple slope-limited MUSCL scheme in conjunction
with the FE method outlined above. Boundary conditions are applied through
ghost cells (Hirsch 1990).
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Conservative Discrete Evaluation of the Collision Operators

The elastic and inelastic collision operators are evaluated (on the discrete ve-
locity nodes given by eq. (6.21)) by means of the following algorithms.

For the elastic collision s; + p; = s; + p;, the related partial collision operator
is computed as:

Algorithm 6.3.1 Fvaluation of the partial elastic collision operator Qs,p;

for all n € ’HA?’ do
compute fu,(Cy)s Foy (Co):
end for
for all n € H3 do
compute Qsi »; () through eq. (6.7);
end for
for all h € H3 do
compute Qs,- p;(€n) by inverting the Fourier transform Qsi Py
end for
for all h € 73 do
Enforce conservation through the solution of a constrained optimization
problem: Qs, p.(cn) = Opt(Qs, p, (cn));
end for

For the inelastic collision s; +p; = s3, +p;, the related partial collision operator
is computed as:

Algorithm 6.3.2 Evaluation of the partial inelastic collision operator Q?fﬁ;

for all n € HA3 do ) R
compute fsz'(Cn): s (Cn): fpj (Cn)7 fpz(Cﬁ)
end for
for all n € H3 do
compute Q5*4*(¢,) through eq. (6.8);
end for
for all h € 73 do
compute Qﬁffj(ch) by inverting the Fourier transform Qiffj;
end for
for all h € H? do
Enforce conservation through the solution of a constrained optimization
problem: Q42! (ci) = Opt(Q32! (c1)):
end for

The details related to numerical approximation of the Fourier transform and the
weighted convolution are provided in app. I. The global cost of the algorithms
6.3.1-6.3.2 is O(NY) and the last step is performed in order to ensure conser-
vation of mass, momentum and energy during collisions as stated in eq. (6.18).
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This approach was originally proposed and formulated by Gamba and Tharkab-
hushanam (2009; 2010) for the case of a mono-component gas without internal
energy. In this thesis, an extension of the original method to multi-component
gases with discrete internal energy levels is proposed. Due to the existence of
separate sets of collisional invariants (elastic and inelastic), the conservation of
mass, momentum and energy during collisions is enforced through two separate
constrained optimization problems (Munafo et al. 2014).

Elastic collisions:

~ 2
. el
P = { min Z Z ’Qsipj — Qsip, ) E : § : Wy, Qsip; = Oriva
seS peS s€eS peS
t€ls 5T, t€lsj€T,

(6.39)

Inelastic collisions:

~ 2
- ; SkPL _ (O)SkPI el yskpr _
Py, = < min E g ‘ sy oDy , E E \I’Si sep = 04,44

sES (pjrsrp1) 5 €S (pj,skp1)
1EEs ecin 1eEs e

(6.40)

The vectors Qs,p;, Q sipj» Qsip and Qifﬁj’ store the values of the partial collision
operators Qs,p, and Qg¥)}, respectively, on the discrete velocity nodes given
by eq. (6.21), where the tilde symbol is used to indicate the values obtained
after the inversion of the Fourier transform that do not satisfy conservation.
The constraints imposed represent the conservation requirements (as stated in
eq. (6.18)) that the collision operators must satisfy. In view of the discretization
introduced for the velocity space, this operation is realized at discrete level
through multiplication with the elastic and inelastic integration matrices (‘I"i
and \Illsf, respectively). The columns of these matrices are precisely given by the
elastic and inelastic collisional invariants (egs. (1.23) and (1.25), respectively)
evaluated at the discrete velocity nodes given by eq. (6.21). Hence, for the

columns associated to the discrete velocity node c; one has:
1 T
(\Ili)h = A wy, [ ms s, MsCh 5 ¢ + Es, } ) (6.41)

T
in 1
(Tn = A’ wy, [ Msds MsCh s ci + E, } , (6.42)
seES, i€Z,, c,€V., heH

where c}% = cyp, - ¢;. The vector d,, has .45 components and that relative to the
internal energy level j of the chemical component p is d4, d;5. The vector d, has
¢ components and that relative to the chemical component p is dp.
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Proposition 6.3.1. The solution of the constrained optimization problem Py
for elastic collisions is:

Qsip; = Quip, — (THT(ENHT'QY, s,peS, i€, jeI, (643)
where the matriz ¥ and the vector Q% are defined as:

=M v (w)” (6.44)

seES
1€Zs

=) > T Quy, (6.45)

seS peS

i€lsjel,
Proof. The solution is found by writing down the Lagrangian associated to the
problem &, and then looking for its stationary points. The mathematical
details of the proof can be found in app. J. O

Equation (6.43) reduces to the original result obtained by Gamba and Tharkab-
hushanam (2009; 2010) for the case of a mono-component gas without internal
energy:

Q=Q- e (we’) e, (6.46)

where the (elastic) integration matrix is obtained from eq. (6.41) when A5 =
N =1:
T), = A el V., heMs. (647
(¥)n =Ac’wy | m mcy, 3Me | » en€Ve hed (6.47)

Proposition 6.3.2. The solution of the constrained optimization problem P,
for inelastic collisions is:
~ T ] A
s Qe (W) TG, (6.48)
se8, 1€l (pj75k7pl) € C;I:a

where the matrix \ilfj; and the vector Q™ are defined as:

A A St Jon (6.49)

seES
1 €ZLg

=y wnQ. (6.50)
17 )
Quantity N ™ is equal to #(C). In the case of a mono-component gas (Ne =
1) where all the possible inelastic transitions s; +s; = s+ s; are accounted for,
quantity A" reduces to N (N2 —1).

Proof. The solution is found by writing down the Lagrangian associated to the
problem &2, and then looking for its stationary points. The mathematical
details of the proof can be found in app. J. O
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6.4 Intermediate Conclusions

In this chapter, an existing spectral-Lagrangian method for the Boltzmann
equation for a mono-component gas without internal energy has been extended
to multi-component gases with discrete internal energy levels. Both elastic and
inelastic collisions have been taken into account, while reactive collisions have
been neglected.

The numerical integration of the Boltzmann equation is realized through the
MOL, where the streaming operator is discretized by means of a second-order
upwind FV scheme in conjunction with an explicit time-integrator. The pro-
cedure in use for computing the collision operators is based on the convolution
structure of the Fourier transformed Boltzmann equation. The latter shows
that the Fourier transform of the partial elastic and inelastic collision opera-
tors can be written as weighted convolutions in Fourier space. Based on these
results, an algorithm has been developed for evaluating the collision operators
on a discretized phase-space. The conservation of mass, momentum and en-
ergy during collisions is enforced through two separate constrained optimization
problems (one for elastic collisions and the other for inelastic collisions). The
two constrained optimization problems are formulated in a consistent manner
with the elastic and inelastic collisional invariants. Applications to zero/one-
dimensional problems are shown in ch. 7.






Chapter 7

Applications of the BEST code

This chapter shows applications of the conservative spectral-Lagrangian method
presented in ch. 6. The numerical method has been implemented in a paral-
lel code (BEST; Boltzmann Equation Spectral-Lagrangian Solver) written in C
programming language. Parallelization has been performed by means of the
OpenMP library (Chapman et al. 2008). The Fastest-Fourier-Transform in
the West (FFTW) (2005; 2012) and the GNU-Scientific Library (GsL) (2013)
packages have been used for the evaluation of FFTs and vector /matrix manip-
ulation, respectively.

The present chapter is structured as follows. Section 7.1 assesses the accu-
racy of the original formulation of the numerical method. Then, the extended
formulation is tested on both space homogeneous/inhomogeneous benchmarks
involving multi-component gases (sec. 7.2) and inelastic collisions (sec. 7.3).
In all the cases, the macroscopic moments are compared with the DSMC re-
sults obtained by Torres (2012). The numerical approximation of the integrals
defining the macroscopic moments are given in app. K.

7.1 Gas without Internal Energy: Flow across a Nor-
mal Shock Wave in Ar

In the work of Gamba and Tharkabhushanam (2009; 2010), research efforts
were mostly devoted towards the analysis of the properties of the spectral-
Lagrangian method, such as conservation and numerical error on macroscopic
moments. Computational results were never compared with the DSMC predic-
tions. Moreover, the calculations were performed by considering only Maxwell
or hard-sphere (HS) cross-section models. These models provide an unrealistic
description of collisions in dilute gases (Bird 1994). In view of these aspects, it
was decided to assess the accuracy of the original spectral-Lagrangian method
by comparing the results for the flow across a normal shock wave in Ar with
those obtained by means of the DSMC method provided by Torres (2012).
In order to both show the method flexibility and perform a validation through
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comparison with experiments, the calculations have been run by using the more
realistic variable-hard-sphere (VHS) cross-section model (Bird 1994).

The gas is made of Ar (with mass 6.63 x 10726 kg). The excited electronic states
of Ar are neglected and only elastic collisions are accounted for. Collisions
are described by means of the VHS cross-section model. The former can be
formulated as a HS cross-section model where the diameter d is a function of
the relative velocity magnitude g:

d2(g) 2( ) 15 (ﬁmkb)l/2(4kb/m)w_l/2Troéf 1—2w
o = — Pr—
4 0 CTWT T(9/2 — @) T 1vet 7o

(7.1)

where the symbol I stands for the Gamma function. Quantities Tyt and 7, are
the reference values for the temperature and the shear viscosity, respectively,
and quantity w is the exponent of the assumed viscosity law:

T\
= Tlre . 7.2
10 = Nref (Tmf> (7.2)

The flow across the shock wave is computed by solving the Boltzmann equa-
tion (6.1) in the shock frame. The free-stream (co) density and temperature
are 1 x 1074 kg/m> and 300K, respectively. Four different values for the free-
stream Mach number have been considered. These are provided in tab. 7.1
which reports also the post-shock (ps) conditions (computed based on the
Rankine-Hugoniot jump relations) and the VHS model parameters.

Moo P ps [kg/mg] Ups [m/s] TpS [K] Tref [K] T)ref [Pa S] w

1.55 1.78 x 10~* 281.01 464.32 380 2.75 x 107°  0.791
3.38 3.17x107* 344.17 1328.61 820 4.84 x 107° 0.716
6.5 3.74x10~* 561.43 4222.11 2300 9.72x 1075 0.685
9 3.86 x 107*  752.71 7855.56 4100 1.44 x 107*  0.683

)-POJ[\DP—‘:H:

Table 7.1: Flow across a normal shock wave in Ar. Post-shock conditions and VHS
model parameters.

The values of the VHS model parameters have been determined as follows.
The reference temperature has been set to the arithmetic average between the
free-stream and post-shock values. The shear viscosity reference value and the
viscosity law exponent have been obtained by fitting the viscosity data for Ar
(taken from Svehla 1995) with eq. (7.2).

Table 7.2 provides the simulation parameters. The position space is discretized
by using a uniform FV grid. The gas flow is directed along the positive direction
of the x axis. At the boundaries x = —L and z = L}, the pre and post-shock
Maxwell-Boltzmann velocity distribution functions are imposed, respectively.
These velocity distribution functions are also used for initializing the numerical
solution in the intervals —L, <z <0and 0 < z < Lj, respectively. The time-
marching method described in sec. 6.3.2 is then applied until the steady-state
is reached.
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# N. Lcm/s] N, L [m] L7} [m] At€ [s] CFL Limiter

1 24 2200 201 2x1072 2x1072 1x1078 0.5 van Albada
2 32 3700 201 2x1072 2x1072 1x107% 0.5 van Albada
3 40 6200 201 2x1072 2x1072 1x1078 0.5  van Albada
4 46 6800 201 2x1072 2x1072 1x107% 0.5 van Albada

Table 7.2: Flow across a normal shock wave in Ar. Simulation parameters.

Macroscopic Moments: BEST vs DSMC

In order to perform a meaningful comparison with the DSMC results, a common
origin has to be determined for the numerical solutions. This has been taken at
the location where the normalized density (p — poo)/(Pps — Poo) is equal to 0.5
(Bird 1994). This procedure is also applied to the shock wave results shown in
secs. 7.2-7.3.
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Figure 7.1: Flow across a normal shock wave in Ar. Density evolution for different
values of the free-stream Mach number (lines BEST, symbols DSMC(Torres)).
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Figures 7.1-7.2 show, respectively, the density and temperature evolution across
the shock wave for the adopted free-stream conditions. The parallel tempera-
ture (7,) experiences an overshoot, reaches a local maximum and then relaxes
towards the value corresponding to the post-shock conditions. This flowfield
feature (observed for the first time in DSMC simulations; Bird 1994) is more
and more enhanced when increasing the free-stream Mach number and is di-
rectly related to the distortion (along the ¢, velocity axis) that the velocity
distribution function experiences while the flow crosses the shock wave (see
later in this section). On the other hand, the kinetic and transverse tempera-
tures (7' and T}, respectively), show a monotone increase from the pre-shock
till the post-shock value. For all the cases shown in figs. 7.1-7.2 the agreement
with the DSMC results is excellent. The same conclusion holds also when look-
ing at higher order moments such as heat flux and normal viscous stress shown
in figs. 7.3-7.4, respectively.
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Figure 7.2: Flow across a mormal shock wave in Ar. Temperature evolution for
different values of the free-stream Mach number (unbroken lines T BEST, dashed lines
T, BEST, dotted-dashed lines T, BEST, symbols DSMC(Torres)).
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Figure 7.3: Flow across a normal shock wave in Ar. Heat flux evolution for different
values of the free-stream Mach number (lines BEST, symbols DSMC(Torres)).
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Figure 7.4: Flow across a normal shock wave in Ar. Normal viscous stress evo-
lution for different values of the free-stream Mach number (lines BEST, symbols
DSMC(Torres)).

