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Abstract

The study of vehicles traveling at hypersonic speeds is extremely complex and involves many
different non-equilibrium physical phenomena occurring on many different time-scales. As a result,
work focused on modeling this type of flowfield has been hindered by inaccurate physical and
chemical models. For example, the conventional approach to model chemical non-equilibrium, still
widely used today, was developed nearly 40 years ago and relies heavily on calibration with heritage
experimental data. However, advances in both computational chemistry and computational power
have enabled the construction of extremely detailed models for the chemical non-equilibrium effects
based on ab initio quantum chemistry data, called the state-to-state (StS) approach. Although the
StS approach affords unprecedented accuracy for predictions of thermochemical non-equilibrium, it
cannot be applied to study molecule-molecule interactions due to the massive computational cost.
Unfortunately, due to the enormous cost of both computing data for and applying the StS approach,
this method can only be used in highly simplified test cases. This motivates the development of
reduced order models for chemical non-equilibrium which can capture the essential physics at a
massively reduced cost. The objective of this work is twofold: first to present a model reduction
framework for application to chemical non-equilibrium based on fundamental physics principles; and
second, to use this framework to study thermochemical non-equilibrium in a variety of conditions
for a gas composed of nitrogen atoms and molecules. In order to construct the reduced order
model directly from ab initio quantum chemistry data, kinetic data is calculated directly for the
model using the quasi-classical trajectory (QCT) method. This bypasses the need to compute StS
kinetic data for 10! reactions resulting from the interaction between two nitrogen molecules, an
impossible task. The model reduction framework, called the multi-group maximum-entropy quasi-
classical trajectory (MGME-QCT) method, provides a crucial link between the ab initio quantum

chemistry data and multi-dimensional computational fluid dynamics (CFD).
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The MGME-QCT method is used to construct a reduced order model for a mixture of nitrogen
atoms and molecules using an ab initio potential energy surface (PES) to describe the interaction
between particles. In the MGME model, energy states are lumped together into groups containing
states with similar properties, and the distribution of states within each of these groups is recon-
structed by leveraging the maximum entropy principle. Two types of reduced order models are
constructed: one based on conventional wisdom which relies on the assumption of strict separation
of rotational and vibrational energy, and one which relies on the assumption of strong rovibrational
coupling. In a study of the isothermal relaxation of nitrogen molecules, it is found using these two
approaches that the underlying assumptions made in conventional chemical non-equilibrium mod-
els (i.e., that vibrational and rotational modes are decoupled) result in incorrect predictions about
the dissociation process. In contrast, the groups constructed assuming rovibrational equilibrium
better capture the dynamics of the dissociation process. This finding is confirmed through compar-
ison with a detailed molecular dynamics approach. Finally, the applicability of the MGME-QCT
method to CFD is demonstrated through application to a handful of simple test cases including a
standing shock wave, and the flow through a nozzle. These test cases demonstrate the flexibility of

this approach in modeling a variety of flow regimes (e.g., both compressing and expanding flows).
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Chapter 1

Introduction

1.1 Motivation

Motivated by both national defense and space exploration, hypersonic aerothermodynamics has
been the subject of study for decades. Examples of the types of vehicles traveling in this flow
regime are shown in Fig. 1.1. One obvious application of hypersonic flight is during atmospheric
entry (Fig. 1.1b), but improvements in propulsion systems have motivated studies and the develop-
ment of advanced aircraft designed to travel at hypersonic speeds within the atmosphere (Fig. 1.1a).
During hypersonic flight a multitude of physical phenomena, including chemistry, radiation, tur-
bulence, and ablation, occur simultaneously. As a result, the study of hypersonic flows requires
integration among many fields including chemistry, kinetic theory, high-performance computing,
electromagnetism, and material science, to name a few. Due to the exorbitant cost of hypersonic
flight testing, we must rely heavily on computational fluid dynamics (CFD) for vehicle design. How-
ever, the complex multi-physics nature of these flowfields necessitates accurate models for all these
fundamental physics. Differences in both the spatial and temporal scales for different processes
make accurately simulating hypersonic flows a formidable task.

One key feature of hypersonic flows is the presence of strong shock waves. Because the velocity
of the flow is so large, the temperature across the shock wave can jump by tens of thousand
of Kelvin. The kinetic energy of the flow is instantaneously converted to thermal energy of the
constituent molecules of the gas. However, the internal modes (i.e., electronic, vibrational, and
rotational) cannot instantaneously adjust to this transfer of energy and are thus referred to as frozen
across the shock wave [1,2]. Therefore, immediately behind the shock wave the gas is in a state of
internal energy non-equilibrium. Moreover, if there is sufficient energy available, chemical reactions

including exchange, dissociation, and eventually ionization can occur. Because the shock wave is



(a) DARPA Hypersonic Test Vehicle (Credit: DARPA).  (b) CFD simulation of a free flying model in
a ballistic range (Credit: Joseph Brock, NASA
Ames Research Center)

Figure 1.1: Examples of applications of hypersonic flows.

a discontinuity in the flow characterized by an instantaneous change in the flow properties, the
finite nature of these chemical processes is important. Chemical processes can have an impact on
both the heat flux (convective and radiative) experienced by the vehicle as well as the aerodynamic
performance. The rapid compression of gas is not the only source of non-equilibrium in hypersonic
flows. In regions where the gas expands, such as around the shoulder of an atmospheric entry
vehicle, these non-equilibrium effects play a major role. Due to rapid expansion, it is possible
that the time required for the flow to reach equilibrium exceeds the time scale of the flowfield.
This causes the flow to freeze, and the composition of the gas remains unchanged throughout the
flowfield despite changes in the thermodynamic state. In this situation, the composition of the
gas must be determined using finite rate chemistry, and the relevant reactions include exothermic
processes such as recombination. All these chemical processes couple with a multitude of other
physical phenomena occurring, such as those specified in Fig. 1.2, creating an extremely complex
multi-physics flowfield. Moreover, models for the other physical effects (e.g., ablation and radiation)
rely on accurate predictions of the state of gas as this can have significant impacts on phenomena

such as material response and radiation.
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Figure 1.2: Annotated schematic of a vehicle entering the atmosphere with the various physical
phenomena noted (Credit: NASA).

1.2 Literature review

Efforts to accurately simulate non-equilibrium chemistry for application to CFD range from com-
putationally inexpensive, purely empirical models developed by calibrating experimental data to
model form parameters to highly accurate quantum chemistry studies which are computationally

intractable for application to multi-dimensional CFD simulations.

1.2.1 Multi-temperature models

The multi-temperature (MT) model was first proposed by Appleton and Bray [3] to model ionized
gases using a heavy particle temperature and electron temperature and a form for the energy ex-
change terms derived from kinetic theory. Lee [4] extended this approach further in 1984, applying
it to account also for vibrational non-equilibrium. Park simplified this approach in the 1980’s,
applying it generally to the internal energy modes of heavy particles (i.e., rotational, vibrational,
and electronic modes) [2,5-8]. In the MT model, the conservation equations comprise the conser-
vation of species mass, total momentum, total energy, and additional equations for conservation
of energy modes (e.g., conservation of vibrational, electron, and electronic energy as in the Park
two-temperature model). A detailed description of the conservation equations for the two- and

three-temperature models can be found in Ref. [9]. The additional conservation equations required



for the MT approach require energy coupling terms which describe the rate at which energy is
transferred among various modes and depend on the collisional processes.

Several models exist for describing energy transfer among various modes. In particular there
has been significant work in describing the exchange between translational and vibrational (VT)
energy [10, 11], exchanges of energy among vibrational modes (VV) [12,13], and the coupling
between vibrational energy and the dissociation process [2,14]. The reason for this is twofold:
first, the relatively large energy spacing between vibrational states means it is significantly slower
to relax or equilibrate with faster modes such as rotational and translational; second, the rate of
dissociation is believed to have a strong dependence on the vibrational energy. Moreover, VV terms
are of particular interest because different molecules can have significantly different vibrational
energy spacing. This can lead to non-equilibrium among vibrational modes of different molecules
(i.e., multiple vibrational temperatures are required to describe the non-equilibrium distribution
of a mixture). Because low lying vibrational states in particular have relatively constant energy
spacing, resonant transitions are possible both among molecules of the same species as well as
different species. These resonant transitions can enhance vibrational relaxation within as well
as among species [15]. Therefore, in the MT framework it is not uncommon to use a different
vibrational temperature for each individual species to account for this difference in relaxation
times.

The Landau-Teller model, first published in 1936, is widely used to describe the VT energy
transfer terms, making use of relaxation times derived from theory or calibrated from experi-
ments [2,16,17]. One of the primary limitations with this approach is the assumption of mono-
quantum transitions in the derivation; however, Park [18] demonstrated that particularly in the
shock-layer, there is sufficient energy available in the flow that multi-quantum transitions are sig-
nificant [19]. In addition to the source terms related to the exchange of energy among vibrational
modes, the energy equations in the MT model require terms to describe energy lost or gained due
to chemical reactions. In particular there are several models for the energy lost from the vibra-
tional mode due to dissociation reactions. The first attempt to quantify the energy loss from the
vibrational mode due to dissociation, called the coupled vibration-dissociation (CVD) model, was

accomplished by Hammerling et al [20]. This model is a preferential dissociation model, which



assumes that the energy lost from the vibrational mode due to dissociation is significantly higher
than the average vibrational energy. There has been significant work to improve upon this type
of preferential dissociation model, using both empirical methods as well as theoretical approaches.
Losev provides a fairly extensive list of the existing chemistry coupling models for dissociation [21].
Broadly, these models can be lumped into one of three groups: empirical, semi-empirical, and
theoretical. In the first category, empirical models, is the widely used Park model which uses a
geometric average of the vibrational and translational temperatures to calculate rate coefficients
which are calibrated against experimental data [2,22]. Semi-empirical models generally couple a
non-equilibrium factor with a dissociation rate. This factor accounts for the non-equilibrium dis-
tribution which exists during the dissociation process and is a function of the translational and
vibrational temperatures [14,20,23-29]. Finally, the theoretical models avoid the use of empirical
factors by building a model purely on a theoretical basis [11,27,30-32].