Analysis of the Velocity Distribution Function

Figure 7.5 shows a visual correspondence between the density and the c, axis
component of the velocity distribution function across the shock wave when
My, = 6.5. Due to the smooth compression in the front region of the shock,
the velocity distribution function initially evolves by deviating little from the
pre-shock Maxwellian. When the gas compression becomes significant, dis-
tortions start to appear and become more and more pronounced. These are
particularly evident in the mid region of the shock wave where the velocity
distribution function assumes a bimodal shape. Once this portion of the shock
passed, the rate of compression decreases and the distortions in the veloc-
ity distribution function progressively disappear while the gas approaches the
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post-shock equilibrium state. The evolution of the velocity distribution can
also be appreciated in fig. 7.6 showing its projection on the (¢, ¢,) plane (i.e.
f(ca,cy,0)) at different locations across the shock wave.

The same features observed in figs. 7.5-7.6 are also found for the cases My, =
3.38 and 9 (not shown), with the difference that the observed distortions are,
respectively, less and more pronounced compared to the case My, = 6.5. On
the other hand, the results obtained when M., = 1.55 (not shown) show that
the velocity distribution function evolves smoothly with no appreciable shape
distortions.
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Figure 7.5: Flow across a normal shock wave in Ar. Comparative evolution of the
density and the ¢, axis component of the velocity distribution function (My, = 6.5;
the symbols in (a) and (c) highlight the locations at which the velocity distribution
function, plotted in (b) and (d), is extracted; in (b) unbroken line v = —2 x 1072 m,
dashed line x = —4 x 1073 m, dotted-dashed line x = —2 x 10~3m, line with circles
z = —1x 1072 m, line with squares x = Om, line with triangles x = 1 x 1073 m; in
(d) unbroken line x = 1.6 x 1073 m, dashed line x = 2 x 1072 m, dotted-dashed line
z =3 x 1073 m, line with circles x = 4 x 1073 m, line with squares © = 6 x 1073 m,
line with triangles x = 2 x 1072 m).
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Figure 7.6: Flow across a normal shock wave in Ar. Evolution of the projection on
the (cs, cy) plane of the velocity distribution function (Ms = 6.5).



168 CHAPTER 7 - APPLICATIONS OF THE BEST CODE

Comparison with Experimental Density Profiles

The computed density profiles have been compared with those determined ex-
perimentally by Alsmeyer (1976) (see fig. 7.7). The normalized density profiles
are plotted as a function of the non-dimensional distance z/A\~, where the free-
stream mean free path Ao, has been set to the value indicated in the paper of
Alsmeyer (As = 1.098 x 1073 m).

The agreement between the computed and experimental density profiles is fairly
good, though some discrepancies arise. In all the cases, these are found in the
initial part of the shock front (and also in the post-shock region for the case
My = 1.55). In that zone, due to moderate values of the thermal speed
(caused by low temperatures), collisions between the gas particles are strongly
affected by medium-range attractive forces (Hirschfelder et al. 1964). The
effects of medium-range attractive forces are completed neglected by the VHS
cross-section model, which is purely repulsive, and this could then explain the
systematic disagreement observed.
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Figure 7.7: Flow across a normal shock wave in Ar. Comparison between the com-
puted and experimental density profiles for different values of the free-stream Mach
number (unbroken lines BEST, symbols experiments).
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This aspect has been investigated more in detail. The case My, = 3.38 has
been recomputed by using cross-section models based on interaction potentials
accounting for both repulsive and attractive forces. In this situation one should
normally account for the anisotropic character of the cross-section (which can be
done with the numerical method in use; see sec. 6.2). Despite that, a simplified
approach has been considered. The cross-section is always written as a HS cross-
section with a velocity dependent diameter. For a given interaction potential,
the velocity dependent diameter is determined from the total viscosity cross
section o, = (2/3)wd?, which is computed from the classical elastic scattering
theory (Hirschfelder et al. 1964; Ferziger and Kaper 1972). More details can be
found in Munafo et al. (2013). In the present work, the viscosity cross-sections
computed by using a Lennard-Jones (LJ) interaction potential (Hirschfelder
et al. 1964; Ferziger and Kaper 1972) and that provided by Phelps et al.
(2000) (PL), who applied the WKB theory to the elastic Ar-Ar scattering, have
been considered. Figure 7.8 shows the comparison between the experimental
density profiles and those computed by means of the LJ;, VHS and PL cross-
section models. The LJ and PL results are in slightly better agreement with
the experiments in the front part of the shock, though the differences between
all the models are quite small.

It is worth to recall that the VHS cross-section model parameters (w, 7yef
and Tyer) have to be computed for each value of the free-stream Mach number
by some appropriate tuning approach (as explained before), if a reasonable
agreement with experiments is wished. This is not needed when using cross-
sections based on realistic interaction potentials (such as LJ and PL).
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Figure 7.8: Flow across a normal shock wave in Ar. Comparison between the com-
puted and experimental density profiles for different cross-section models (Mo, = 3.38;
unbroken line VHS, dashed line LJ, dotted-dashed line PL, symbols experiments).
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Comparison with the Navier-Stokes Solution

Before moving to applications of the extended spectral-Lagrangian method,
it was decided to complete the accuracy assessment of the original numerical
method by comparing the computed density profiles with those obtained by
solving the Navier-Stokes equations in the case of the VHS model (see fig. 7.9).
This has been also done in order to have an estimation of the approximation
introduced when using a hydrodynamic description beyond its range of ap-
plicability. For the sake of consistency, in obtaining the Navier-Stokes (NS)
solution, the transport properties have been evaluated by using the VHS model
parameters given in tab. 7.2. The density profiles in fig. 7.9 show that the
Navier-Stokes solution is qualitatively correct and not too far from the Boltz-
mann equation solution. However, the accuracy of the Navier-Stokes solution
progressively deteriorates when increasing the free-stream Mach number. In
particular, the shock thickness is systematically underestimated (Bird 1994).
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Figure 7.9: Flow across a normal shock wave in Ar. Comparison of the density
profiles obtained by solving the Boltzmann and the Navier-Stokes equations for different
values of the free-stream Mach number (unbroken lines BEST, dashed lines NS).
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7.2 Multi-Component Gas without Internal Energy

After assessing the accuracy of the spectral-Lagrangian method of Gamba and
Tharkabhushanam (2009; 2010), its extension to multi-component gases with-
out internal energy has been tested on space homogeneous and inhomogeneous
problems. The former consists in studying the time-evolution of a isochoric
gaseous system initially set in a non-equilibrium state, while the latter consists
in computing the steady flow across a normal shock wave.

The multi-component gas considered here is made of Ne and Ar (whose relative
amounts are case dependent). The electronic energy of the atoms is assumed to
be negligible. Only elastic collisions are accounted for. The HS collision model
is used for the differential cross-section:

ds + dp)?
Osp = %, s,p € {Ne, Ar}. (7.3)

The numerical values for the Ne and Ar diameters have been taken from Bird
(1994) and are reported in tab. 7.3.

s msg kg d [m]
Ne 3.35x10726 277x10°10
Ar 6.63x 10726 417 x 10710

Table 7.3: Masses and diameters of Ne and Ar.

7.2.1 Isochoric Equilibrium Relaxation of a Ne-Ar gas

The gas is composed of 83 % and of Ne and 17% of Ar. The correspond-
ing mass fractions are 0.71 and 0.29, respectively. The gas has a density of
7 x 103 kg/m? and is set in an initial non-equilibrium state where Ne and Ar
follow a Maxwell-Boltzmann velocity distribution function at 300 K and 500 K,
respectively. The latter corresponds to a gas temperature of 333.63 K.

The velocity space is discretized by adopting 24 velocity nodes and by setting
its semi-length to 3000m/s (N, = 24 and L. = 3000m/s, respectively). The
collision time-step At¢ is set to 1 x 107?s in order to have a value lower than
the mean collision time. The number of partial elastic collision operators to be
evaluated at each time-step is equal to 4. The simulation was stopped after 300
time-steps. The CPU time required was approximately 3 minutes when using
4 OpenMP threads.

Macroscopic Moments: BEST vs DSMC

Once the simulation is started, collisions bring the system from its initial non-
equilibrium condition to the final equilibrium state. Since the system is iso-
choric and no external mass, momentum and energy sources are present, the
following statements hold:
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e The density of each species is constant and maintains its initial value.
The same holds true for the gas density.

e The species and gas hydrodynamic velocities are constant and maintains
their initial values (zero).

e The gas temperature is constant and maintains its initial value. On the
other hand, the temperature of each species experiences variation and
approaches the equilibrium temperature value.

The above statements follow directly from the laws of mass, momentum and
energy conservation and should be obtained as a result if the numerical method
used is conservative. This has been assessed by monitoring the time-evolution
of the species and gas densities, and temperatures (see fig. 7.10). The species
and the gas densities retain their initial value and do not show any variation.
The same holds true for the gas temperature and velocity (not shown), while the
species temperatures evolve towards the correct equilibrium value. The results
confirm that the extension of the original spectral-Lagrangian method to multi-
component gases without internal energy is conservative. The agreement with
the DSMC results is excellent.
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Figure 7.10: Isochoric equilibrium relaxation of a Ne-Ar gas. Time-evolution of
the species and gas density and temperature (unbroken line gas BEST, dashed line Ne
BEST, dotted-dashed line Ar BEST, symbols DSMC(Torres)).

Analysis of the Species Velocity Distribution Functions

Figure 7.11 shows the time-evolution of the c, axis component of the species
velocity distribution functions (the ¢, and ¢, axis components are not shown
because they are practically identical to the ¢, component). The results ob-
tained show that the evolution towards the equilibrium state occurs through
sequences of Maxwell-Boltzmann velocity distribution functions.
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Figure 7.11: Isochoric equilibrium relaxation of a Ne-Ar gas. Time-evolution of
the ¢, axis component of the species velocity distribution functions (unbroken lines
t = 5x107"s, dashed lines t = 1.4 x 107 8s, dotted-dashed lines t = 2.4 x 10785,
lines with circles t = 5.0 x 10~%s, lines with squares t = 1.5 x 107 7).

Sensitivity Study: Number of Velocity Nodes and Conservation Con-
straint

In order to asses the influence of the number of velocity nodes N. and the
enforcement of conservation on the solution, the benchmark presented in this
section has been re-run by adopting the number of nodes reported in tab. 7.4
with and without enforcing conservation. In tab. 7.4, the L; and Lo norms of
the error on the gas temperature are also provided (see also fig. 7.12).

# N, Ej(with cons.) Eg(with cons.) Ej(w/ocons.) Eg(w/o cons.)
1 8 0.84 x10? 0.49 x 10" 0.61 x 103 0.402 x 102

2 10 0.12 x 102 0.71 0.19 x 10° 0.12 x 102

3 12 0.12 x 10! 0.67 x 10! 0.12 x 103 0.82 x 10!

4 14 0.68x 107! 0.39 x 1072 0.27 x 102 0.18 x 10*

5 16  0.52 x 1072 0.31 x 1073 0.73 x 10* 0.507

6 18 0.12x 1072 0.77 x 1074 0.15 x 10* 0.106

7 20 0.31x1073 0.21 x 10~* 0.304 0.208 x 107!
8 22 0.63x107* 0.43 x 107° 0.68 x 101 0.44 x 1072

9 24 0.104x10°* 0.72 x 1076 0.17 x 10! 0.108 x 1072

Table 7.4: Isochoric equilibrium relazation of a Ne-Ar gas. Number of velocity nodes
and related Ly and Lo norms of the error on the gas temperature (Ny = 300).

The error norms have been computed according to:

™ —T
T

N, P 1/p
E, = <Z ) . pe{l,2}, (7.4)

n=0
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where the number of time-steps is Ny = 300 and the gas temperature is T =
333.63K (see before). The error values reported in tab. 7.4 and shown in
fig. 7.13 demonstrate the importance of the conservation constraint on the
quality of the numerical solution.
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Figure 7.12: Isochoric equilibrium relazation of a Ne-Ar gas. Ly and Lo norms of the
error on the gas temperature with and without conservation constraint (unbroken line
E1 with conservation, dashed line Eo with conservation, dotted-dashed line E; without
conservation, dotted line Eq without conservation; circles are added to highlight the
number of velocity nodes used).
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Figure 7.13: Isochoric equilibrium relaxation of a Ne-Ar gas. Time-evolution of
the gas temperature with and without conservation constraint (N, = 16; unbroken line
with conservation, dashed line without conservation).