In contrast, there has been comparatively little work focused on rotational non-equilibrium.
This is because it is generally assumed that the rotational mode instantly reaches equilibrium with
the translational mode due to the relatively small energy spacing among rotational states. There
were a handful of experimental studies of the non-equilibrium rotational distribution completed
in the 1960’s [33,34]. In order to model the rotational relaxation process, both the exponential
band gap [35,36] and power law [37] models were developed. Recently however, Panesi et al. [38]
found that particularly at high temperatures, the rotational mode does not reach equilibrium with
the translational mode throughout the dissociation process. Moreover, the rotational relaxation
time approaches the same time scale as the vibrational relaxation time for high temperature cases.
Therefore, an accurate model which accounts simultaneously for rotational and vibrational non-

equilibrium is necessary for strong non-equilibrium conditions.

1.2.2 State-to-state models

The State-to-State (StS) approach to modeling chemical non-equilibrium aims to overcome the lim-
itations of the MT model by directly tracking the individual state populations. The composition of
each energy state is solved for directly by considering the depleting and replenishing processes for

that state [19]. This can be done to varying levels of accuracy ranging from electronic StS (least



accurate) to ro-vibronic StS (most accurate). Electronic StS models consider only the electronic
states of atoms or molecules and have been used to study both atomic and molecular species in
several applications [39-44]. The vibrational StS model considers separately the vibrational states
of molecules in a mixture. This method can be considered in two forms: one in which the rotational
mode is assumed to be in equilibrium with the translational mode, and one in which the molecules
are assumed to be rotationless [45-57]. Finally, the rovibrational StS model considers each indi-
vidual rovibrational state independently. Because even a simple diatomic molecule can have on
the order of hundreds of thousands of rovibrational states, this approach rapidly becomes compu-
tationally intractable. However, it can and has been used for simple relaxation and dissociation
studies to help understand the physics of the non-equilibrium dissociation process [38,58,59].

The accuracy of the simulations depends on the accuracy of the underlying kinetic data. In the
realm of vibrational StS models, up until quite recently most of the data was based on empirical
models, such as the ladder climbing model [60, 61], or semi-classical models such as the Forced
Harmonic Oscillator (FHO) [62-69] or the Schwartz-Slawsky-Herzfeld (SSH) model [15,26,70]. In
addition, Procaccia and Levine developed a theory for calculating vibrational StS rates based on
surprisal analysis [71-73]. However, due to advances in computational chemistry, recent work has
focused on making use of ab initio quantum chemistry data to both construct kinetic data necessary

for StS models as well as inform new models.

1.2.3 Ab initio chemistry models

Advances in computational power have enabled a multitude of work recently aimed at calculating
directly from the Schrédinger equation the potential energy surfaces (PESs) for systems relevant
to air chemistry. The PES describes the potential energy felt among a system of nuclei. This can
be calculated directly from the Schrodinger equation or can be inferred from experimental data.
There has been significant work recently to characterize the PESs for several systems of interest
to high-temperature air chemistry. These include the Na-N system [74-76], Nao-Ny system [77-79],
O2-0 system [80], O2-O4 system [81,82], N2-O system [83], and N2-O system [84].

The PES can be used to calculate the kinetic data for a system by using a scattering method to

determine transition probabilities. Using the ab initio PES allows for the construction of a high-



fidelity StS kinetic mechanism for certain simple systems (e.g., three-body interactions such as
N2-N). Several scattering methods exist for this approach, ranging from classical approaches, such
as the quasi- and semi-classical trajectory approaches to fully quantum mechanical approaches [85].
The quasi-classical trajectory (QCT) method, which will be used in this work, assumes that the
motion of the nuclei can be assumed to occur classically; however, the initial and final states for
trajectory calculations are mapped from discrete quantum states [86-88]. In this approach, many
collisions between particles are simulated by integrating Hamilton’s equations of motion for the
nuclei, using the PES calculated from the Schrédinger equation. After many collisions have been
calculated, the probability that a given transition occurred can be calculated. This probability is
related to the transition cross-section or reaction rate coefficient, which can be used in a Direct
Simulation Monte Carlo (DSMC) or CFD calculation.

This approach of coupling the ab initio PES with QCT calculations to determine kinetic data
has been used to study several systems including rovibrational studies of the No-N system [38,59],
02-0 system [51,52], and the O2-N system [54] as well as vibrational StS studies of the No-Ar [45],
No-Nj [46-49,89], No-N [46,48,49,89-93], O2-O4 [50,55], O2-O [50-52,56,57,94,95], and O2-N [57]
systems. However, while the use of ab initio PESs is increasing, several of these works rely on the
use of semi-empirical models to infer reaction rate coefficients. Moreover, it remains prohibitively
expensive to construct a full rovibrational StS model for anything more complicated than atom-
diatom systems. Therefore despite the level of detail afforded by quantum chemistry calculations,
we still require a reduced order model to make use of the quantum chemistry data. Despite a
multitude of recent work to make use of the quantum chemistry data to construct CFD models,
there is no clear and rigorous path towards a physics based reduced-order model for non-equilibrium

chemistry.

1.2.4 Reduced order chemistry models

There has been significant work in recent years to use quantum chemistry data to inform flow
chemistry models for application to CFD. Making use of the PESs calculated by Paukku et al. [77,
78], Bender et al. [79] conducted a detailed study on the two-temperature dynamics of dissociation

of nitrogen molecules. This work was extended by Chaudhry et al. [96] to consider both nitrogen



and oxygen dissociation with the aim of computing model parameters for a MT approach using ab
initio data. Using a similar approach, Voelkel et al. [97] computed three-temperature dissociation
rate coefficients for the No-Nj system using the PES of Paukku et al. [77,78]. While this approach of
re-computing multi-temperature rates from ab initio PES data is appealing because the underlying
framework which has been used for decades can be preserved, this approach maintains the same
underlying assumption as the MT models. Therefore, it is only valid in near equilibrium conditions.
Singh and Schwartzentruber [98] presented a model for describing rotational and vibrational non-
equilibrium using surprisal analysis based on results from the Direct Molecular Simulation (DMS)
method [99-101]. In this approach, the non-equilibrium distribution of energy states is accounted
for using a simple functional form based on surprisal analysis, and couples the non-equilibrium
distribution with the dissociation process. Kulakhmetov et al. [102] attempted to construct and
reduce a full vibrational StS model using the maximum entropy principle detailed in Levine and
Bernstein [103]. However, this approach used the maximum entropy principle to infer reaction rate
coefficients, rather than inform a model form.

One such approach to reduced order modeling is the multi-group maximum entropy (MGME)
model. In this approach, energy states are lumped together according to some metric (e.g., internal
energy, vibrational state, etc.), and the states within a group are assumed to equilibrate instanta-
neously with each other. This approach was initially developed to account for the non-equilibrium
electronic distribution of atomic species [41,104,105]. It was generalized by Liu et al. [106] and
used to study the rovibrational states of molecular nitrogen. There has been a multitude of work in
studying the No-N system using the MGME model because it has known StS kinetic data and can
be used for validation [106-115]. This approach is similar to that proposed by Haug et al. [72,73]
which lumps energy states together, assuming groups of states reach equilibrium with each other;
however, Haug et al. only considers the population of each group, assuming the internal distribu-
tion of the states is in equilibrium with the translational mode. The MGME model is derived by
assuming that the entropy within each group is maximized. Then, depending on the order of re-
construction used, macroscopic governing equations are derived. These can include conservation of
group mass and group energy equations. The advantage of this approach is that because the form

of the distribution of states is derived by maximizing the entropy, the solution will tend towards an



equilibrium Maxwell-Boltzmann distribution given sufficient time. Moreover, the MGME model
framework is general and other simplified models, such as the MT approach, can be derived using
the MGME framework. However, one of the main drawbacks with the MGME model is that it relies
on the knowledge of microscopic StS kinetic data. Unfortunately, ab initio kinetic data is available
for very few systems due to the computational cost associated with constructing a complete StS
kinetic database. For example, to compute StS data for the No-No system would generate on the
order of one quadrillion reaction rate coefficients (O(10'%)). This is an impossible amount of data
to both compute and use. Therefore, we need a way to link the MGME model with the scattering

calculations performed using the ab initio PESs.

1.3 Scope of this thesis

In this thesis, a framework for coupling the MGME model with scattering calculations using the
QCT method along with an ab initio PES is presented. This approach uses the MGME model
to express the distribution of states within a group, and using this distribution, samples initial
states for QCT calculations [116-119]. Therefore, the grouped kinetic data for the MGME model
can directly be computed. This bypasses the computationally expensive step of constructing a
rovibrational StS kinetic model. One of the key advantages to this approach is that the principle of
micro-reversibility is used to construct the model. As a result, the model is not only self-consistent,
but it can capture both dissociating and recombining flows without the need to simulate trajectories
in both directions (i.e., no need to simulate recombining trajectories). Next the kinetic data can
be used in CFD calculations to account for the non-equilibrium chemistry.

First, in Chapter 2, a detailed derivation of the full MGME model is presented starting from
kinetic theory. This is illuminating because it very clearly shows what assumptions are made in
not only the MGME model, but also in the whole range of MT models. The maximum entropy
distribution is found to be a linear combination of the collisional invariants. Using this distribution
along with the Maxwell transfer equations (moments of the Boltzmann equation), the macroscopic
flow governing equations are derived. The grouping model differs from the conventional MT model
by introducing additional mass and energy equations for the individual groups.

Next, in Chapter 3 the link is drawn between the kinetic theory derivation and the QCT



method, yielding the MGME-QCT model. This is done by examining the collision integrals present
in both the conservation of group mass and group energy equations and re-casting them in terms
of variables sampled in the QCT method. In addition, at this point we introduce the concept
of micro-reversibility and use it to derive expressions for reverse rates (i.e., de-excitation and
recombination).

In Chapter 4, a detailed study of the non-equilibrium excitation and dissociation process in
a zero-dimensional isothermal reactor is presented. Two models are compared: a conventional
vibrational StS approach (cast in the MGME-QCT framework), and a simple energy based grouping
technique. The computational cost in both constructing and running the two models is similar,
but the results show significant differences due to the underlying assumptions in each approach.

Chapter 5 presents a demonstration of the full MGME-QCT model, using the micro-reversibility
relation to calculate recombination rates from dissociating trajectories. This approach is validated
using the Na-N system.

Chapter 6 presents a comparison of the MGME-QCT model shown in Chapter 4 with the
highly accurate DMS method. This comparison highlights the shortcomings of the conventional
vibrational StS model, demonstrating that this approach cannot capture accurately the physics of
non-equilibrium dissociation.

Chapter 7 demonstrates the applicability of the MGME-QCT model to CFD using a variety
of test cases. These include the quasi-one-dimensional flow through a nozzle, and the flow behind
a standing shock wave. This demonstrates that the MGME-QCT model is flexible enough for
application to a variety of flow conditions.

Finally, in Chapter 8 a summary of the significant findings is presented as well as future work.

1.4 Outcomes of this work

The following publications resulted from this research:

1. R. L. Macdonald, R. L. Jaffe, D. W. Schwenke, M. Panesi. “Construction of a coarse-grain
quasi-classical trajectory method. I: Theory and application to No-Ng system.” The Journal

of Chemical Physics, Vol. 148, No. 5, 2018, pp. 054309. Editor’s Pick.
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2. R. L. Macdonald, M. Grover, T. E. Schwartzentruber, M. Panesi. “Construction of a
coarse-grain quasi-classical trajectory method. II: Comparison against the direct molecular

simulation method.” The Journal of Chemical Physics, Vol. 148, No. 5, 2018, pp. 054310.

3. F. Esposito, R. L. Macdonald, I. D. Boyd, K. Neitzel, D. A. Andrienko, “Heavy-particle
elementary processes in hypersonic flows,” in Hypersonic Meteoroid Entry Physics, edited by
G. Colonna, M. Capitelli, and A. Laricchuita, IOP Series in Plasma Physics, chap. 16, IOP
Publishing, 2019.

The following peer reviewed conference publications resulted from this research:

1. R. L. Macdonald, R. L. Jaffe, M. Panesi. “Hybrid Reduced Order Model For N»-N Inter-
actions For Application To Dissociation And Energy Transfer Processes.” Proceedings of the

31st International Symposium on Rarefied Gas Dynamics, 2018. Accepted.

The following conference publications resulted from this research:

1. A. Munafo, S. Venturi, R. Macdonald, M. Panesi. “State-to-state and reduced-order models
for recombination and energy transfer in aerothermal environments.” 5/th AIAA Aerospace

Sciences Meeting, ATAA Paper 2016-0505, San Diego, CA, 2016.

2. R. L. Macdonald, A. Munafo, M. Panesi. “Rovibrational grouping for N (X' X)) —Ny(X'Sf)
energy transfer using state-to-state model.” 46th AIAA Thermophysics Conference, ATAA
Paper 2016-4315, Washington, D.C, 2016.

3. R. L. Macdonald, R. L. Jaffe, D. W. Schwenke, A. Munafo, M. Panesi. “Ab initio based
rovibrational grouping model for Ny(X'S) — No(X'E}) energy transfer and dissociation.”

47th ATAA Thermophysics Conference, AIAA Paper 2017-3164, Denver, CO, 2017.

4. R. L. Macdonald, M. Grover, T. E. Schwartzentruber, M. Panesi. “Coarse grain mod-
eling and direct molecular simulation of nitrogen dissociation.” 47th AIAA Thermophysics

Conference, ATAA Paper 2017-3165, Denver, CO, 2017.
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5. R. L. Macdonald, M. S. Grover, T. E. Schwartzentruber, M. Panesi. “State-to-State and
Direct Molecular Simulation Study of energy transfer and dissociation in nitrogen mixtures.”

2018 AIAA Aerospace Sciences Meeting, AIAA Paper 2018-0239, Kissimmee, FL, 2018.

6. R. L. Macdonald, M. Panesi. “Coarse Grain Model for Energy Transfer and Dissociation,”
2018 AIAA Aerospace Sciences Meeting, AIAA Paper 2018-1230, Kissimmee, FL, 2018.
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Chapter 2

From Particle to Continuum Fluid
Modeling

In this chapter, the MGME method will be presented and used to derive macroscopic flow governing
equations from kinetic theory. The derivation starts with the Boltzmann equation, which describes
the statistical behavior of a gas in non-equilibrium conditions [120]. Through this approach we
can directly obtain the flow governing equations for the MGME model in terms of macroscopic
quantities of interest. Previous work on the MGME method started from the master equation to
derive the governing equations. However, this approach is not general and it is more rigorous and
insightful to start from the Boltzmann equation. While starting from the master equation enables
the derivation of conservation equations for the MGME model in the absence of flow, starting from
the Boltzmann equation allows us to derive a set of conservation equations considering both flow
and chemistry. With this approach we will introduce additional collisional invariants to facilitate
model closure. In addition, we will use the form of the collision integrals in the Boltzmann equation
to link the governing equations with the scattering calculations used to obtain kinetic data for the
grouping model. The kinetic theory approach to deriving the MGME governing equations follows
the framework presented by Giovangigli [121]. This chapter is organized as follows. Section 2.1
will present the Boltzmann equation and velocity distribution function. Section 2.2 will present
the collisional processes considered in this work and the respective forms of the collision integrals.
Section 2.3 will present the Maxwell transfer equation used to construct the governing equations.
Section 2.4 will derive the MGME method for grouping energy states from the definition of kinetic
entropy. Section 2.5 will present the final set of governing equations for the MGME method.
Finally, Section 2.6 will present the mass and energy source terms for the MGME method, followed

by a summary in Section 2.7.
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2.1 Boltzmann equation

Consider a particle of species A in internal state 7, at some time ¢: the position of this particle can
be described by vector x, while the velocity can be described by vector ca in the absolute reference
frame. If instead we consider all the particles of species A in state 4, at time ¢, the expected number
of particles located between (x,x + dx) in physical space and (ca,ca + dca) in velocity space is

given by fa,(x,ca,t). Therefore, the velocity distribution function, fa,, can be defined:

fa,(x,ca,t)dca dx = the expected number of particles of species A in state ¢ located in volume

element dx about x whose velocities lie within dca about ca at time ¢

In the absence of external forces (e.g. gravity, or magnetic field), the change in the distribution as

a function of time can be described by the Boltzmann equation:

Ofa,
ot

+ea - Vafa, = Qa, = QF, + QR + Q% (2.1)

where Vx denotes the spatial gradient, and @A, denotes the collision operator which can be split
to account for the contribution of various types of collisions: elastic ( ‘21_), non-reactive inelastic
(Qi&), and reactive (Q},). The left hand side of the equation accounts for the streaming influence

on the velocity distribution function, and the right hand side accounts for the influence of the

collisions on the velocity distribution function.

2.2 Collisional processes

Before detailing the collisional processes in this work, some sets need to be defined. First, the
set S denotes the ensemble of chemical components considered. The species will be denoted by
(A,B,C,D,E) and energy levels will be specified by the indices (i, j, k,l,m). The set Z4 denotes
all the states of species A. The elastic processes comprise collisions in which no reaction occurs and

only translational energy varies. The form of the elastic reaction is given by:
AZ'(CA)—l-Bj(CB) :Ai(C,A)—I-Bj(C,B), A, BeS, i€y, j €Iy
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where the primed variables indicate the post-collision velocities. Non-reactive inelastic processes
comprise collisions in which internal energy changes, but the post collision species are the same as

the pre-collision species. This type of reaction can be written as:
Ai(ca) +Bj(c) S Ap(c/a) +Bi(c's), A€S, i€Zn, (Bj,AxB)eCy

where the set Cy, is defined as Cinl_ ={(B;,A;,B))|BeS, (#kVji#ONGi#kNj#I), ke
Za, j,l € Ig}. Finally, we consider two types of reactive collisions: two body exchange collisions,

and dissociation-recombination collisions. Two body exchange collisions can be written as:
Ai(CA) + Bj(CB) = Ck(clc) + DZ(C,D), Ac S, 1€ IA, (Bj, Ck, Dl) S CeA)zC

where the set C{* is defined as C3° = {(Bj, C, Dy)|(A # CAB # D)A(A # CVB #D), B,C,D¢€
S, j€lIp, keZc, [€Ip}. Dissociation-recombination reactions are restricted to three body

reactions in this work, and are written as:
Ai(CA) + Bj(CB) s Ck(Clc) + Dl(C,D) + Bm(C,B), A €S, i€y, (Bj, Cg, Dy, Bk) S Cﬂ‘f

where the set Cjiiis denotes the set of species and energy levels participating in the dissociation-
recombination reaction. It is very difficult to define this set in the same way as the previous sets,
but the key feature is that the species C and D together make species A.