The numerical errors obtained when applying the conservation constraint are
orders of magnitude lower than those obtained when conservation is not en-
forced. The differences are less pronounced when using a low number of veloc-
ity nodes (e.g. 8, 10). This can be explained by the fact that 8 or 10 velocity
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nodes are not enough to obtain an accurate estimate of second-order moments
(such as the gas temperature) of the initial velocity distribution function. When
the number of velocity nodes is increased, the error in the solution obtained
by enforcing conservation becomes substantially the sum over all time-steps of
the quadrature rule error when evaluating the gas initial temperature. This
is not the case when conservation is not enforced. In this situation, the er-
ror is dominated by the lack of conservation. An evidence of this is given in
fig. 7.13 showing the time-evolution of the gas temperature with and without
conservation constraint for 16 velocity nodes.

7.2.2 Flow Across a Normal Shock Wave in a Ne-Ar gas

The steady-state flow across a normal shock wave in a Ne-Ar gas has been
studied, as done in sec. 7.1, in the shock wave reference frame. A peculiar
aspect of the present benchmark is the species separation occurring within the
shock. The separation is due to the mass difference between the two species
with the lighter species experiencing the compression sooner than the heavier
one (Center 1967; Bird 1994).
The gas is composed of 50 % of Ne and 50 % of Ar. The corresponding mass
fractions are 0.34 and 0.66, respectively. The gas free-stream density, temper-
ature and velocity are 1 x 10~*kg/m?, 300K and 744 m/s, respectively. The
latter correspond to a free-stream Mach number equal to 2. Post-shock values
for the gas density, velocity and temperature (computed based on the Rankine-
Hugoniot jump relations) are 2.29 x 10~%kg/m3, 623.44K and 325.45m/s, re-
spectively.
The simulation parameters are provided in tab. 7.5. As already done in sec. 7.1,
the position is discretized by means of a uniform FV grid. At the boundaries
r = —L; and z = L}, a Maxwell-Boltzmann velocity distribution function
corresponding, respectively, to the pre and post-shock conditions are imposed
for the two species. The steady-state flow across the shock wave has been
computed by using the same procedure as of sec. 7.1. The memory required for
this test-case is the same as that of sec. 7.2.1

N. L.[m/s] N, L [m] L} [m] At [s] CFL Limiter

T

22 3200 201 2x1072 2x1072 1x108 0.5 van Albada

Table 7.5: Flow across a normal shock wave in a Ne-Ar gas. Simulation parameters.

Macroscopic Moments: BEST vs DSMC

Figure 7.14 shows the evolution across the shock wave of the species hydro-
dynamic velocity and parallel temperature. The results confirm, as expected,
that the Ne experiences the compression before the Ar. This effect progressively
disappears while the flow approaches the post-shock equilibrium state (where
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no species separation exists). In analogy with what observed in sec. 7.1, the
parallel temperature of both species reaches a maximum, and then approaches
the post-shock equilibrium value. This is again due the distortion experienced
by the velocity distribution function while the flow crosses the shock wave. No-
tice that the peak is more pronounced for the heavier component (Ar). The
comparison with the DSMC results is again excellent. This is further confirmed
by fig. 7.15 showing the evolution across the shock wave of the gas density and
temperature (and the related parallel and transverse components).
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Figure 7.14: Flow across a normal shock wave in a Ne-Ar gas. FEwvolution of the
species hydrodynamic velocity and parallel temperature (My, = 2; unbroken lines Ne
BEST, dashed line Ar BEST, symbols DSMC(Torres)).
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Figure 7.15: Flow across a normal shock wave in a Ne-Ar gas. Evolution of the gas
density, temperature and related parallel and transverse components(Mo, = 2; lines
BEST, symbols DMSC(Torres); in (b) unbroken line T, dashed line T,, dotted-dashed
line T},).
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Analysis of the Species Velocity Distribution Functions

Figure 7.16 shows a visual correspondence between the density and the ¢, axis
component of the velocity distribution function of Ne and Ar across the shock
wave. Due to the low value of the free-stream Mach number, small deviations
from a Maxwellian shape are observed. This justifies, in turn, the moderate
maxima reached by the species parallel temperature in fig. 7.14(b). The evo-
lution across the shock wave of the ¢, and ¢, axis components of the species
velocity distribution functions (not shown here) occurs through a sequence of
Maxwell-Boltzmann velocity distribution functions.
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Figure 7.16: Flow across a normal shock wave in a Ne-Ar gas. Comparative evolution
of the density and the c, axis component of the velocity distribution functions of Ne
and Ar (Mo = 2; the symbols in (a) and (c) highlight the locations at which the
species welocity distribution functions, plotted in (b) and (d), are extracted; in (b)
and (d) unbroken lines x = —1 x 10~2m, dashed lines x = —1.1 x 1073 m, dotted-
dashed lines v = —1 x 10™*m, lines with circles v = 9 x 10~*m, lines with squares
=19 x 1073 m, lines with triangles r =1 x 1072 m).
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7.3 Gas with Internal Energy

The extension of the spectral-Lagrangian method of Gamba and Tharkab-
hushanam (2009; 2010) to multi-component gases with discrete internal energy
levels has been tested on the same kind of benchmarks considered in sec. 7.2.
Despite the generality of the formulation described in ch. 6, the results shown
in this section refer to a gaseous system made of one component (Ar) with
discrete internal energy levels. For this reason, the chemical component index
is dropped in what follows.

The value of the Ar mass m is the same as that used in secs. 7.1-7.2, while its
diameter d is set equal to 3 x 107'1%m. The number of internal energy levels
taken into account (and the related values of degeneracy and energy) are case
dependent. Both elastic and inelastic collisions are allowed to occur:

itj=k+1, i4,kleT, (7.5)

where the set Z stores the internal energy levels. For the evaluation of the
differential cross-section for the collision ¢ + j = k + [, the model proposed
by Anderson et al. (1986) has been considered. According to this model,
the differential cross-section is written as a product between a HS differential
cross-section d?/4 and a transition probability Ifjl, that is, afjl = (d? /4)[1-’3[.
The transition probability only depends on the pre-collisional relative velocity
magnitude g and has the following expression:

max (jg? — AEikjl, 0)

> omm ez max (ug? — AET", 0)’

I = i,7,k,1 €L, (7.6)

where the reduced mass of the colliding particles p is equal to m/2. Notice
that eq. (7.6) comprises also the case of elastic collisions (i = k and j = 1).
An internal temperature Tiy is extracted from the level population (in analogy
with what done in chs. 4-5 through the use of eq. (3.34)) by solving the following
non-linear equation:

2 ez Milli > ez @i L exp (—Ei/%pTint)

= ) 7.7
n > e @i exp (—E;/kyTing) (7.7)

where the gas number density is n =, c 7 n;.

7.3.1 Isochoric Equilibrium Relaxation

The isochoric equilibrium relaxation of a multi-energy level gas has been studied
by considering 5 internal energy levels. The related values of degeneracy and
energy (taken from Anderson et al. 1986) are reported in tab. 7.6.

The initial state of the system corresponds to a partial equilibrium condition.
The velocity distribution functions of all levels (species) is a two temperature
(translational 7' and internal Ti,;) Maxwell-Boltzmann velocity distribution
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function with zero bulk velocity, obtained by assuming that the population of
the internal energy levels is Boltzmann at Tiy (see eq. (1.36)).

The gas has a density of 1kg/m3. The initial values of the gas translational and
internal temperatures are 1000 K and 100 K, respectively. The initial condition
of the system approximates the state of the gas immediately behind a normal
shock wave when this is treated as a discontinuity (as done in ch. 4).

073 Ei [J]

0

8.30 x 10~21
1.66 x 1020
2.50 x 10~20
3.30 x 10720

U W N =
— e

Table 7.6: Isochoric equilibrium relazation of a multi-enerqgy level gas. Level degen-
eracies and energies.

The velocity space is discretized by adopting 16 velocity nodes and by setting
its semi-length to 3000m/s (N, = 16 and L. = 3000m/s, respectively). The
collision time-step At is set to 1 x 1072 s in order to have a value lower than
the mean collision time (based on a HS collision model). The number of partial
collision operators to be evaluated at each time-step is equal to 625 (25 elastic
and 600 inelastic). The simulation was stopped after 2500 time-steps. The
CPU time required was approximately 2 hours when using 12 threads. The
memory required was approximately 88 GB. This high value is due to the fact
that 625 convolution weights must be stored.

Macroscopic Moments: BEST vs DSMC

As for the case studied in sec. 7.2.1, when the simulation is started, collisions
bring the system to equilibrium. However, due to the presence of inelastic
collisions, some differences arise:

e The gas density is constant and maintains its initial value. On the other
hand, the density of each level changes in time and evolves from the initial
non-equilibrium state to its final equilibrium value.

e The level and gas hydrodynamic velocities are constant and maintain
their initial values (zero).

e The gas temperature changes in time and evolves from the initial non-
equilibrium state to its final equilibrium value.

The value of the temperature at equilibrium can be computed from the energy
balance between the initial and the final (equilibrium) states. For the present
simulation, the value of 723.5 K is obtained. Once the equilibrium temperature
determined, it is possible to compute the equilibrium values of the level densities
by means of the Boltzmann distribution law (1.36).
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In order to assess the conservation properties of the proposed spectral-Lagrangian
method for the case of a multi-energy level gas, the time-evolution of the den-
sity of each level and the translational and internal temperatures have been
monitored (see fig. 7.17). The results given in fig. 7.17 confirm the previous
considerations regarding the behavior of the system. In particular, the popula-
tion of the ground-state decreases while those of the upper states increase. The
translational temperature decreases till the equilibrium value is reached. The
opposite behavior is observed for the internal temperature. This demonstrates
the existence of a net macroscopic energy transfer from the translational to
the internal degree of freedom of the gas. The level and gas hydrodynamic
velocities retain their initial values (zero) and are not shown in fig. 7.17. The
agreement with the DSMC solution is again excellent.
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Figure 7.17: Isochoric equilibrium relazation of a multi-energy level gas. Time-
evolution of the level densities and temperatures (lines BEST, symbols DSMC(Torres);
in (a) unbroken line p1, short dashed line ps, long dashed line ps, dotted-dashed dashed
line p4, dotted line ps; in (b) unbroken line T, dashed line Tiyt).

Table 7.7 compares the final values of the temperature and the level densities
as obtained from the simulation with those determined by means of equilibrium
calculations. The agreement between the two data sets is very good. This fur-
ther confirms the conservation properties of the extended spectral-Lagrangian
method when both elastic and inelastic collisions are taken into account.

T[K] p1 [kg/m?]  pa[kg/m?]  pslkg/m?]  pslkg/m?] ps [kg/m?]
BEST 723.4029 0.573 0.245 0.1088 0.0474 0.02069
Eq. 723.543 0.573 0.245 0.1089 0.0474 0.020 64

Table 7.7: Isochoric equilibrium relaxation of a multi-energy level gas. Final values
of temperature and level densities (comparison between simulation and equilibrium
calculations).
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7.3.2 Flow Across a Normal Shock Wave

The steady-state flow across a normal shock wave of a multi-energy level gas
has been studied by accounting for 2 internal energy levels. The related values
of degeneracy and energy (taken from Josyula et al. 2011) are given in tab. 7.8.
In this situation, the total number of partial collision operators to be evaluated
reduces to 16 (4 elastic and 12 inelastic).

1 1 0
2 1 414x10°2%

Table 7.8: Flow across a mormal shock wave in a multi-energy level gas. Level
degeneracies and energies.

The free-stream values of the gas density, temperature and velocity are set
to 1.068 x 10~*kg/m3, 300K and 945.33m/s, respectively. The latter cor-
respond to a free-stream Mach number equal to 3. Post-shock conditions
have been obtained by means of the technique suggested by Anderson (1989).
The values obtained for the post-shock density, temperature and velocity are
3.25 x 107*kg/m?, 1046.2 K and 311.07 m/s, respectively.
The simulation parameters are provided in tab. 7.9. As already done in sects.
7.1 and 7.2.2, the position space is discretized by means of a uniform FV grid.
At the boundaries * = —L, and z = L}, a Maxwell-Boltzmann velocity dis-
tribution function corresponding, respectively, to the pre and post-shock con-
ditions, is imposed for each level. The steady-state flow across the shock wave
has been computed by means of the same procedure used in sects. 7.1 and
7.2.2. The memory required for this test-case was approximately 30 GB.

N. L.m/s] N L [m] L} [m] At€ [s] CFL Limiter

T

30 3400 201 2x1072 2x1072 1x10~® 0.5  van Albada

Table 7.9: Flow across a normal shock wave in a multi-energy level gas. Simulation
parameters.