2.2.1 Collision integrals

Elastic collision integral

The elastic collision integral accounts for effects of elastic collisions and can be written as:

QR =) Qap;, AES, i€ly (2.2)

BeS
J€Ip
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where Qa;B; = Qa,B,(X,ca,t) is the partial elastic collision operator. The partial collision operator

can be written as a function of the pre- and post-collision velocity distribution functions:

AR
Qi = [[[ (5adb, = Iaid) Wi dench des (23)

R3xR3 xR3

where Wiﬁ?j (units of ((m3/s) (m/s)~3 (m/s)~3) denotes the probability density that this transition
will occur (i.e., the probability that a specific transition will occur in an infinitesimal velocity
element (ca,ca + dcp) and (cp,cp + deg) per unit time per unit volume). At this point it is
useful to transform variables from the absolute reference frame to a center-of-mass reference frame.
The relative and center-of-mass velocities are denoted respectively by g and G. Full details of this

transformation can be found in Appendix A. The relative and center-of-mass velocities are written:

MACA + MBCR

(2.4)
ma +mp

g=cp—cg, G=

where ma and mp denote the masses of species A and B respectively. Using this transformation
provides a relationship between the differential absolute velocities and the differential center-of-

mass velocities:
dcp deg = dgdG = ¢*dgdwdG, dcy de = dg’ dG' = ¢* dg/ dw’ dG’ (2.5)

where g = |g|, and w denotes the initial solid angle through which the particles pass or the pre-
scattered direction of the particles. The transition probability density is related to the transition

differential cross-section, o = o(g,w’), through the following relationship:
AB! AB!
oaB, (g, w)gdw’ = Wi, dc’adc'g = Wis! ¢*dg dw’ dG’ (2.6)

The differential cross-section has units of area per solid angle. To relate the differential cross-

In/
sections for forward and inverse processes, we invoke Fermi’s golden rule which states that: W, ‘57 =
iDj

WAiBj

ALB! [121,122]. Using this along with the conservation of momentum, and energy relationships
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for a collision reveals that the forward and inverse collision differential cross-sections are the same:
OA;B; (gaw,) = OA;B; (g,,UJ) (27)

The partial elastic collision operator can be partially transformed to center-of-mass variables as

well to yield a differential cross-section formulation:
Qa;B; = // (ffxiféj - fAifBj> goa,B,(g,w") deg dw’ (2.8)
Z?xR3

where .#? denotes the integration over the solid angle.

Inelastic Collision Integral

The inelastic collision integral accounts for the effects of inelastic collisions. The inelastic collision

operator can be written as a function of the partial inelastic collision operators:

in __ ArB; .
b= > Qxpl. A€S, icIy (2.9)
(Bj,Ax,Bi)
ecip

where the partial collision operator reads:

A’“Bl = /// <BAkﬁBl faf8, — fafs, > ’“Bl dep dc’a dc'p (2.10)

R3xR3xR3

where B4, = h{ /(aa,m3), hp denotes Planck’s constant, and a,, denotes the degeneracy (statistical
weight) of state i of species A. Again, we will transform to center-of-mass coordinates and make use
of the conservation of momentum, and energy relations for the collision. Details of this procedure
can be found in Appendix A. Following this procedure, the relationship between forward and

inverse collision differential cross-sections finally reads:

-1
2AELHD!
A;B, ALB ap,aB, > A;B;
o w)=o0 , W — 1—-— 2.11
ApB; (9 )= A;B; (g, w ) (aAkaBl s ( )
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where AEA’“BZ = (Ea, + EB,) — (Ea, + EB,), Ea, denotes the internal energy of state i of species
A, and ppap = mamp/ (ma + mgp) denotes the reduced mass of the system of particles A and B.
Likewise, the partial collision operator can be partially transformed to center-of-mass coordinates

to read:

Al = // < - fAkal faite, )g"A b, dep dw’ (212)

aA, 0B
Z2xR3

Reactive collision integral

In this work, the reactive collision integral is broken down into two parts: one for exchange processes

and one for dissociation/recombination processes.

Exchange Collision Integral The collision operator for exchange reactions can be written as

the sum of the partial collision operators:

e = Z ng};j AcS, icTa (2.13)

The partial collision operator can be written:

CkD’ = /// (ﬁckﬁDl fe, fo, — fAifBJ-) W/Sfé?l deg dc’cde’p (2.14)

R3xR3xR3

Using the same transformation as for the elastic and non-reactive inelastic collisions (details can
be found in Appendix A), the relationship between the forward and inverse collision differential

cross-sections can be written:

1
QAEC’“DZ
A;B;j CuDy ’ 5ck5Dl> <MOD> HAB
o w)=o0 , W 2.15
e, (9+) = oap; (9, ) <5AiﬁBj paB) \ pcp  pepg? (2.15)

Likewise, the partial collision operator is transformed partially to center-of-mass coordinates to

yield:

Cle_// (ﬁCkﬁleckal fAifBi>gUABlchdw (2.16)

ZL2xR3
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Dissociation Collision Integral The collision operator for the two to three body dissociation

reactions can be written as the sum of the partial collision operators:

Q= Y Q¥R A€S, i€y (2.17)
(Bj,Ck,Ezme)
ecys

The partial collision operator can be written:

CleBm //// (ﬁckﬁDl/BBm kafleBm fA fB ) CkBIngm dCB dC/C dC/D dC/B (2.18)

R3 xR3
xR3xR3

Again, the cross section is related to the transition probability through the following definition:
VVC’“Dle dc'cdc’pdc’s = gac’“ B w') dw’ (2.19)
The micro-reversibility relation reads:
5C,€5D15B,RW§£ZB’" = 5AiﬁBjW€£ij (2.20)

Thus, the partial collision operator can be written as a function of the differential collision cross-

section:

W= ] <BCk5D’ﬁ =G b T, — I fB>90'§k1]3)ledCBdw, (221)

R3x.#2

2.3 Maxwell transfer equation

Because the Boltzmann equation provides a particle description of the gas, in order to derive macro-
scopic conservation equations we must take moments of the Boltzmann equation. The moments of
the Boltzmann equation yield the Maxwell transfer equations which describe the change in some
averaged molecular property (e.g. density) due to bulk motion and collisions [120]. For a given

molecular property, a, = ©a,(ca), the molecular average property, ¢a, = @a,(x,t), and the gas
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molecular average property, @ = ¢(x,t), can be defined as:

p= Z PA;y  PA; = /fAiSDAi dca, A€S, 1€y (2.22)
R3

AeS
1ETA

Using these definitions, the Maxwell transfer equations can be derived from the Boltzmann equa-

tion, Eq. (2.1), by multiplying each side by ¢4, and integrating over velocity space:

/SOAi 5 dca + /(PAiCA -Vxfa,dca = /@Ai (QZIZ. + Q. + foi) dca (2.23)
R3 R3 R3
It is useful at this point to define several macroscopic properties, or moments of the velocity
distribution function. These will be used to facilitate simplifying the Maxwell transfer equations.

First, the number density of particles in state i of species A is defined as:
na, = /fAz dca, A€S, i€l (2.24)
R3

Next, we define the state density, pa,, and gas density, p, as:

p = Z PA;»  PA; = /mAfAi dca, A€S, i€y (2.25)
R3

AeS
1€TA

Now, we define the hydrodynamic velocity, v as:

pv = Z mA/CAfAi dcp = Z MACA (2.26)

AeS AeS
icin, B i€

The peculiar velocity, denoted by Ca and describing the thermal motion of the particles in the
absence of mean flow, can be defined for each species from the hydrodynamic velocity and the

molecular velocity such that Cy = cy — v. Finally, we define the diffusion velocity, VdAl_ as:

Vfii = TnA/CAfAi dca, AE€ES, i€y (2.27)

%

R3
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Therefore, we obtain the following relationship, which will be used later in this chapter:

D pavk, =) maCa=0 (2.28)
AeS AeS
1ETA 1ETA

Using these definitions, the Maxwell transfer equations [120] can be written in terms of the hydro-

dynamic and peculiar velocities:

&SA - (@A, V) + Vi /CAfA oa, dCp = /ﬁ/?A (Q + QR +QrAei) dCa (2.29)

R3 R3

For the gas mixture, the Maxwell transfer equation can be written:

0p
O bV (2v) + Vi §j/cAfAsoA ch—Ej/soA Qi+ QY+ QL) dCy  (2.30)
t
AES AGS
ZEIA zEIA

In the Maxwell transfer equations, the left hand side comprises three terms. The first term simply
denotes the change in some macroscopic quantity due to the effects of all the other terms in the
equation. The second describes the convective flux at the hydrodynamic velocity. The third term
is attributed to the diffusive or transport flux. The right hand side accounts for the impact of

collisions detailed in Sec. 2.2 on the quantity of interest.

2.4 Multi-group maximum entropy model

Before proceeding to derive the flow governing equations, the MGME model will be described. The

MGME can be broken down into two steps:

1. Local representation and reconstruction: the states are lumped together into groups,

and within each group the distribution is retrieved through maximization of the entropy.

2. Macroscopic governing equations: the macroscopic governing equations for the groups

are derived using collisional invariants in the Maxwell transfer equations.

The first step, local representation and reconstruction can be subdivided into two parts. First,

the energy states are broken into groups. This can be done with respect to internal energy (quan-
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Figure 2.1: Schematic of the grouping of internal energy and velocity states; different colors
indicate different groups.

tized) or translational energy (assumed to be continuous). This is illustrated in Fig. 2.1, which
shows that the internal and translational energy space has been divided into groups. For illustra-
tion purposes, the figure only shows one dimension of the translational velocity. However, if we
consider translational energy as well as internal energy grouping, the bin space is four dimensional:
three directions of velocity, and one internal energy coordinate. Within each group, the velocity
distribution function and internal energy distribution function are reconstructed by maximizing
the entropy.

The maximum entropy form used in this work relies on the separation of time scales for various
processes. That is to say that the characteristic time of the energy transfer processes among groups
is significantly slower than that of the energy transfer processes within a group. This separation
of time scales allows for the definition of additional collisional invariants required to close the
system and retrieve the correct multi-temperature reconstruction of internal energy states. In the

following sections, this distribution will be rigorously derived. However, we can anticipate that it



will resemble a multi-temperature distribution split by internal and translational energy:

fas =FR2FRY (2.31)
. ma 3/2 ma

ra _MA @ C 2.32
Ia; <2kaT> eXp( T A A) (2.32)

aa. exp <_EAz'>
i k Tint
int _ BAp

A; TNA, ( Ex
Y A, exp |~
z kBTAp

i€,

(2.33)

where f/tfia denotes the translational contribution to the velocity distribution function, f}:_t denotes

the internal energy contribution, kg denotes the Boltzmann constant, T is the kinetic temperature,
T}f; denotes the internal temperature of particles in group p of species A, na, denotes the number
density of particles in group p of species A, and the set Z,, denotes the set of states within group p.

The second step, constructing macroscopic governing equations, is realized by using collisional
invariants in the Maxwell transfer equations to derive conservation equations for the groups. What
we seek is a set of Euler-like equations for the grouping model. However, to account for the separate
equilibrium states of the different groups, we will find separate conservation of mass and energy
equations for each group, in addition to the conservation of momentum and total energy for the
mixture. Finally, the collisional terms can be re-cast to resemble what is evaluated in the QCT
method, providing the final link between the flow governing equations and the microscopic chemical

processes.

2.4.1 Local representation and reconstruction

The group reconstruction relies on maximizing the entropy of each group to retrieve the distribution
of states within the group. In this work, we will restrict this framework to two models: the multi-
group maximum entropy thermal (MGMET) model and the multi-group maximum entropy linear
(MGMEL) model. The MGMET model is a particular simplification of the MGMEL model. To
derive the MGMEL model, we first present a brief discussion about the separation of time scales,
which will be used together with the definition of kinetic entropy to derive the Boltzmann H-

Theorem and find the form of the distribution function which ensures that the entropy production
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in each group is zero. Next, we represent the distribution as a linear combination of collisional
invariants. Finally, using constraints based on these collisional invariants we find a relationship
between these constraints and macroscopic variables which will be determined from the conservation

equations derived in the next section.

Separation of time scales

To derive the Boltzmann H-Theorem for the groups, we need to consider the different time scales of
the various processes occurring [123]. We also introduce the notion of groups at this point; in this
work we will restrict ourselves to internal energy groups, integrating over the entire velocity space
and assuming that all groups have the same velocity distribution. This is a good approximation
because elastic collisions, which force the translational energy into equilibrium, occur significantly
faster than the chemical reactions which we are interested in studying. Therefore, we can divide
the inelastic processes into two categories: ones in which the groups do not change (intra-group),
and ones in which the groups change (inter-group). With this, we can introduce the assumption
that certain processes prevail, forcing the groups into local equilibrium. Let us define the following
time scales:

Treact time scale of chemical reactions (e.g., dissociation, recombination, etc.)

Tpq time scale of processes among groups (inter-group)

Tpp, largeAE  time scale of processes within a group with “large” energy jumps (intra-group)

Tpp, smallAE ~ time scale of processes within a group with “small” energy jumps (intra-group)

If we rank these time scales, we find that:

Treact = Tpq -2 Tpp, largeAE -2 Tpp, smallAE (234)

That is to say that the time scale of the reactive collisions are on the same order as those among
groups. The processes among groups are much slower than those within a group. However, we can
split the processes within a group into two categories: one characterized by large jumps in energy,
and one characterized by small jumps in energy. Therefore, we assume that the mechanism which

forces the states within a group into equilibrium (i.e., maximization of entropy) is these intra-group
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processes characterized by small energy jumps. Accordingly, we will use the collision operator for
these processes to derive the distribution of states within the groups. It should be noted that this
implies that the groups should be constructed such that there are minimal “fast” processes among

groups. We will see the implications associated with the grouping scheme in Chapters 4 and 6.

Proof of positivity of entropy production

To find the form of the velocity distribution function which maximizes the entropy, we consider

kin

the conservation of kinetic entropy equation. The kinetic entropy of a group per unit volume, S o

can be defined [121]:

Sk = gy 3 / fa. (0 (Ba,fa,) — 1) dea (2.35)
i€y

To obtain the kinetic entropy conservation equation, we multiply the Boltzmann equation by
In (Ba, fa,), integrate over velocity space, and sum over states within group p. Details of this
procedure can be found in Appendix B. After some algebra, we can write the conservation of
entropy expression as:

oSk
at

+kp Z / [ca - Vx (fa, (In(Ba, fa,)) —1)] dea = t)lgi;l (2.36)
i€ o5

where the entropy source term, Uf;‘, is defined as the sum of the elastic, inelastic scattering, and

reactive entropy source terms, (nfp, nip, ngp) respectively:

bi, =vX, + 03, + 05, (2.37)

UEP =~ kg Z /QZIZ In (/BA’LfAz) dea, (2.38)
i€Tpps

o3, = —kn ) /QKZ In (Ba, fa,) dea, (2.39)
i€Tpps

ng =~ ks Z /QrAez In (BA’LfAz) dca (2.40)
iEIPR3

The right hand side depends on the collision integrals defined in Sec. 2.2.1. Using these expressions

for the collision integrals we can write the entropy source term. However, recalling the separation
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of time scales, we can see that the intra-group inelastic scattering terms are significantly faster than
both inter-group inelastic scattering terms as well as reactive scattering terms. Therefore, we can
separate the entropy source terms according to these time scales, and consider the “fast” process
entropy source terms and the “slow” entropy source terms separately. We can therefore write the

“fast” (intra-group inelastic scattering) entropy source term:

of, =k > > Y ////(ﬁAkﬁBlfAkal o)

BeS q¢€B (4,k)eZ, (5,1)€l, R3%
><]R3><]R3

X Wkt n (Ba, fa,) dea dep dey el (2.41)

After some algebra making use of properties of the inverse collision (details can be found in Ap-
pendix B), we can finally write the following expression for the inelastic scattering entropy source
term:
S BaiPB; Saids; \ [ BanBBy o
o :—*kB //// : : fafB, — faifB;
Ap Z Z Z Z /BAk/BBl f/Akf]I-))l BAiﬁBj AL JB; J
R3

BeS ¢€B (i,k)€Tp (JDELG piy
xR3 xR3

X Wi@g decp dep dc)y deg (2.42)

Now let’s analyze the sign of the integral. Define x and y as:

_ ﬁAk 5Bl
/BAiﬂBj

facte v =fafs, (2.43)

We know that = and y are always positive. Looking at the value of the integrand in terms of x and

y we have I = (Inz — Iny) (x — y). Therefore:

If x>y: I1>0
If z<y: I>0

If z=y: I=0
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Therefore, the fast entropy source term satisfies: Uip > 0. This condition is the outcome of the
Boltzmann H-Theorem, and tells us that the system of particles will tend towards some condition
given by the relation Uip = 0. This is the maximum entropy condition. Therefore, we find that

the entropy is maximized when the following relationship holds:

In (B, fa,) +In(Be,fi,) =In(Ba,fa,) +1n (B8, f8;) (2.44)

This relation in conjunction with mechanics allows us to write the distribution as a linear com-
bination of the collisional invariants for the intra-group inelastic processes characterized by small
energy jumps. Furthermore, Kennard [124] showed that this linear combination is the only form
of log (Ba, fa,) which satisfies this relation. The same process can be used to demonstrate that not
only is the entropy strictly increasing or zero due to the fast processes, but also due to the slow
processes (inter-group inelastic scattering and reactive). However, the procedure is the same as for

the fast processes and for brevity will not be presented here.