Macroscopic Moments: BEST vs DMSC

Figure 7.18 shows the evolution across the shock wave of the level mass frac-
tions, diffusion velocities, velocities and temperatures. The population of the
energy levels changes due to the occurrence of inelastic collisions. This creates
spatial gradients of the chemical composition that, in turn, lead to a mass dif-
fusion flux for both levels. Species separation occurs within the shock, as it
can also be seen from the velocity and temperature evolution. However, in a

!The Rankine-Hugoniot jump relations cannot be applied in this case, as they are valid
only for a calorically perfect gas (Rankine 1870, Hugoniot 1887; 1889)
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comparison with sec. 7.2.2, some differences arise. In the present situation, the
separation is the result of chemical composition gradients caused by inelastic
collisions. In the case of sec. 7.2.2, the separation is due to the mass disparity
between the two species that leads to accumulation of the atoms of the lighter
species in the initial part of the shock front.
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Figure 7.18: Flow across a normal shock wave in a multi-energy level gas. Evolution
of the level mass fractions, diffusion velocities, velocities and temperatures (Mo = 3;
unbroken lines level 1 BEST, dashed lines level 2 BEST, symbols DSMC(Torres)).

The comparison with the DSMC results is again excellent. The same conclusion
can be drawn when looking at gas quantities (i.e. pressure and temperatures) as
done in fig. 7.19. Notice that the internal temperature lags very little behind the
translational temperature (as opposed to what observed ch. 4). This behavior,
though physically correct, is due both to the use of a very simple gas model (i.e.
one excited internal energy level lying close to the ground-state) and to the use
of the Anderson model, which tends to overestimate the probability of inelastic
transitions (as shown by Torres and Magin 2012). This does not represent a
problem, as the purpose of the thesis work was to assess the accuracy and the
conservation properties of the extended spectral-Lagrangian method.
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Figure 7.19: Flow across a normal shock wave in a multi-energy level gas. Evolution
of the gas density, pressure, velocity, translational temperature and related parallel
and transverse components, internal temperature, normal viscous stress and heat flux
(Ms = 3; lines BEST, symbols DSMC(Torres); in (d) unbroken line T, dashed line
T,, dotted-dashed line T,,, dotted line Tin).
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Analysis of the Level Velocity Distribution Functions

Figure 7.20 shows a visual correspondence between the evolution of the level
densities and the related ¢, axis component of the velocity distribution func-
tions. The distortions around the location x = Om are the responsible for the
observed maximum in the gas parallel temperature in fig. 7.19(d). The evolu-
tion across the shock wave of the ¢, and ¢, axis components (not shown) occurs
through a sequence of Maxwell-Boltzmann velocity distribution functions.
The evolution of the level velocity distributions can also be appreciated in
figs. 7.21-7.22 showing their projections on the (cz, ¢y) plane at the same loca-
tions as of fig. 7.20.
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Figure 7.20: Flow across a normal shock wave in a multi-energy level gas. Compar-
ative evolution of the level densities and the related c, axis component of the velocity
distribution functions (Ms = 3; the symbols in (a) and (c) highlight the locations at
which the level velocity distribution functions, plotted in (b) and (d), are extracted;
in (b) and (d) unbroken lines x = —2 x 10~2m, dashed lines v = —2.5 x 1073 m,
dotted-dashed lines x = —1x 1073 m, dotted lines x = —1 x 10™*m, lines with
circles x = 3 x107%*m, lines with squares x = 9 x 107*m, lines with triangles
x =1.9 x 1073 m, lines with diamonds x =2 x 1072m).
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Figure 7.21: Flow across a normal shock wave in a multi-energy level gas. Evolution
of the projection on the (cy,cy) plane of the velocity distribution function of level 1

(Moo = 3).
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7.4 Intermediate Conclusions

In this chapter applications of the extended spectral-Lagrangian method de-
scribed in ch. 6 have been shown.

At the beginning (sec. 7.1), the accuracy of the original formulation (valid for a
mono-component gas without internal energy) has been assessed by comparing
with DMSC the results for the flow across a normal shock wave in Ar. An
excellent agreement has been observed. The calculations have been run by
using a tunable VHS cross-section model in order to perform a comparison
with experimental density profiles. The good agreement obtained allowed for
a first-step validation of the computational tool developed (BEST).

After that, the extended formulation of the spectral-Lagrangian method has
been tested on benchmarks involving multi-component gases (sec. 7.2) and in-
elastic collisions (sec. 7.2). In both situations, two cases have been studied in
detail: a) isochoric equilibrium relaxation (space homogeneous) and b) steady
flow across a normal shock wave (space inhomogeneous). The space homo-
geneous testcases were chosen as, due to the absence of convective transport,
they allowed for testing alone the procedure for the discrete evaluation of the
collision operators (i.e. the conservation properties of the numerical method).
The results obtained in sects. 7.2.1 and 7.3.1 proved that the proposed exten-
sion of the spectral-Lagrangian method is indeed conservative. For the case of
a multi-component gas without internal energy, the importance of the appli-
cation of the conservation constraint has been also studied (sec. 7.2.1). The
results clearly indicated that, if conservation is not enforced, the solution is
unphysical and numerical errors remain high even when using a high number of
velocity nodes. The accuracy of the solutions has been assessed by comparing
macroscopic moments with the DSMC method results. As for the original for-
mulation, the comparison led to an excellent agreement. The same conclusion
was found when analyzing the results obtained for flows across normal shock
waves in sects. 7.2.2 and 7.3.2. In these two sections, the evolution of the
species velocity distribution functions across the shock wave have been also
analyzed.






Conclusions

The present chapter draws general conclusions based on the results presented
in this thesis.

Multi-Scale Models

The work on multi-scale models has focused on the Ng(lzg)—N(‘lSu) system by
using the ab-initio database developed by the Computational Quantum Chem-
istry Group at NASA Ames Research Center. The set of state-to-state kinetics
and thermodynamic data provided in this database have been used for building
a RVC model and a suite of reduced models for CFD applications: MT, VC,
BRVC and URVC.

Applications of the RVC model to flows behind shock waves and within converging-
diverging nozzles have allowed for a detailed investigation of the energy level
dynamics, and related assessment of rotational non-equilibrium effects, usually
not taken into account in conventional CFD solvers. For flows behind shock
waves, the results indicated that the assumption of rotational non-equilibrium
becomes questionable at high speed conditions. On the other hand, in re-
combining nozzle flows, the gas expansion occurs under rotational equilibrium
conditions, as non-Boltzmann distributions are appreciable only for rotational
levels of high-lying vibrational states. The analysis of the rovibrational distri-
butions has revealed the existence of a splitting of rotational levels according
to even and odd rotational quantum numbers. In dissociating flows behind
shock waves, this feature of the distribution is more and more significant from
the high-lying vibrational states to the ground-state, due to the faster rota-
tional excitation of high-lying vibrational states. For nozzle flows, the observed
behavior was completely opposite.

The predictions of the RVC model have been compared with those obtained
by means of the reduced models. For the sake of completeness, in the com-
parison, the conventional multi-temperature Park (MTP) model has been also
considered, as it represents the standard model used in CFD solvers.

The results obtained for flows behind shock waves indicated that the BRVC and
URVC models could reproduce the correct dynamical evolution of flow quanti-
ties (such as temperature and chemical composition) with only 20 energy bins.
The MT and VC models led to a faster dissociation, due to the lack of QSS
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conditions and assumed rotational equilibrium, respectively. The MTP model
provided the less accurate description, thereby illustrating the inadequacy of
the physico-chemical models currently used in CFD solvers. A sensitivity anal-
ysis to the number of energy bins indicated that the BRVC model should be
preferred to the URVC model, due to the impossibility of retrieving the post-
shock equilibrium conditions with the URVC model (unless a high number of
energy bins is used).

For nozzle flows, both the VC and BRVC models were in good agreement with
the RVC model predictions. The VC model led to a slightly more accurate
description. This is not surprising, as the assumption of rotational equilibrium,
on which the VC is built, was found to hold true for expanding flows. The
departure between the BRVC and VC model results has been further investi-
gated by performing a sensitivity analysis to the number of energy bins. The
analysis revealed that, for the same computational cost of the MTP model (i.e.
2-5 energy bins), the BRVC model solution was already quite close to the VC
model prediction. Indeed, the relative error on the outlet value of the No mole
fraction was around 10 %, while it was more than 100 % for the MTP model.
These results suggested that, for CFD applications, the BRVC model should
be preferred to the VC model, due to the possibility of achieving an accurate
flowfield description at a much lower computational cost.

The BRVC and MTP models have been further compared in the computation
of the viscous flow along the stagnation-line of blunt bodies. As observed for
nozzle flows, the MTP model overestimated the recombination in the boundary
layer, thereby leading to higher wall heat flux values. The sensitivity analysis
to the number of energy bins (for the BRVC model) revealed that 10 energy
bins were enough to obtain an accurate evolution of the flow quantities and the
transport fluxes at the wall.

Computational Methods

The research on computational methods for rarefied flows has led to the ex-
tension of an existing spectral-Lagrangian method for the Boltzmann equation
(valid for a mono-component gas without internal energy) to multi-component
gases and inelastic collisions. The proposed numerical method is based on the
convolution structure of the Fourier transformed Boltzmann equation, which
shows that the Fourier transform of the partial collision operators (elastic and
inelastic) can be written as weighted convolutions in Fourier space. The con-
volution weights only depend on the cross-section model. Hence, they can be
pre-computed to reduce the computational cost. This fact has been exploited in
the algorithms developed for the discrete evaluation of the collision operators.
The conservation of mass, momentum and energy during collisions has been
enforced though the solution of two constrained optimization problems (one for
elastic collisions and the other for inelastic collisions). The constrained opti-
mization problems have been formulated in a consistent manner with the elastic
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and inelastic collisional invariants.

The extended spectral-Lagrangian method has been implemented in a par-
allel computational tool. Applications have considered both space homoge-
neous/inhomogeneous problems. Initially, the accuracy of the original spectral-
Lagrangian method has been assessed by comparing the results for the flow
across a normal shock wave in Ar with the DSMC predictions. An excellent
agreement has been observed. For this benchmark, a comparison with experi-
mental density profiles (which led to a fair agreement) has been also performed
for the sake of validation. Later, the extended formulation of the method has
been tested on isochoric relaxation and normal shock wave flow benchmarks.
Even in these cases, an excellent agreement with the DSMC results has been
observed. The conservation properties of the proposed numerical method have
been studied in detail for the isochoric relaxation benchmarks. The result ob-
tained have shown that conservation enforcement was mandatory to obtain
accurate and physically correct solutions.






Perspectives

This chapter suggests possible further developments of the research work pre-
sented in this thesis.

Multi-Scale Models

The applications to inviscid and viscous flows of the proposed reduced mod-
els have shown that the BRVC model enables to obtain an accurate flow
description, with a computational cost of the same order as that of conven-
tional multi-temperature models. However, the results obtained were limited
to the Ng(lEg)—N(4Su) system. Moreover, phenomena such as ionization and
radiation have not been taken into account. The next natural step of the
work presented here would be to include, in the BRVC mechanism reduction,
the most important rovibrational transitions of the Np(*3})-No('E}) system
and collisional processes involving electrons (such as electron impact dissocia-
tion /ionization and associative ionization). The additional set of No-No rovi-
brational rate coefficients could be also added to the current RVC model. This
would allow for a more accurate assessment of rotational non-equilibrium ef-
fects behind shock waves, as the flowfield could be computed in more realistic
conditions (i.e. without seeding the free-stream flow with a small amount of
N). Preliminary results of the application of the Ny-Ny system state-to-state
kinetics data have been recently presented by Panesi et al. (2013). Other
possible topics for future work are multi-dimensional viscous flow applications
and accuracy improvement of the BRVC model. Indeed, the results obtained
seem to suggest that a higher accuracy could be achieved by reducing the num-
ber of energy bins and, at the same time, by assuming that the distribution
of the energy levels within a bin is Boltzmann at its own (or global) internal
temperature (i.e. multi-temperature formulation of the BRVC model). This
approach has been successfully employed by Guy et al. (2013) for develop-
ing multi-internal-temperature models based on FHO vibrational state-to-state
rate coefficients. Due to the importance of radiation phenomena for high-speed
entry conditions, future research efforts should be also spent on including ra-
diative transitions and electronically excited states of atoms and molecules in
the developed physical models. Further possible developments are the formula-
tion of a more rigorous treatment of transport phenomena (to properly account
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for the effects of excited states on the transport fluxes) and the possible re-
derivation of the reduced models presented in this thesis based on the Kinetic
Theory of Gases and Linear Irreversible Thermodynamics.