Collisional invariants

We find based on the analysis of time scales that we can define four collisional invariants. The
first three collisional invariants are fairly obvious and comprise the quantities conserved in any
collision: mass, momentum, and total energy. The final collisional invariant arises because of
the separation of time scales discussed earlier. Because we derive our group distribution from
the fast process collision term, we take our collisional invariants to correspond to those processes.
Therefore, because we assumed the processes characterized by small internal energy changes to be
the fastest, the final collisional invariant corresponds to the internal energy. This assumption is
directly related to the assumption that resonant vibrational transitions occur the fastest in a two-
temperature model: this allows for the definition of the vibrational energy as a collisional invariant,
eventually introducing a separate vibrational energy conservation equation. However, in this case
it is more general, and not restricted solely to resonant vibrational transitions. Therefore, for

the MGMEL model, we can express the log (84, fa,) as the linear combination of these collisional
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invariants:

1
In (B, fa;) = aa,ma +7a, - (Mmaca) +0a, <2mACA ~ca + EA¢> + Ba, Ea, (2.45)

To solve for the coefficients (aa,,va,,da,, B4, ), we apply constraints. These constraints correspond
to the collisional invariants and comprise the group mass, group momentum, group total energy,

and group internal energy:

na, = Z /fA,- dea (2.46)

i€lpps
pprAp = Z /mAfAiCA dCA (2.47)
i€Tygs
EY* = L ! ! d 2.48
nA, LA, = Z 3MA CA"‘X'YAP : CA"‘X’)’AP fa; dea (2.48)
i€Tpgs P P
na, ERY =" [ Ea,fa, dea (2.49)
i€Tphs

These constraints correspond to a grouping scheme in which only internal energy is grouped.
Because we assume all groups have the same velocity distribution, we find that the parame-

ters corresponding to the momentum and total energy of the group are the same for all groups:

wp, = W and Eltfj = E%a Before applying these constraints, it is useful to define the quantity
C), = ca + ﬁ A, Using this, the linear combination of collisional invariants can be written
p
as:
ma 1 , ,
In (Ba, fa,) = aa,ma — 95, YAv YAy 08, | 5mACh - Cy+ Ea, ) + Ba, Ea, (2.50)
P

First, we apply the constraint on the group number density to find an expression for aa,:

3/2
m hZ6a
maaa, = In (”M)*’ﬁ’}’Ap"YAP‘HH <_271:"I7LZ) —In Z aa, exp [(BAP + 6Ap) EAi] (2.51)
» i€,
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Applying the conservation of momentum constraint, we find the following relationship:

YA, = —0A,W (2.52)

The total translational energy of a group is found to be:

3na,

Etra —
A 264,

(2.53)

From classical thermodynamics, we know that the average translational energy of a given particle
will be equivalent to %kBT where T is the translational or kinetic temperature. The symbol E%?
gives the average translational energy of a single particle in the mixture. Therefore:

oA, = !

T .54
) T (2.54)

Let us re-visit the definition of Cy = ca +’YA,,/5APZ this can be re-written as Cy = ca —w. Now,

if we recall the definition of w:

PW = Z Zppr = Z Z Z /mAcAfAZ. dcp = pv (2.55)

AeS peA AeS peA iEIpRg

Therefore, the quantity C’y, = Cj, is identically the peculiar velocity defined earlier, and w, the
average velocity for the groups, is identically the hydrodynamic velocity v.

To obtain an expression for 3a,, we use the definition of kinetic entropy. First, evaluating the
internal energy of a group, we find that the average energy of a particle in group p is:

EI: aa, Ex; exp [(ﬁAp - kB%) EA,}
D

> aa, exp [(BAZ, — kBLT) EAl-]

i€,

ER = (2.56)

We can define a new variable, ng = Ba, — k]_%T. Using the internal energy of the group, the new

variable ng, and the definition of kinetic entropy for a group p, the kinetic entropy of the group
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can be written:

y h123 3/2 5
SAP = *anAp In (nAp) + In (W) - 5

—In Z aa, exp <ﬁngAi) + ,BAPEX‘;} (2.57)
i€Z,

Now recall the relationship from classical thermodynamics which relates the entropy to the tem-
perature. However, we define it as the group internal temperature, because we have evaluated the

entropy only for a group:

o (SKn/na, ) .
B s M /2 [ (2.58)
8EK11: jgnt
P nV P
C /I Ql int : 3 .
Realizing that (3 A, = 3 Ap(E Ap), and using the chain rule, we find that:
o (Skn/na,) 1
AP AP
V,N
Therefore, we arrive at the final expression for the distribution of states within a group:
ap, exXp ( ba; )
3/2 Az - k Tint
ma ma BiAp
= ———Cxa-C 2.60
Jai = na, <2kaT> xp ( T A A) (2.60)

EAi
Z aA-L' €eXp | — kBT/i;nt
P

i€T,

As expected, this expression is simply a two-temperature Boltzmann distribution within each group.
We have imposed separation of translational and internal energy relaxation by imposing separate

time-scales for these two processes. We can separate the translational and internal contributions
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to the velocity distribution function and write it as the product of these two terms:

fA _ftra 1nt (261)
3/2
gl — (A / A ¢, C (2.62)
A T\ oppr ) PP\ Togr AT A '

. aa,; exp <_1<BETA/i“t>

lAnit =na, P (263)
> aa,exp | — oy t
iet, kp T,

However, as stated earlier, in this work we are only concerned with internal energy non-
equilibrium. Therefore, at this point we will complete the integration over velocity space to deter-

mine the distribution of internal energy states within each group.
Fi, (Tmt - / fa, dea (2.64)

After this integration, we finally arrive at an expression for the distribution of states for the MGMEL

model:

. | 1 Ea,
Fi (Tlm) A _ | SLLLY 2.65
Ap QP (1) TSP T (2.65)

AP AP
where Fj f ( lrlt) denotes the distribution of energy states in group p for species A containing states

1, and QXB (T/‘gj) denotes the zeroth order moment of the partition function for group p. The m*™®

moment of the partition function for group p can be written:

Q0 (1) = 3 an, (Ba)"exp <_kf;;m> (2.66)
i€, Ap

In the MGMET model, the temperature within each bin, Tir;t, is assumed to be equal to the local

translational temperature, T'. This also eliminates the assumption that the internal energy is a

collisional invariant, requiring only the first three collisional invariants (mass, momentum, and total

energy). In this approach only the group number densities, na,, must be evaluated, while in the

MGMEL model, the group unknowns include both the group number densities as well as the group

internal temperatures (na,, Tmt) The next step to constructing the reduced order model is to use
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the Maxwell transfer equations, Eqgs. (2.29) and (2.30), to obtain macroscopic governing equations.

2.4.2 Macroscopic governing equations

In order to derive the continuum flow equations from the Maxwell transfer equations, Egs. (2.29)
and (2.30), the collisional invariants, denoted as tpa,, are defined. These collisional invariants

comprise the same quantities used to derive the velocity distribution function for the grouping

model: )
YK, = (ma)icz, per, Acs, k€S,
Ns+v
Ua " = (maca)ier, pea, acs, V=123,
i e e (2.67)
Ns+4 _ 1
Up, = (EmACA "CA T EAi)z‘eIp, peA, ACS”
Ns+4+1 _
¢Ai = (EAi)ieZp,peA, AeS> les

where N, denotes the total number of species and energy levels. The advantage of defining these
properties is that they satisfy the relation that for the “fast” processes, the collision operator for
these quantities is identically zero. Therefore, when you sum over the entire mixture, the collision
integrals disappear for these quantities. Using the vector of collisional invariants the continuum
flow equations can be derived. For the first N and last N collisional invariants (mass and internal
energy), the equations are derived by summing over energy levels within the group p. For the
middle two collisional invariants (momentum and total energy) these are summed over the entire
mixture. Therefore, for the MGMEL model we will retrieve conservation of mass and internal
energy equations for the groups, a conservation of momentum equation, and a conservation of total

energy equation.

Conservation of group mass

First, we use the first A collision invariants, ma, and sum over the energy levels contained in

group p in the Maxwell transfer equations to retrieve:

Z /mA8£?Z dca + Z Vi - /mAfAiCA dcp = Z /'mA <Q?{Z + Q}i + sz) dca  (2.68)
R3

i€Tpps i€T, i€Tp5s
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Next, we combine this expression and the definition of the group partial density, given by:

PA, = Z mA/fAi dcy = Z mana, = Z PA; (2.69)

i€y Ra i€, =
After some algebra, using the fact that elastic collisions do not affect the group population, and
realizing that the diffusion velocity is zero when the velocity distribution is Maxwellian, the group

conservation of mass equation reads:

a .
g/:p + Vi (pa,v) = > [ ma (QF, + QX)) dea (2.70)
i€y

The collision terms were described previously in Sec. 2.2.1.

Conservation of momentum

The conservation of momentum equations are retrieved by using the collision invariants maca, and

applying this to the mixture Maxwell Transfer equation, Eq. (2.30):

0
ST v (pv®Vv)+Vy- Z mafa,Ca ® cadea

ot AEeS
1€ETA
— Z /mAcA (lei + QY +Q§;) deca (2.71)

AeS
iEIARB

RS

Evaluating the flux integral with the velocity distribution function derived earlier yields:

Vi - Z Z mAfAZ-CA ® cpdcap = Vi - (pl) (2.72)
AeS iEIAR;g

where p denotes the gas pressure given by p = s Zpe A (nApkBT), and I denotes the second
order identity tensor. Using this definition, the general conservation of momentum equation can
be written:

opv

o FVx(pvev+ph) =0 (2.73)
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Conservation of total energy

The total energy is used to retrieve the conservation of energy equation from the mixture Maxwell

Transfer equation, Eq. (2.30). First, the gas molecular average property, pe is defined as:

1
pe = Z /fAi <2mACA'CA +EAZ~> dca

ACS
icT R?

1 1
= Z /fAi <2mACA ~Ca+gmav-v+ EAi> dca (2.74)

AeS

3
iGIAR

:petra+pekin+p€int (275)

where the translational, kinetic, and internal energy densities are defined as:

1 in _ 1 LY

petra — § / imAfAZvCA -Cpdey, pekln — 5pv -V, pelnt = nAiEAi (276)
AES s Acs
€T 1€TA

Using this definition, the conservation of total energy equation can be written:

0 1
ope + Vx - (pev) + Vx - Z /CAfAi <2mACA -cp EAi> dca

ot
AESEs
1E€ETA

1 .
= Z <2mACA ccA + EAZ-) (Qi + QN + foi> dea (2.77)

RS
We can re-write the flux term as:
1
Vx - Z /CAfAZ. <2mACA-CA+EAi) dca = Vx - (pv) (2.78)
AeS s
1€TA

Using the definition of the total enthalpy per unit volume, ph = pe + p, the final conservation of

energy equation reads:
0
7(;;6 + Vi - (phv) =0 (2.79)
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Conservation of group internal energy

Finally, to close the system of equations for the MGMEL model, the internal energy is applied to
the Maxwell transfer equation. First using the definition of group energy density specified earlier

and using Eq. (2.29) and summing over all states ¢ in group p, we obtain:

0 (HAPEXI;)

S+ Vo (nApEjg;v) +Vx- Y [ Cafa,Ea, dea

i€Tpgs
=> /EAi (QAl + QN + QA> dca (2.80)
i€Tpps
Using the velocity distribution function defined earlier and the property of the elastic collision
integral, the group conservation of energy equation reduces to:

0 (nApEjf;)

T + V- (nApEj;;fv) = Z /EA (QR + Q%) dea (2.81)

i€Tp
2.5 Hydrodynamic governing equations

The final set of governing equations for the MGMEL model comprises the group conservation of
mass equations, conservation of momentum, conservation of total energy, and conservation of group
energy equations. This amounts to (2Ngroup + 4) equations, where Ngroup is the number of groups

considered. The set of conservation equations reads:

pa,

g T Vo (pa,v) =dn, (2.82)
68,0: + Vx - (pv®@ v +pl) =0 (2.83)
% + Vy - (phv) =0 (2.84)
0 (na, E2Y)
P p int e
S+ Vi (ma, BRlv) =0, (2.85)

where the collisional terms are written simply as wa, and QAp for the mass and internal energy

source terms respectively.
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2.6 Collision source terms

In this section the collision terms in the group conservation of mass and energy equations will be

analyzed.

2.6.1 Mass source terms

The collision terms (right hand side) of the conservation of group mass equations account for the
effect of inelastic and reactive collisions. Let us denote the production terms due to collisions in

the conservation of mass equation as wa,:

Wa, =Wl 0l =D [ maQR dea+ > [ maQ¥, des (2.86)
i€Tpps i€Zpps

The first term, which accounts for the effect of inelastic collisions can be expanded in terms of the

partial collision operators:

wE, =D D) /// (BAkﬂBl fA T8, — faifs, )gUAk | dw’ dep dea (2.87)

€Ty (Bj,Ak,Bi) g2 p3'yR3
eciy

In anticipation of the form which this integral will take, we will re-write this term as a depleting
and replenishing term in terms of the group number densities. Further details on this procedure

will be presented in the next chapter.

Pq rsTVA,T'B, + qu rs"A, B, ) (2.88)
=2 22> (-

BeS geBreA seB

From this form, we can define the reaction rate coefficients, OquJ,S and Okpqus in terms of the

collision integrals:

OKpgrs = ! Z Z Z Z ma /// Ia.fB; gaA’“Bl dw’ dep dep (2.89)

na,n
Ap!Bq 1€Ty j€Ly ke, I€Ls 2% R3xR3

S DD D ma // BAkﬁBl fAkal oA dw depdes  (2.90)

n n
Arl'Bs (T JeT, kel, IeT, x2xR3xR3
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We will revisit these integrals in the next chapter and discuss how they are evaluated using the
QCT method.

The reactive scattering term comprises two components corresponding to the exchange reactions
and the combined dissociation-excitation reactions:

WY, = R+ Wi (2.91)

First we will discuss the exchange term. This term reads:
- exc __ exc
WA, = Z /RJ mAQAi dea (2.92)

=> ) ma / / / <ﬁ SHER) fckal fAifBj> 905" dw’ deg de (2.93)

i€y (Bjevgek)gg:)l P2 RIXR3

Similarly, we can re-write this term in terms of the reaction rate coefficients, K ApB,,C,D, and

07 .
Ka,B,,CD,:

Z Z Z Z (_ OKAPBqachsnApan + OKAqu,CTDSnCTnDS) (294)

(B,C,D) geBreC seD
[

where

OKA,BuCDy =——— D ) > > ma /// facfB,905 15" dw’ deg dea (2.95)

n
A"'Ba (€T, €T, keT, IeT. ol is g

OKA,B,,C,D, = Z Z Z Z ma // BC’“BDZ fckal Cle dw’dcgdcy  (2.96)

n
CrMD, i€Tp j€Ig kelrl€ls o p3 ><R3
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Finally, for the excitation-dissociation reaction, the mass source term reads:

=> / maQRYS dea (2.97)

€Ty,

= > ma /// (BCkﬁDlﬁBm 16, /.18, — fa, [ )gofi’“]?’B’" dw’ deg dea

i€y ( Bka,Dz,Bm 2RI RS
ecdis
Aj

(2.98)

Again, this can be re-written in terms of reaction rate coefficients OKAqu,CrDSBt and Of(Aqu,CTDSBt:

> 23> (-%Cas,cm.mma s, + “Cap,cop.Bme,mo,nE,) (2.99)

(B,C,D) geBreCseD teB
es

such that the group excitation-dissociation and excitation-recombination rates can be expressed:

0CA,ByCDB =——— 3 > ) ) > ma / / / IacfB,905 5P dw’ deg dea (2.100)

n
A"'Ba (€T, T, ke, leTomeT,  yoliis s

K ) DD DI D DI DR

nc.n n
Crl®Ds B 1T, jeT, keT, 1€, meT,

Z2XR3xR3
2.6.2 Energy source terms

In a similar fashion, we can express the energy source terms as the product of a coefficient and
group number densities or energies. For brevity the details will be skipped as the procedure is the
same as that for the mass source terms. Only the final expressions will be presented.

The inelastic scattering source term for the energy equation reads:

Qm Z Z Z Z Pq rsTVA, B, + qu,rsnArnBs) (2.102)

BES ¢eBreA seB
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where the energy transfer coefficients, IKPWS and lkpq,rs can be written:

Kpgrs = ——— > 3 Y Ej, /// faifo, 900! do’ dep dea

nA,. M
Ao ieT, €T, keT 1T yolnips

Kpgrs = Z Z Z Z E\, // gijgz IA, T899 A’“Bl dw’ deg dep

n
ArMBs (o7 €T, ke, leT, 2 s

The exchange energy source term reads:

. 15
QeAXC = Z Z Z Z KAqu:CrDsnApan + KAPBqVCTDSnCTnDS)

(B,C,D) ¢eBreC seD
€S

where 1KAqu7C7‘Ds and 1RAqu,CTDs denote the energy transfer coefficients, defined:

1KAqu,CTDS Z Z Z Z Ea, /// fAifngo-ngDjl dw’ deg deca

€Ly j€Ly k€L, l€T, P24 R3xR3

- Bc, B
B = DS S B[] 0 g o e
i Bj

n
Cr Dy 1€1p j€Lg k€L, IELs P2wR3XR3

Finally, the energy source term for the excitation-dissociation reaction reads:

5 di 1 1/~
= 2 220 2 (-'Casuopmnans, + 'Can,cp.mnc,n, ;)

(B,C,D) geBreCseD teB
ES

where 1CAqu,CrDSBt and 1C_'Aqu,CTDSBt denote the energy transfer coefficients defined as:

Caponn =SS NS S B[] St 0S8 ! den dea

na,.n
Ap''Bq 1€Lp j€Lg k€L, IELs mELy 2« R3xR3

'CA,B,,CoD.B, = Z Z Z Z Z Ey,

nc.n n
Cr®Ds By (o7 €T, keT, €T, meT,

// Bck/BDlBBm kafDl fB go, CleBm dw, dCB dCA

L2 xR3 xR3

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

(2.110)

In the next chapter, the procedure for evaluating the reaction rate coefficients and energy transfer

coefficients will be presented.
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2.7 Summary

In this chapter we present the MGME framework and use this approach in conjunction with the
Boltzmann equation to construct macroscopic governing equations. The MGME method subdivides
the energy space into groups containing energy levels which are linked by “fast” processes. Then, we
make use of the Boltzmann H-Theorem as well as the condition that the entropy production within
a group is identically zero to derive the distribution of energy levels within a group. The distribution
of energy states relies on the definition of collisional invariants. The collisional invariants used in
this work are defined by analyzing the time-scale of the various processes. We assume that processes
within a group are much faster than those among groups, and the energy jumps which thermalize the
distribution within a group are so small that the internal energy can be taken as the final collisional
invariant to close the system. Finally, we arrive at a two temperature distribution of levels within
a group. The corresponding governing equations for this approach comprise conservation of group
mass, conservation of momentum, conservation of total energy, and conservation of group energy.
In the next chapter, we will provide the link between the chemical source terms (collision integrals)

and the QCT method for calculating kinetic data for the MGME model.
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Chapter 3

Collision Theory

In this chapter we provide a link between collision terms in the governing equations derived in
the previous chapter and the QCT method for determining rate coefficients. The QCT method
is used to estimate the reaction rate coefficient or cross-section by simulating many collisions
between particles to determine the probability that a given reaction occurred. This probability
is related to the rate coefficient by averaging over the collision energy according to a Maxwellian
velocity distribution. The dynamics of the collision are assumed to occur classically; however the
particles are initialized by mapping discrete quantum states (vibrational and rotational quantum
states) to continuum variables (position and momenta). The outcome of each collision is analyzed
to determine the final “state” of the products of the reaction (e.g., excited state, dissociated
constituent atoms, etc.). After many collisions are simulated, the probability is calculated along
with an estimated statistical error. This chapter is organized as follows: Section 3.1 presents the
quantum description of the interaction between particles. Section 3.2 describes the QCT method
used to compute rate coefficients or cross-sections. Section 3.3 provides the link between the QCT

method with the MGME method described in Chapter 2. Finally, we summarize in Section 3.4.