Computational Methods

The applications of the extended spectral-Lagrangian method to space homo-
geneous,/inhomogeneous problems involving multi-component gases and inelas-
tic collisions have led to an excellent agreement with the DSMC predictions.
Moreover, the results obtained indicated that the proposed numerical method
is conservative. The current formulation of the spectral-Lagrangian method
does not account for reactive collisions and uses a unique velocity grid for all
the species. In order to account for reactive collisions, such as three-body
dissociation /recombination, the weighted convolution structure of the reactive
collision operator must be established. The use alternative phase-space rep-
resentations (such as momentum and energy spaces) could be considered in
order to deal with collisions between particles having very disparate masses
(such atom-electron or molecule-electron collisions). Other possible topics for
future work are the use of more accurate cross-section models (based on re-
alistic interaction potentials), multi-dimensional applications and reduction of
the computational cost. The latter could be achieved by exploiting eventual
symmetries (in the velocity space) of the velocity distribution function.



Appendix A

Fitting Expressions for MT
Models

Macroscopic Dissociation Rate Coefficient
FS(T) = ap T™ exp (—%) [em® /], (A.1)

with ag = 1.6017 x 107°cm3/s, a1 = —0.8467 and as = 1.134 x 10° K.

Relaxation Times

TEfﬁizmpN = exp [bo(T™Y2 — by)] +exp [bo (T2 — b3)], [satm], (A.2)
TN pN = exp [bo(T % = by)] + exp [bo(T* — bg)],  [satm], (A.3)
TNONS PN = exp [bo(T~ 2 4+ b1)] — exp [bo(T~"/% + b3)],  [satm]. (A4

bO bl b2 b3
™o 23354 0.80988  225.692  0.1335

P 246,747 011930 46.9888  0.41714
AN —60.202 026245 —138.875  0.10501

Table A.1: Relaxation time fitting parameters.
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Chemistry Coupling Factors
Cdis—int — o T
No 0 )
Cl(\ili;_Vib = ¢ Tc17

Cf\if;_mt = co + 1 In(T).

Co C1
Ce™™ 11334 —0.024714
ces 5867 —0.23341

Cs™t —0.99138  0.13029

Table A.2: Chemistry coupling factor fitting parameters.

e



Appendix B

ODE sets in Canonical Form

In this appendix, and also in those that follow, the temperature dependence of
thermodynamic properties is made implicit for the sake of brevity.

B.1 RVC, VC, BRVC and URVC models

The ODE set to be solved is:

YN SN

O g | _| 3

% u = Sy 5 €€ €N2. (Bl)
T ST

After introducing the (constant) mass flux m = pu and the two-component
vector b, defined as:
1 ky wnT - 17T

= —— h e he , )
b | g wN hN + ZeGSNQW (B.2)

it is possible to express the right-hand-side vector of eq. (B.1) as:

SN wN/m

e e 10

su | 7| det(Ar)/des(a) |0 €SN (B.3)
st det(As)/ det(A)

Quantity A is a two-by-two matrix, defined as:

Lok A4y T ky (1+yn),

2
A— MmN, u MmN, u_ (B.A)
u YN CpN T Zyecp&
EESNQ

In eq. (B.3), the notation A; indicates the matrix formed by replacing the i-th
column of the matrix A by the vector b.
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B.2 MT models

B.2.1 T-T;,, Model

The ODE set to be solved is:

YN SN
o YN, SNy
prl B =1 su (B.5)
T ST
ﬂnt ST

By applying the same procedure as of sec. B.1, the right-hand-side vector of
eq. (B.5) becomes:

SN wN/m

SNy WN, /1M

Su = | det(A;)/det(A) . (B.6)
ST det(Az)/ det(A)

SThun (R 7™ + O™ — el wi) / (i, )

The determinants needed to form the components s, and sy are computed by
means of the same procedure as of sec. B.1 by replacing the matrix A and the
vector b with the following expressions:

k, 1+yn)T  ky (1+yn)

1—
A= my, — u? mN, U , (B.7)
u e, (L4 on)
k T ; .
b=t | 2D (i — ) Qi i | (g

m | mN, U

B.2.2 T‘Tvib'Trot Model

The ODE set to be solved is:

YN SN
YN, SNy
0 U Su
il — B.9
ox | T ST (B.9)
Toin STy,
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By applying the same procedure as of sec. B.1, and after introducing the two-
by-two matrix B and the two-component vector d, defined as:

vib vib
dey, ey,

B=| i e | 3.10)
dey,  Oey,
8Tvib aTrot
- : o . . T
do Qf\?;}—wb + Q%l:—vlb o 6&? WN, Qils\ljrg—rot + Q%l;—rot o ef\(]);c WN, ’
i T YN, T YN,
(B.11)
the right-hand-side vector of eq. (B.9) becomes:
SN wN /M
SNy WN, /™
Su | det(A;)/det(A)
s0 | T det(As)/det(A) | (B.12)
STu det(B1)/ det(B)
STrot det(B32)/ det(B)

The notation B; indicates the matrix formed by replacing the i-th column of the
matrix B by the vector d. The determinants needed to form the components
sy and sp are computed by means of the same procedure as of sec. B.1 by
replacing the matrix A and the vector b with the following expressions:

k, (1+yxn)T  ky (1+yn)

1—
A= mN,  u? mN, U , (B.13)
u cgf{b (1+yn)
1 ky wnT T
b=-— DN N (B — )+ UNg (Baib STy + Grot 5Tho) |
m mnN, U
(B.14)
where quantities dy;, and ¢ are:
8evib aerot
Suip = o2 -2 (B.15)
aCrvib aCrvib
aeVib 8erot
Srop = =2 N2 (B.16)

aCrrot aCrrot '






Appendix C

Eigensystems

C.1 Two-Dimensional Flows

The eigensystem of the two-dimensional equations (5.26) is made of the eigen-
value, right eigenvector and left eigenvector matrices (indicated with Ay, Ry
and Ly, respectively) of the Jacobian A, = An, + Bn,. The Jacobians A and
B are defined as A = 9F/0U and B = 0G /90U, where the expressions for the
inviscid flux vectors F and G are given in egs. (5.28)-(5.29).

The derivation of the eigensystem starts with the computation of the pressure
derivatives:

op dp =

Bom = Py, . =&, ecén,, (C.1)
op op o

op
BpF (v —1). (C.3)

Quantities ®n and i)E are defined as:

k .
Iy = 2T+ (v—1) (ekm - eN) , (C.4)
mN
- k .
b= 2T 1 (y—1) (ekm - ée> , e€ (C.5)
N,
where the kinetic energy per unit mass is X" = (u? 4 v?)/2. The frozen

specific heat ratio -y is given by the ratio of the volumetric constant pressure
and constant volume frozen specific heats (y = C,/Cy ), which are defined as:

C(V = PN CyN + Z 56 5\/57 (CG)
€€£N2
Co=pncon+ D Pebpe. (C.7)

E€5N2
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Using the pressure derivatives (C.1)-(C.3), it is possible to compute the Jaco-
bian matrices A = 0F /0U and B = 0G/0U:

(1—yn)u —YNU YN 0 0
—Yeu (556’ — Je)u Ye 0 0
A= Py — u? b —u? B—-yu v F |, (C.8)
—Uv —uv v U 0
(dn — H)u (éel —Hyu H-5u? —Fuw Fu
(1 —yn)v —YNv 0 YN 0
—Yev (566/ - ge)v 0 Ye 0
B= —uv —uv v u 0o 1, (C.9)
Py — v? P, — 02 —Ju (3=7)v 7
(Ox — H)v (B — H)v —Fuv H —75v% Fv
€, € € En,,

where the contracted notation 7 = v — 1 has been introduced for the sake of

later convenience. From egs. (C.8)-(C.9) the Jacobian A, = An, + Bn, can
be formed:

A, =

(1 - yN)Vn _yNVn YNy YNy, 0
A (~556’ - ge)Vn Yely geny 0
Onn, —ulVy Pong —ulVy Vo + (2 —9y)un, uny — yung ng
dyny — vV Pony, — vV Uy — yuny, Vo + (2 —=7)vn, 7nm,
(bn — H)Vy (®o — H)Vy  Hng —quVy Hn, —30Va AV

€, € €&y, (C.10)

where the normal velocity is V;,, = un, + vn,. To facilitate the diagonalization
of A, the natural variables V are introduced (Candler and MacCormack 1991):

V:[,oN Pe U W p]T, € € EN,. (C.11)

The natural variables V are related to the conservative variables U via the
transformation matrices M = 9U/0V and N = 9V /0U. Using the chain rule,
the Jacobian A, can be re-expressed as:

QU AV OF, OV

Av =5V 90 v aU

= MAYN, (C.12)

where the matrix A) is defined as A} = NA, (with A, = OF,/0V). The
matrices A, and A} have the same eigenvalues, as they are related through a
similarity transformation. Moreover, the left and right eigenvector matrices of
AY and A, satisfy the relations R, = MR} and L, = L}N.

Based on eq. (C.12), one can derive the eigensystem of A, as follows. First, the
transformation matrices (M and N) are evaluated. Then, after computing the
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Jacobian A, the matrix A7 is formed via A} = NA,. As it is shown below,
the matrix A} can be easily diagonalized to obtain the related eigensystem
(the matrices A, R} and L}). Once this done, the conservative eigenvector

matrices are obtained by means of R, = MR} and L, = L{N.
The transformation matrices M and N are:

1 0 0 0 0
0 de O 0 O
M — v u p 0 0
v v 0 p 0 |’
~ 1
On O pu pv —
v
1 0 0 0 0
0 Oeer 0 0 0
1
uow L
N = PP P ,
1
IR S
PP P
by Py —AHuU —Jv 7
€, € € Eny,,

where quantities On and ée are defined as:

On = 6N+ekin — ﬁz
mN 7’
~ . ky T
@EZée—l-ekm——b:, 6651\]2.
MmNy Y

(C.13)

(C.14)

(C.15)

(C.16)

The Jacobian matrix An is defined as An = Anx + Eny, where A = OF JoV

and B = 9G/OV. The Jacobians A and B are:

U 0 PN 0 0
0  deeru Pe 0 0
A — u? u? 2pu 0 1 ?
UV U pv pu 0
Onu Ogu p(H + u?)  puv f%u
v 0 0 PN 0
0 beev O Pe 0
B— Uv uy pv pu 0
v? v? 0 2pv 1 ’
YU
7

Onv Ouv puv p(H +v?)

€, € € En,,

(C.17)

(C.18)
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from which the matrix An = Anx + ]~3ny readily follows:

Va 0 PNz PNIy, 0
0 Oeer Vi Pely ﬁeny 0
= uV; uV; plung + Vi) pun Ny
A — n n z n v C.19
vVy vV puny p(vny + V4) 1, > )
~ Vi
OnVa OcVh p(Hng +uVy) p(Hny +vVy) 7{1
€, € € En,.
The evaluation of the product NA, gives the matrix A}:
Va 0 pNDz  pNny O
0 deeVi Pty ﬁeny 0
Ny
0 0 Va 0 —
Al = np , € € €Ny, (C.20)
Yy

0 0 0 Vo —
p
0 0 pcny, pCQDy Va

where the frozen speed of sound is ¢ = \/vp/p. As anticipated before, the
matrix A} has a much simpler structure compared to that of the conservative
Jacobian (C.10). A straightforward calculation shows that the eigenvalues of
A7 are the solution of the secular equation:

(Va = N2 [(V, = N =P = 0. (C.21)

The solution of the secular equation (C.21) is:

Va N, + 2 times,
A=cVy—c, (C.22)
Vo, +ec.

The eigenvalues V;, + ¢ are the acoustic waves, while the eigenvalue V;, (with
multiplicity equal to A%, +2, i.e. the number of species plus one) represent the
effect of entropy and shear waves (Hirsch 1990; Leveque 2008). The eigenvalues
(C.22) are stored in the eigenvalue matrix Ay:

Va 0 0 0 0
0 JeeVa 0 0 0
Ah=1| O 0 Vai—c O 0 , € € €N, (C.23)
0 0 0 Va 0
0 0 0 0 Vi+e

The right and left eigenvector matrices associated to A} can be found based
on their definitions:

A'R) =RYA,, LAY =A,LY. (C.24)
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APPENDIX C - EIGENSYSTEMS

10 YN
0 666’ ge
0 0 -
p
N
p
0 O c?
1 0 0
0 O 0
PN
o 0 -
2c
0O O te
Py
0 O —
2c
€, € € En,.

0 yn
0 ¥e
b cny
p ;
cn
t, —%
0 2
YN
0 _IN
2¢2
Ye
0 _Je
2c2
Py 1
2¢ 2¢2
ty 0
pny 1
2c 2c2
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(C.25)

(C.26)

Quantities t; and t, represent the components along the x and y axes, re-
spectively, of the tangential unit vector t = [ te  ty ] which is, by definition,
orthogonal to the unit normal vector n (i.e. t-n =0, [t xn| = 1). The tangen-
tial unit vector t is introduced to ensure the linear independence of the right
and left eigenvectors (Gnoffo et al. 1989). The evaluation of the matrix prod-
ucts MR} and LYN gives the conservative right and left eigenvector matrices:

R, =

10 YN 0 YN
0 Ocer Ye 0 Ye
U U  u—cng pty u-+cng ,
v v ov—cny pty v+tcny
On Os H-—cVy pVi H+cVa
Cyn®Nn N ®e YNy YNy
2¢2 2c2 2c2 2c2
_ge(I)N 5., — ge(I)e’ geﬁu geiv
2¢2 c 2¢2 2c2 2c2
dn + cVy i)g +cVy cng + yu cny + v
2¢2 2¢2 2e2 22
Vi Vi te ty
p p P P
by — cVy @E/ —cVy Chy — YU cny — v
2¢2 2¢c2 2c2 2c2
€, € € En,,

where the tangential velocity is Vi = ut, + vt,,.

(C.27)

(C.28)
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C.2 One-Dimensional Flows

The eigensystem for the one-dimensional equations (5.6) can be obtained by
neglecting specific terms in the two-dimensional expressions (C.23) and (C.27)-
(C.28). In alternative, one may proceed by repeating the straightforward (but
lengthly) algebraic procedure detailed in sec. C.1.

In the one-dimensional case, the pressure derivatives (C.1)-(C.3) reduce to:

dp Op

— = , = = (i)e, ec & , .29
JpN N 0pe Nz ( )
Ip _
apu " (C.30)
/-
opE " (C.31)
and the Jacobian A = F /0U (where F is given by eq. (5.9)) is:
(1—yxn)u —YNU YN 0
= —Yeu (566' - gE)u Ye 0 /
A=l av-w? be-w? B 5 | O o (C32)

(bx — H)u (®g — H)u H —7Fu?® ~u

The expressions for quantities ®n and <I:>€, Oy and (:)€ are obtained based on
egs. (C.4)-(C.5) and (C.15)-(C.16), respectively, where the kinetic energy per
unit mass must be replaced with eX" = 42 /2.

The eigensystem associated to A can be obtained by neglecting the rows and
the columns related to the y-direction momentum in egs. (C.23) and (C.27)-
(C.28) and by setting n, = 1:

u 0 0 0
| 0 deeu 0 0
A= 0 0 wu—oc 0 , (C.33)
0 0 0 u—+c
r 0 YN YN
_ 0 Oeer Ye Ye
R = U u u—c u+c ’ (C.34)
On O, H—cu H+cu
;o WWeN yn P yNyu o YNy
2¢? 2c2 2¢2 2c2
. geq)N S, — ge(be’ 2-767“ o géﬁ
L — 262 Ei 262 262 202 , (035)
dn + cu b+ cu c+yu oY
2¢2 ) 2¢2 2c? 2¢2
by — cu b —cu c—u ¥
2c2 2c2 2c2 2c2

€, € € En,.
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C.3 Stagnation-line Flows

The eigensystem for the stagnation-line equations (5.14) cannot be deduced
from the two-dimensional case. The reason is the modification of the pressure
derivatives, due to the fact that eXi" = 42/2. In this situation, one has:

Op Op ~
Y =9 =P, ENys C.36
dpN T 9pe e, (C:36)
o  _ Op
Do yu, o0 0, (C.37)
o _
-7 (C.38)

Using egs. (C.36)-(C.38), the Jacobian A = JF/0U (where F is given by
eq. (5.16)) reads:

(1 —yn)u —YNU YN 0 0
—Yeu (Ocer — Pe)u Ye 0 0
A= Oy —u? Do —u: B-)u 0 7 |, (C.39)
—uv —UV v u 0
(dn — H)u (P0 —H)u H—7u? 0 ~u
€, € € En,.

The use of the procedure of sec. C.1 gives the eigensystem associated to A:

U 0 0 0 0
0 feeu O 0O O
A=|0 0 w-co o |, (C.40)
0 0 0 u O
0 0 0 0 u+c
0 yn 0 yn
0 666’ ge 0 ge
R = v u u—c 0 u+c , (CA41)
v v P v
Oy 6, H—cu 0 H+cu
T\ YNYU yNyv o YNy
2c2 2¢2 2c2 2¢2 2c2
. ge (I)N B gs (be’ geiu ?3677) _ ?367
2¢2 « T o2 2¢2 2¢2 2¢2
O+ cu Do + cu c+u c+ v 5y
L= - - 5.9 3
2c2 2c2 2c2 2c2 2¢2
v v . 1 0
p p P
PN — cu b, — cu c—vu 0 5
2c2 2¢2 2c2 2c2

€, € €&y, (C.42)
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where, again, the expressions for quantities ®x and ®,, Oy and O, are obtained
based on egs. (C.4)-(C.5) and (C.15)-(C.16), respectively, where the kinetic
energy per unit mass must be replaced with " = 42/2.



Appendix D

Positive-Negative Split
Jacobians

In order to facilitate the evaluation of the positive-negative split Jacobians
(A* = RA*L), the eigenvalues (C.22) are denoted as:

AM=u M=u—c, A3=u-+tec. (D.1)
Based on eq. (D.1), the positive-negative split eigenvalues can be defined:
A1 A A2 £ | Ag| Az | As]
2\ = 5 A\ = — A= = (D.2)
and the following quantities are further introduced:
Ay + A A5+ A A - A
e I (D.3)

D.1 One-Dimensional Flows

Based on the definitions given in eqgs. (D.1)-(D.2), the positive-negative split of
the eigenvalue matrix for one-dimensional flows is:

A0 0 0

0 JdeXf 0 0

0 0 X o0 |’
0 0 0 A

By evaluating the product RATL (where R and L are given by egs. (C.34)-
(C.35)) one obtains the positive-negative split Jacobians A* (see eq. (D.5)).

AT = €, € € En,. (D.4)

D.2 Stagnation-Line Flows

By applying the procedure used for one-dimensional flows to the stagnation-
line eigensystem (C.39)-(C.42), the positive-negative split Jacobians A* for
stagnation-line flows are obtained (see eq. (D.6)).
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Appendix E

Source Term Jacobians

E.1 Kinetic Process Source Term

E.1.1 Two-Dimensional Flows

For the two-dimensional equations (5.26), the Jacobian of the kinetic process
source term (5.32) can be formally written as:

3(«}1\1 GwN GwN GwN 3(«}1\1
OpNn  Ope  Opu  Opv  OpE
55k 0w, 0w, Ow. 0D O
50 = Ipn Ope Opu  Opv OpE |, € € €én,. (E.1)

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

As shown in egs. (3.100)-(3.102), the mass production terms wy and &, are
naturally expressed in terms of primitive variables:

1", eeén, (E.2)

To facilitate the evaluation of the Jacobian dS¥/0U, the chain rule for matrix
Jacobians is exploited:

P=[pn pe u v T

os¢ _ ok op -
ouU 0P 90U’ '
The transformation matrix 0P /90U is:
1 0 0 0 0
0 e 0 0 0
1
P _ _% _% p ’ ’ "e& (E.4)
ou v v 1 € N2> '
— — 0 - 0
p P P .
- u v
TN Yo ——&% ——5 —
N e, G Gy
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where quantities T and Te are defined as:
Tn=—r—, Te=—1F c€€&n,. (E.5)

Substituting eq. (E.4) in eq. (E.3), it is possible to express the kinetic process
source term Jacobian 9S*/0U as:

osk
G =
awN+8wNTN 8wN+8wN~ / _aﬂﬂ _&u_NL &,u_Ni
opn  OT Ope 0T oT C, or ¢, oT C,
00e Ok 0e  ORe 0We u 0We v 0. 1
ops TN 9p. ToT Y Tarc., orC, oTC.
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
€, € € En,. (E.6)

In obtaining eq. (E.6), the fact that the mass production terms wy and @, do
not depend on the velocity components u and v has been used. The derivatives
of the mass production terms wy and @, with respect to the species densities
and temperature can be obtained by means of a term-by-term differentiation
of egs. (3.100)-(3.102). Notice that the derivatives with respect to the species
densities in eq. (E.6) are formally different from those appearing in eq. (E.1).
This is due to the use of two different sets of variables (conservative and primi-
tive) for the Jacobian evaluation. To give an example, the derivative dwn/9pn
in egs. (E.1) and (E.6) should be interpreted as:

0

FN in eq. (E.1),
OwN _ 810N Pe, pu, pv, pE=const. (E 7)
PN N in eq. (E.6),

(9,01\1 Pe,u, v, T'=const.

6651\]2.

Similar considerations apply to the other derivatives.

E.1.2 One-Dimensional Flows

For the one-dimensional equations (5.6), the Jacobian of the kinetic process
source term (5.11) can be obtained based on eq. (E.6) by neglecting the rows
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and the columns relative to the y-direction momentum:

owN GwNT owny Own = owny v Own 1
opn 0T N 9ps OT ¢ T OoT Cy T Cy
o 0e O . dwe | Owe T, _ Owe u  Owe 1
— = opn  OT Ope 0T  ° or Cc, IT C, ,
ou 0 0 0 0
0 0 0 0
0 0 0 0
€, € € En,. (E.8)

Quantities Tn and Y. are computed based on eq. (E.5), where the kinetic
energy must be replaced with e< = 42 /2.

E.1.3 Stagnation-Line Flows

For the stagnation-line equations (5.6), the Jacobian of the kinetic process
source term (5.21) cannot be deduced from the two-dimensional case. As it
was for the eigensystem (see sec. C.3), this is again due to the fact that only
the velocity component u contributes to the kinetic energy. When this is taken
into account, the transformation matrix 0P /0U in eq. (E.4) modifies according
to:

1 0 0 0 0
0 e 0 0 O
1
SEEREE
= = e én,. E.9
ou voow 1 n G EN (E-9)
Y I
P P p )
- u
T To —— 0 =
¥ Cy Cy
The application of the chain rule (E.3) leads to:
own  Owy own Own owN u Jwn 1
T Yo ——F 0 —=—
oo "o N 9p. T oT ar Cy | OT Cy
oW ow ow 0D 0We u 0w, 1
k € GT € _Efre, o E_ 0 E_
‘ZiU _| apn "o’ 95, Tor orc, \ are |,
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
€, € €En,. (E.10)

Quantities Ty and Y. are always computed based on eq. (E.5), where the
kinetic energy must be replaced with ek = 42 /2.
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E.2 Convective Source Term

E.2.1 Two-Dimensional Flows

For the two-dimensional equations (5.26), the Jacobian of the convective source
term (5.31) is:

0 (:)E/ 0 0 0
95° 0c O O 0 0 /
=10 0 0 0 0 |, e¢eén,. (E.11)
ouU - _ _ _
oy D —FHu —AHv -7y
0 0 0 0 0

E.2.2 One-Dimensional Flows

For the one-dimensional equations (5.6), the Jacobian of the convective source
term (5.10) is:

(1 —yn)u —YNU YN 0
0S¢ _ Jdln A _geu (555’ - ge)u ge 0

(Ox — H)u (®g — H)u H —7Fu?® ~u
€, € €&En,.
E.2.3 Stagnation-Line Flows

For the stagnation-line equations (5.14), the Jacobian of the convective source
term (5.19) is:

osc 1
au
2(1 —yn)uww —2ynuv 2yN 2yN 0
—2g.uv 2(0eer — Ye)uv 27e 27e 0
—2uTuv —2uTuv 2(uv + u) 2u 0 ,

—30uw — 2bN  —3vTw — 20, 3v+2yu  3(@o4v) —27
2(dxy — H)uv 2(®y — H)uv 2(H — Ju)uv 2H 2vuv
€, € € En,, (E.13)

where the contracted notation wv = w + v has been introduced.
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Diffusive Jacobians for
Stagnation-Line Flows

When solving the stagnation-line equations (5.14) by means of the fully implicit
method, the linearization of the diffusive flux (5.17) and source term (5.20) is
performed by using the model proposed by Ramshaw and Chang (1996) for
the diffusion velocities. According to this model, the diffusion velocities are
computed based on self-consistent effective diffusion coefficients as:

UN = DNN 8 Z DNE 8 (F.1)
6651\12
- 0X . OX,
~d __ 71ysc N sc €
U = ENW +,ezg DEG/ o € € 8N2~ (FQ)
€ N2

The self-consistent (sc) effective diffusion coefficients are defined as:

< Dy >

Dy = (1 — _ F.3
NN ( ZJN) Xy ( )
. _<D.>
DY, = —9e = ENy s (F.4)
Xe
~ < DN >
§§:—W—7§—,eegm, (F.5)
N
. <D.> _ <Du>
zg/ = (566/ Xi — Ye! Xi : €, 6/ S gNQ, (F6>

where the average diffusion coefficients are given by the following expressions:

1 —yn
XN,/ DNN,
. 1— 7.
<D.>= _ Y
(XN, — Xe)/DNoNy + XN/ DN,

<Dn>= (F.7)

, €€EN,. (F.8)
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Since the solution update is performed on conservative variables, the mole frac-
tion gradients in eqgs. (F.1)-(F.2) must be expressed in terms of the partial
densities. After some algebra, the mass diffusion fluxes read:

apN ~ 8/)5
s = ol 2N 5 g e ©9)
EEgNQ
- _q Opx _q Ope
peiid = —ad = o Z ad, 8; , €€ &Ny, (F.10)
E’E(‘:NQ
where:
afy = Xn | (1= Xx)D¥n — > DRX| (F.11)
665N2

X ~ - -
aNe = YN yNz 3 (5 . Xe,) D, — XnDx |, e€ény,  (F12)

2 6/65N2
~ ~ XN
i =g (1= XD — Y DN Xa|, e€én,, (F.13)
YN € €£N2
X ~ .
di/ = geyTNz Z D o < 1 — Xg/) — XNDK |, € € € En, (F.14)
2

¢ € En,

Based on the results of app. E, the velocity and temperature gradients can be
expressed in terms of those conservative of variables:

ou udpN U 0pe 10pu

gu_ udw U ~aru F.1
or p Or pE€€N8r+p8r’ (F.15)
2

ov vOpN v 0p.  10pv

gu_ Lo v ~or F.1

or por  p. =, or  p or’ (F.16)

or apN 0pe uw Opu 1 OpE

5 =Tng ; T. o T a (F.17)
€€ &Ny

The substitution of egs. (F.9)-(F.17) in egs. (5.17) and (5.20), allows to write
the diffusive flux and source term as in eqgs. (5.46)-(5.47):

d—= Ad (%E) + B4, (F.18)
sd=Ad (%[:) + B4 (F.19)

The expressions for the matrices A4 and A, and the vectors B¢ and BY are
given in secs. F.1-F.2.
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F.1 Diffusive Flux

After some algebra, the matrix A9 and vector B¢ are found to be:

afy ag. 0 0 0
ady ad, 0 0 O
4 4 4
4 20y =Ty T o
Ad = 3p 3p 3p , (F.20)
_n, _n, o 1 o
P P P
4n ~ 4n A
b — —Lu? b — -2 v 0 S
NTEp YT, Cu
€, € € En,.
T
n ~ 44
Bd=_21 = - F.21
. [ 0 O 3uv uv 3uuv } , ( )
€ € 5N2,

where, as in app. E, wv = v + v. Quantities bl‘%, Z;g, and b4 are defined as:

by = ATN + afinhn + Y advhe, (F.22)
6651\12
b = AT+ afhn + Y adhe, €€ én,, (F.23)
€ €5N2
4n A
W=(-2-u F.24
<3 p CV> ! (F24)
The Jacobian of the vector BY is:
0 O 0 0 0
0 Ocer 0 0 O
B! 1n| 4t t _4 4 :
ouU = ;; 37”“) SU'U 3 3 5 €, € € ENQ.
uv uv -1 -1 0
8 _ 8 4 . 4
FUTT U —g(u +uv) —-u 0
(F.25)

The eigenvalues of the matrix determined by considering only the rows and
columns corresponding to the momentum and global energy equations in the
matrix A9 are:

4
A o=21 )\gzg, A3 = 2. (F.26)

Quantity max[(4/3)(n/p), A/Cy] can be used for estimating the spectral radius
of the matrix A (Blazek 2006) and it is used in eq. (5.42) for the evaluation
of the local time-step in viscous flow calculations.
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F.2 Diffusive Source Term

After some algebra, the matrix Ad and vector B

2a5\ 24,
2ady 2ad,
2ty 2l 1)
Ad = P p
1 1
" —gg(m—l—%) —gg(m+7v)
2% 2¢4
€, € € &N,
_ 11 2
Bl= 5|0 0. —6w ——mw —uw
€ c 5N27

are found to be:
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@)

(F.27)

(F.28)

where W * = Tu? 4+ 5uv — 2v2. Quantities c%, &4 and ¢ are defined as:

p
|
e =pd — ggu(m+3u), € € &Ny,
4 A
= §Z(2u —v) — oou
The Jacobian of the vector BY is:
0 O 0
Oc Ocer 0
GBS 17 6uv 6uv —6
— 2, 11 11 11
A A
4 4 2
gm* §m* 5(15’& - 5’0)

1
& =bd - gﬂu(m—i- 3u)

0
0
—6
11
3
§(4v — bu)

o O o o

0

(F.29)
(F.30)

(F.31)

(F.32)
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Fourier Transform of the Partial
Collision Operators

G.1 Partial Elastic Collision Operator

According to the weak form (6.5), the Fourier transform of the partial elastic
collision operator for the collision s; + p; = s; + p; is:

A 1
Qsipj (C) = W /// [exp(—z C;Z_ ’ C) - exp(—zc&. ’ C)] fSifijSipj X
2R3 R3
gdw/dcpjdcsi, s,peS, i€ls, jeEI,. (G.1)

The post-collisional velocity c/sl, can be expressed as:

;o Ksp
¢ =cq +

K3

(g/ - g)v s$,p € 87 (RS Is- (G2)

s

The use of eq. (G.2) allows to write the difference between the exponentials in
eq. (G.1) as follows:

exp(1¢l,€)exp(rc.,:¢) = exp (~rc -¢) {exp | -1 22(g - )| - 1.
(G.3)

The substitution of eq. (G.3) and the use of the relation dc,, dec,, = dgdcs, !
in eq. (G.1) gives:

Qsmj(c) _ // (27r—1)3/2 [/fﬁ (cs,) fn; (cs; — &) exp(—1c, -C)dcsi] X
s

S2xR3

S

S>p€Sa ieIsv jeIp'

{exp [—z 'I:rjp(g’ —g)- C} — 1} Tsip; gdw'dg, (G.4)

LA direct calculation shows that the Jacobian of the transformation (csi,cpj) — (cs;, 8)
is unit (i.e. |9(cs;,cp;)/0(cs;, )] =1).
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The inner integral in eq. (G.4) represents the Fourier transform of the func-
tion product fs, (cs;) fp, (cs; —g). In view of the convolution theorem and
the translation property of the Fourier transform, the Fourier transform of the
function product fs, (cs;) fp; (cs; — &) can be written as:

e [ o (€ oy (oo~ exp(rcs Qe =
1 " . .
(2732 / fsi (€= &) fp, (§) exp(—g - §)dE, (G.5)
R3

87p687 ieIS) jEIp

The substitution of eq. (G.5) in eq. (G.4) gives the thesis of Proposition 6.2.1
stated in eq. (6.7):

Qurpy (€)= / Fo (€= ) foy (€)W, (. £)dE, (G.6)
3
s,peS, i€l jeEly,

where the elastic convolution weight for the collision s; 4 p; = s; + p; is:

~ 1 o ,
Wsﬂy((ag)_W//gUsin {eXp |:—Z /;lf (g —g)(:| —I}X
S2xR3

exp(—ig-€)dw'dg, s,peS, i€, jeI, (GT)

G.2 Partial Inelastic Collision Operator

The computation of the Fourier transform of the partial inelastic collision op-
erator proceeds in a manner similar to the elastic case.

According to the weak form (6.6), the Fourier transform of the partial inelastic
collision operator for the collision s; + p; = si + py is:

N 1 iDj
100 = iy [ e 0 1 i o dw e -
2R3 R3
1
G / / / exp(—t €y, - ) fo, fo, 021 g do'des,dcy,, (G.8)
2R3 xR3
(pj, sk, 1) € C;?a se8, i€l

The velocity cg, in the exponential contained in the gain part of the Fourier
transform can be expressed as:

co,=c, +E2(g_g) speS, ikel. (G.9)

S
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The substitution of eq. (G 9) and the use of the relations dc, dcs, = dgdcs,
and dc dc = dg’ dc 2 in eq. (G.8) gives:

o= [[ %3/2[ / Fo (€4) B (el — ) exp(1cl, - Qe |

F2xR3

exp[ (g g')- C]Uszﬁigdwdg—

/2><§R3
oo g dw/dg, (G.10)

(pj,Sk,pz) ch, seS, i€l

As done for the elastic case, the use of the convolution theorem and the trans-
lation property of the Fourier transform allows to write the Fourier transform
of the function product f;, (c}, ) fp, (i, — &) in eq. (G.10) as

1
W/ Fui (¢4,) fin (€4, — &) exp(—ue, - Q)dey, =
R3

G | F €= (@ expl(1g € (G11)
R3

s,peS, kel eI,

The substitution of eqs. (G.5) and (G.11) in eq. (G.10) gives the thesis of
Proposition 6.2.1 stated in eq. (6.8):

VO = [F (€~ €) Ful©) Gt (¢.€) de-
R3
Jic-0 he Ly @ de. (G.12)
(pj, sk, p1) € C;r;, seS, 1¢el,,

where the inelastic gain and loss convolution weights for the collision s; + p; =
Sk + p; are:

GUP(¢.8) = 3/2 //9 05 XD [ “(g—g) ¢
S2ZxR3
exp( 1g - E dw dg’, (G.13)
ﬁifﬁ;( 2 3/2 //g ﬁfg]’ exp (—1g- ¢£)dw'dg, (G.14)
S2xR3

(pj,skp) EC, s€S, €T,

*A direct calculation shows that the Jacobian of the transformation (c},, c},) — (ci,, &)
is unit (i.e. |0(cs, ,cp,)/0(cs, , &) =1).






Appendix H

Isotropic Convolution Weights

H.1 Elastic Collisions

The elastic convolution weight for the collision s; 4+ p; = s; + p; is:

I 1 Hs
Wiip; (€, €) = W//Qasmj {exp [—l# (g’ —g) 'C} - 1} X
S2xR3
exp(—1g-€)dw'dg, s,peS, i€, jeZI, (HI)

In the case of isotropic interactions, the differential cross-section can be taken
out of the integral over w’ and eq. (H.1) can be rearranged as:

A 1
Wsin(CaE) = W /g Os;p; €XP (—1g- &) x
R3
Hs BN VI
exp | 1—g- ¢ exp | —t—gw' - ¢ |dw dw'|dg,
ms my
7 72
s,peS, i€y, jei, (H.2)

The integral f o2 dw' can be readily evaluated and gives 4w. The remaining
integral over w’ can be computed by introducing a spherical coordinate system
(0,7, d.) for the vector w’ with the pole aligned along the direction of the
vector €. In this way one has:

Hop g(cos Hw/> sin 8, d0,, deo,,

2r T
/exp <—z@gw' : C) dw'’ :// exp <—7,
ms m
72 00

™

27
—/dd)wr/ exp (—z%g ( cos 9w1> sin 6, df,,
0 S

0

—47Tj0(

MSPgC) , S,pES, (H.3)
ms
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where the zeroth-order spherical Bessel function of first kind jo(z) is (Abramovitz
and Stegun 1972):

/exp (=12 cosf)sinf df = smx’ z e N. (H.4)
x

| =

Jo(x) =
0

The substitution of eq. (H.3) in eq. (H.2) gives:

Wap, (€. €) = @ 900 <%g <> exp [—zg - (s - c%)] dg—-
R3
\/g/g Tsip; XP (18 - ) dg, (H.5)
R3

57p687 1:61-5, jEIp

Since the differential cross-section only depends on g, the first and second in-
tegrals over g can be computed by adopting a spherical coordinate system
(04, dg) for the vector g with the pole aligned along the direction of the vec-
tors & — Cusp/ms and &, respectively. In this situation the velocity differential
dg becomes g2 sin ydb,dpydg. The substitution of the previous relation in
eq. (H.5) gives (after a manipulation similar to that of eq. (H.3)):

/g O'Sipjjo (MSp ) exp [—zg~ <§ — C—'U@p)} dg =
mg ms
R3

A /asl-pjjo (Msp ) Jo (g ¢ ¢he > g’ dg, (H.6)
mg ms
0
/gasipj exp(—1g-§)dg = 47T/0 sip; Jo(9€) g° dg, (H.7)
Rn3 0

s,peS, i1€ls, jeTI

The substitution of eqs. (H.6)-(H.7) in eq. (H.5) gives the thesis of Proposition

6.2.2 stated in eq. (6.12):
+00
Wsipj (C’E) = 4m/o-sipj |;70 (l;;p > Jo (g ‘E - /:;p > —Jo (gé)] X
0

¢*dg, s,peS, iel, je Z,. (H.8)
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H.2 Inelastic Collisions

The inelastic gain and loss convolution weights for the collision s; +p; = si +n;
are:

S K3 lu
G (¢,8) = 3/2 //g Osp €XP [ m’: (g—¢)-¢
S2xR3
exp (—z g - €) dw dg/, (H.9)
Ts 1 s /
L ©) = G [[sospen (g€ dudg, (H.10)
S2ZxR3

(Pj,Skvpl)EC;?a se8, i€l

In analogy with the case of an elastic collision, when the interaction is isotropic
it is possible to rearrange eqs. (H.9)-(H.10) as

1 S
G (66) = s [ oiiewn | —ue- (6= 22 )|
R3

LleXp(_

~ g 1
B8O = o [ariow e | [ala o
R3 2
(pj,skp) €ECE, s€S, €T,

> dw] dg’, (H.11)

The integral [, dw’ is equal to 47 while that over w in eq. (H.11) can be
evaluated by adopting a spherical coordinate system (6., ¢,,) for the vector w
with the pole aligned along the direction of the vector ¢. The application of

this procedure leads to:
) dw = 47j (“Sp
ms

/exp( Hap
Mg
S2

The pre-collisional relative velocity magnitude g can be related to its post-
collisional value g through the energy balance for the collision:

1 1 . )
§M8p92 = §Msp9/2 +AE§"1§”, se€S, i€Zls, (pj,sk,m) €Cs. (H14)

Solving eq. (H.14) for ¢’ and substituting the result obtained in eq. (H.13) one

has:
AES
/exp( Hap )dw—47rj0 Hsp g4+ —i 0 (H.15)
P ms Mg Hsp

(pj:sk,m1) € Cifj, seS, i€l

) , S,pES. (H.13)
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The substitution of eq. (H.15) in eq. (H.11) and the use of the equality [, dw’ =
47 in eq. (H.12) allows to write:

AEZE
G (¢,8) = [/9 5o (” Lilg'? +2ﬂC) x
ms Hsp
/ Hsp /
exp [—zg : (E - —C)] dg’, (H.16)

L3 (€ \/7/908%? exp (—1g - §)dg, (H.17)
(pjvsk:,pl) C;?, se€S, i€,

The integrals over g and g’ can be computed, as in the elastic case (see
eqs. (H.6)-(H.7)), by using again spherical coordinates. The application of
this procedure to eqs. (H.16)-(H.17) allows to obtain the thesis of Proposition
6.2.2 stated in egs. (6.13)-(6.14):

/ AESEP
Gskpl (C 5 — 4\/_ /U:j;?]’)al Jo <@ 9/2 +2 8iP;j C) %
ms Hsp

o'sin
jo (g’ g-¢te
ms
+00
L (€) = 12w [ it (9€) o°ds (1.19)

> glgdg/7 (H.18)

SkPy
8iPj

(pj, Sk-11) € C;‘, se8, i€l
The lower limits on the relative velocity Gsf! and G s;pf account for the ex-
istence, in the most general situation, of a threshold value below which the
inelastic collision s; +p; = s +p; and its inverse s; +p; = s; +p; do not occur,
respectively. These threshold values can be obtained from the energy balance
for the collision (H.14) and are:

2 AES%?
D - if AE <0,
/Sskgl] = Hsp o (H.20)
0 if AE;%ZI >0,
2AES sl
g::f]?]z = Lhsp if AEsipj >0, (H.21)

0 if AEJ <0,
(pj,skm) EC, s€S, €T,



Appendix I

Discrete Fourier Transforms and
Weighted Convolutions

1.1 Fourier and inverse Fourier Transform

Let f = f(c) be a function of the velocity ¢ and let f= f(C) be its Fourier
transform. According to the definitions introduced in sec. 6.2, the Fourier
transform of the function f and the inverse Fourier transform of the function
f are:

7€) = Gy [ exp (10 fleyde, e (1)
R3

€)= o [ e (¢ QA ce® (12)
R3

The integrals in egs. (I.1)-(1.2) must be replaced with discrete sums because of
the discretization of the velocity space introduced in sec. 6.3.1. The substitution
of egs. (6.21) and (6.24) for ¢, and (), respectively, in eqgs. (I.1)-(1.2) and the
replacement of the continuous integrals with discrete sums, leads to:

. Ac3
(&) = @n)ie > wpexp (=16, -en) flen), Cn €V, (1.3)
heH3
AC?’ A
f(ch) (271' 3/2 Z ’UJn exp ZCU Ch) f(Cﬂ)v Ch G VC' (14)
neH3

The expansion of the dot product ¢, - c;, gives:

Gy ch = (—Le+ haAc)(—Le 4+ 0 AC) + (= Le + hyAc)(—Le + 0y AC)+
(=Lc+ hoAc)(—L¢ +1:A¢), h,neH>. (1.5)
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After some re-arrangement and the use of the relation (6.26) (Ac A¢ = 2w/N,),
eq. (I.5) can be rewritten as:

2
CT] "Chp = 3LCLC - LCAC (7793 + My + 772) - LCAC (ha: + hy + hz) + Fﬁh ",

c

h,n € H>. (1.6)

The substitution of eq. (I.6) in egs. (I1.3)-(1.4) gives:

f(Cn) Ac’exp [)3/2 Zf (cn) exp (—z—h T}> ¢ e Ve, (IL7)

(2 he#s3
A
flen) = ¢ (ZX: ?T/Z Z F*(¢&y) exp (z %h 17) cpb€Ve. (1Y)
nEeH?

Quantities §(n) and y(h) in the exponentials in front of the sums are:

6(n) = L [3Le — AC (nw +my +12)], m € H, (1.9)
L¢[3Le — Ac(hy + by + 1)), heH?, (1.10)

while the functions f*(cp) and f *(¢y) have the following expressions:

f*(cn) = wy, fep)exp [t LeAc (hy + hy + h2)],  cp €V, (L.11)
f*<Cn) = Wy f(Cn) exp [—1 LAC (e + 1y +12)], Cy € Ve (1.12)

The sums in egs. (1.7)-(1.8) correspond, respectively, to the FF'T and inverse
FFT of the functions f* and f* (with no scaling):

FET(f* Z f*(cp) exp (—z—h 77) n € H3, (I.13)
he3
27
FET'(f*)(h) = > f*(¢y)exp (zﬁh 77) h € 13. (1.14)
nEH3

In view of eqgs. (I.13)-(I1.14), the discrete approximation of the Fourier transform
of the function f and the inverse Fourier transform of the function f become:

Ac® exp[—10(n)]

f(G) = ST L), G e Ve me (1)
flen) = Ag:’)((;x:)[;/’;(h)]FFT—l( M), creV., hen’ (L16)

Based on egs. (I1.15)-(1.16), the following algorithms are proposed for a fast
evaluation of the Fourier and the inverse Fourier transform.
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Algorithm 1.1.1 Ewvaluation of the Fourier transform of f = f(c)
for all h, n € H3 do
compute §(n) through eq. (1.9);
compute f*(cp) through eq. (I.11);
end for
Compute the FFT of f*;
for all n € H3 do
Compute f((n) through eq. (I.15);
end for

Algorithm 1.1.2 FEwvaluation of the inverse Fourier transform off = f(C)
for all h, n € #3 do
compute y(cp,) through eq. (1.10);
compute f*(Cn) through eq. (1.12);
end for
Compute the FFT! of f*;
for all h € H? do
Compute f(cp) through eq. (1.16);
end for

I.2 Weighted Convolution

The continuous integrals defining the weighted convolutions in egs. (6.7)-(6.8)
are approximated as follows. Let kK = (K, fiy, k) and Wy = (We,, Wk, Wk, )
be, respectively, the vector of indices and the vector of integration weights
associated to the discrete Fourier velocity node &. In view of this, the Fourier
transform of the partial collision operators for the elastic collision s; + p; =
s; + p;j and the inelastic collision s; + p; = s3 + p; become:

A AC A A A
Qsipj (Cn) = ﬁ Z W f8¢ (CTI - El-e) fpj (Eﬁ) Wsipj (Cfivéﬁ) ) (1'17)

Kk EHS

s,p€S, i€y, jE€IL, eV, n e H3,

s AC?) R £ s
siby (Cn) = @) W fs, (Cn = &x) fpi(§x) G5 (Cns €r) —
KEHS
N ; N
a2 et (G -8 f @) L (€). (118)
KEHS

(pj,sk,m) EC, s€S, i€Ty, ( eV, meMH,
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where the global integration weight of the discrete Fourier velocity node & is
Wy = Wy, Wy, W, . The set Hf’? is defined as:

HY = {(rky, K1) x (Ky by ) X (K7, 67)} C M3, ne M3, (1.19)

n x o M Yy

where the upper (4) and lower (—) limits of the indices K, k, and K, are
computed based on the following relations:

0 if N./2

Ko = e < /2 (1.20)

Na — Ne/2+1 if ng > N¢/2,

o Na+ Ne/2—-1 if ng < N¢/2,
“ N, if no > Ne/2,

a€{zr,y, z}.

(1.21)

The introduction of the above limits is equivalent to set to zero the functions
fs, and fs, (in eqgs. (I.17)-(1.18)) when their argument (¢, — &) goes beyond
the limits of the discretized Fourier velocity space.



Appendix J

Solution of the Constrained
Optimization Problems

J.1 Elastic Collisions

The Lagrangian associated to the constrained optimization problem . of
Proposition 6.3.1 is:

Za= Y 3 [Qu - Qun[ AT E Y Qe G)

seS peS seS peS
i€lsjeT, i€l €T,

where the vector of Lagrange multipliers A® has .45 4+ 4 components. The
solution of the problem &, is given by stationary points of the Lagrangian
Z.. These are found by imposing:

0%, . .
! =0y,14, s,p€S, 1€y, jeEILp, (J.2)
aQsipj
83@1
A = Okt (J.3)

The application of egs. (J.2)-(J.3) gives:

Quip, = Quip, — (TTAY, spe S, i€, jeI, (J.4)
0444 = Z ‘I’el Qszp] (J.5)
peS
Je€Ip

The left multiplication of eq. (J.4) by the matrix \Ilgi and the sum of the result
obtained over all the elastic collisions gives:

Z Z \Ilel Qslp] Z Z \Ilel Qsng Z \Ilel \Ilel TAel (J6>

seS peS seS peS seES
ZEIS]GZP 1€Isj€Zp leZS
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The left-hand-side of eq. (J.6) is zero in view of the imposed constraint (J.5).
Hence, eq. (J.6) can be solved for the Lagrange multiplier vector to give:

Ael — (‘ilel)leel? (J?)
where the matrix ¥ and the vector Qel are defined as:

=4 w(wd)T (J.8)

seES
1€Zs

=33 Q. (1.9)

seS peS
1€ls €T,

The substitution of eq. (J.7) in eq. (J.4) gives the thesis of Proposition 6.3.1
stated in eq. (6.43):

Qsip; = Quip, — (THT(EHTIQY, s,peS, i€, jeI, (J.10)

J.2 Inelastic Collisions

The Lagrangian associated to the constrained optimization problem %, of
Proposition 6.3.2 is:

%-% ¥ [am-amranTY Y wram o

s €S (pj,sk:p1) s €S (pj,sk,p1)
1€ 7L cCin 1€71s cCin
s; Sq

where the vector of Lagrange multipliers A™™ has .4, + 4 components. The
solution of the problem £, is given by stationary points of the Lagrangian
%in. These are found by imposing:

0L - .
o = O0si4a,  (jrsk,m) €C5, s€S, i€, (J.12)
aQSZp] ‘
0Ln

Am = 0tta: (J.13)

The application of eqgs. (J.12)-(J.13) gives:

P = QI — (WIMTAR (py,spp) €C, s€S, i€, (J.14)

SiPj Sipj

0= 3 wrQun. (1.15)

feeis (Pj»sk>p1)
S in
ecin
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The left multiplication of eq. (J.14) by the matrix \Iﬂ;: and the sum of the result
obtained over all the inelastic collisions gives:

m SkPL — m SkP1 __
2. 2L man=>, > wmay

SES (pj,Sk, s€ES (pj,sk,
&2 (pgeckinpz) &5 (pgeckinpz)
s
in 111 in in
S (e T4 (cin) Al (3.16)
seS
1€

The left-hand-side of eq. (J.16) is zero in view of the imposed constraint (J.15).
In view of this, eq. (J.16) can be solved for the Lagrange multiplier vector to
give:

Ain _ (@in)—l@in’ (J,l?)
where the matrix ¥ and the vector Qin are defined as:

=Y e, (1.18)

seS
1€Zs

Z Z i ;55;. (J.19)

&8 (pge,sckifz)
Quantity A" is equal to #(Ci*). The substitution of eq. (J.17) in eq. (J.14)
gives the thesis of Proposition 6.3.2 stated in eq. (6.48):
Qi — ()T ()1, (7.20)
(pj, ko) €ECY, s€S, i€l






Appendix K

Discrete Macroscopic Moments

The macroscopic moments introduced in secs. 1.3-1.4 are approximated as fol-
lows:

e Partial densities:

ps; = ms AC th fs;(cn), seS8, 1€, (K.1)
he#s3

Hydrodynamic velocity:

Z > " wpmsen f,(ch), (K.2)

s€ESheH3
7 GI@
e Diffusion velocities:
Vdi Z wpms(cp, —v) fs,(cn), s€S, i€, (K.3)
Psi yens
e Translational temperature components:
msAc
qu = . Z wh - Cha fsi (Ch)7 <K4)
ek eHs

ses, ie€ls, ac{xy,z},
Viscous stress tensor:

= A& Z th ms (cp, — V) ® (cp — V) fsi(ch) +pl, (K5)

s€ES heHs
1 €L

Heat flux vector:

a=2¢ Y Y wnlen =) (gmalon ~vI*+ £, fulen: (K0

s€eSheH3
Zel-s
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