3.1 Quantum description of molecule interactions

The interaction between particles can be described by means of the Schrodinger wave equation:
Hy(R,x) = E(R, 1) (3.1)

where (R, r) denotes the wave-function as a function of nuclear, R, and electron, r, coordinates,
FE denotes the total system energy, and H denotes the Hamiltonian operator which comprises the

nuclear kinetic energy (T, (R)), electronic kinetic energy (7. (r)), nuclear repulsive potential energy

41



(Van(R)), electron repulsive potential energy (Ve (r)), and the nuclear-electron attractive potential
energy (Ven(R, 1)):
H=Ty+T.+ Voo + Vee + Ven (3.2)

Let H denote the set of nuclei, and £ denote the set containing all electrons. The potential and

kinetic operators read:

. o,
L=— 3 v, (3:3)
TR
=Y e 3.4
e — 9. vrr
IeEQmI
~ 62 Z]ZJ
= 3.5
" i 2 2 TR - R 9
J>T
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= 3.6
ee 47 0§§|r1rﬂ ( )
J>I
V.. — 3.7
en 47T€0[;{%’ [—I‘J‘ ( )

where i = hp/(27) denotes the reduced Planck constant, m; denotes the mass of species I either
nucleus or electron, e denotes the magnitude of the elementary charge of an electron or proton, &g
denotes the permittivity of free space, and Z; denotes the atomic number of species I.

Because the wave-function is a function of all nuclear and electronic coordinates, the dimension-
ality rapidly makes this equation computationally intractable. As a result, solving the Schrédinger
equation for the wave-function even for simple systems is impossible (e.g., No-N interactions). Re-
alizing this, we must make some assumptions to render the Schrédinger equation computationally
tractable. First, we assume that relativistic effects are negligible. Second, we assume that both
the nuclei and electrons can be treated as point masses. Finally, we invoke the Born-Oppenheimer
approximation, which posits that the motion of the nuclei is much slower than that of the electrons.
This enables us to separate the Schrodinger equation into two parts: one describing the motion of
the nuclei (x(R)) and one describing the motion of the electrons with fixed nuclei (¢(r;R)), such

that the total wave-function is the product of these two, ¥(R,r) = x(R)¢(r;R). Therefore, we
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can write the electronic and nuclear parts of the Schrodinger equation separately:

[Te(r) + Vie(r) 4 Vou(r; R)} o(r;R) = E.(R)¢(r; R) (3.8)
[70(R) + Vin(R) + E.(R)| x(R) = Ex(R) (3.9)

When written in this form, we can see that the E.(R) term describes the electronic potential energy
as a function of nuclear distances. The summation of E¢(R) + Vin(R) describes the PES for the
system. The PES describes the potential energy of the collection of nuclei in a cloud of electrons
as a function of the nuclei positions. The spatial gradient of the PES provides the forces among
nuclei and is used in dynamics calculations for the nuclei such as the QCT method. Therefore, it
is necessary to calculate the PES at many geometric arrangements of the constituent atoms, and
fit the PES to a differential function. In general (for non-linear geometries), the PES (technically
a hypersurface) can be described by 3N — 6 coordinates, where N is the number of nuclei (e.g.,
3 coordinates for No-N, and 6 coordinates for N3-Ng). There has been significant work recently
to calculate the PES for several systems relevant to air chemistry (in particular for application to
chemistry in hypersonic flows) [74-84].

In this work, we apply the MGME-QCT method to the nitrogen systems, (No-N, and N2-Ny).
We consider nitrogen atoms and molecules in the ground electronic states, N(*S,) and Np(X'¥})
respectively. For both systems the PES used in this work is that developed at the NASA Ames
Research Center by the computational chemistry group [75,76,125]. For the nitrogen molecules,
there are 9390 rovibrational states, with vibrational quantum numbers v, and rotational quantum
numbers J. The maximum vibrational state is v = 60 and the maximum rotational state is
J = 273. The rovibrational states were determined using quantum mechanics calculations using
the Wentzel-Kramers-Brillouin (WKB) approximation [126] with a modified No(X'3}) potential
based on the work of Le Roy et al. [88,127]. The absolute index for the rovibrational state, 7, used
in the previous chapter is determined by sorting the energy levels according to increasing energy
such that ¢ = i(v, J). Of the 9390 levels, most have energy below the dissociation energy of 9.75eV,
referred to as the bound states. The remaining levels have energy above the dissociation energy,

but below the J-dependent centrifugal barrier, referred to as quasi-bound states, because they have

43



a finite lifetime for spontaneous dissociation by tunneling.

N (Xlzg)-N(“Su) PES. Early work on the development of a PES for the No-N system was
based on the empirical London-Eyring-Polanyi-Sato (LEPS) potential [128]. Following this, the first
ab initio PES for the Na-N system was developed by Wang et al. [74], and improved by Chaban et
al. [76]. There has also been work on the low lying excited electronic states and allotropes of the
No-N system [129-131]. However, in this work we will focus on the ground electronic state.

The PES used in this work for the Ny(X'S]) — N(*S,) system is described in Refs. [74,76].
It was constructed using 1344 geometry points calculated using the fifth order accurate triple
energies functional. Further details on the calculation and fitting of the PES can be found in
Refs. [38,74,76,126]. The resulting PES for the No(X'S}) — N(*S,) system is a function of
three parameters, corresponding to the three degrees of freedom understanding the PES does not
depend on the absolute location or angular momentum of the system of particles. This PES has
previously been used to construct a database of rovibrational StS rate coefficients and study the
non-equilibrium dissociation and energy transfer processes in a mixture of nitrogen atoms and

molecules [38, 75].

No(X'2$)-No(X'SF) PES. A review of previous work on the development of a PES for high
energy collisions between nitrogen molecules reveals that there are two ab initio PESs available for
this system: one developed by Jaffe et al. [76,125], and one developed by Paukku et al. [77,78]. A
comparison of these two PESs is presented in Ref. [132], demonstrating that the thermal dissociation
reaction rate coefficients obtained from both are similar.

In this work we use the PES developed by Jaffe et al. [76,125]. For these calculations, the
nuclear positions were divided into regions where both Ng(XlZg) molecules had bond lengths
near equilibrium, and where one or both NQ(XIE;F) molecules had a bond length far from equi-
librium. In the first group, where both molecules have bond lengths near equilibrium, electronic
structure calculations were performed using the closed-shell coupled-cluster-single-double method
(CCSD(T)) to parametrize the wave-function [133,134]. For this region, calculations were per-
formed for 3821 nuclear geometries. In the second region, where one or both bond lengths are far

from equilibrium, calculations were performed for 325 nuclear geometries using the multi-reference
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averaged-coupled-pair-function method [135]. Following the electronic structure calculations, we
must find an accurate analytical representation of the energy and forces on the grid of geometries
where the electronic structure calculations were performed. This representation results in a six-
dimensional hypersurface, depending on the six-degrees of freedom for this system of four particles.
This fitting represents the PES, and was performed based on the form developed by Schwenke [126].

Further details on the calculation of the PES can be found in Refs. [75,76,125].

3.2 Quasi-classical trajectory method

The QCT method can be used to simulate the dynamics of the nuclei under interatomic forces
determined by the PES. In this approach, instead of solving for the quantum description of the
nuclei, as specified in Eq. (3.9), we assume that the nuclear motion can be approximated using
classical mechanics. The QCT method relies on several assumptions. First, we assume that the
masses of the nuclei are significantly large that any wave-effects of the nuclei can be neglected.
Second, the results are more accurate when they are highly averaged such that the spread covered
by a representative wave packet will be sufficiently small. Third, the total energy of the reactants
should be sufficiently low relative to the energy barrier so that tunneling effects can be neglected.
Fourth, when calculating StS reaction probabilities, the QCT method will not yield correct proba-
bilities for processes that are classically forbidden unless a correction is applied in post-processing.
Finally, the QCT method cannot predict resonance features or other interference phenomena.

The QCT method first initializes the particles to quantum states (e.g., discrete rovibrational
states), mapping the quantum states to initial positions and momenta. Then, the trajectory is
obtained by solving Hamilton’s equations of motion for the nuclei. Finally, after the trajectory has
exceeded a certain number of time steps or distances between nuclei, the position and momenta of
the nuclei are mapped back to quantum states. At the end of the trajectory, because the motion
of the nuclei was estimated to occur classically, the quantum numbers (i.e., v and J) are now real
numbers, and must be truncated to integer values. At this point, if desired, selection rules on the
allowed transitions can be applied.

In the following subsections the steps in the QCT procedure will be presented. In this work,

we are using a modified version of the Vectorized Variable timestep Trajectory Code (VVTC) for
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the QCT calculations written by D. W. Schwenke [126].
First, let us consider the integral which the QCT method is used to compute. The integral
definition of the StS rate coefficient can be written as a function of the probability of that reaction

ALB; (

occurring for a given impact parameter b, P}’ AxBy
g g p p y 'A.B
eV

different from the probability density, WAZ-B]- ,
defined in Chapter 2). The impact parameter describes an offset between the projectile and target

as shown in Fig. 3.1. The resulting integral which is determined in the QCT method is:

(o] o0
1 pap \*? HAB
Kij kl = ; <27rkBT> / / / exp _2kBT92 27rbg?’Pﬁi’€BE;’ dwdbdyg (3.10)
£2 b=0g=0

where y is introduced here as a symmetry factor. When the colliding particles, A and B, are the
same, the symmetry factor is 2, otherwise it is 1. This ensures that collisions are not double counted;
there is further discussion of this in Vincenti and Kruger [16]. Equation (3.10) forms the basis for
the QCT method, and represents the ensemble averaged probability of a given reaction. The idea
behind the QCT method is to compute this integral using a Monte Carlo sampling approach, by
simulating many collisions between particles to calculate the probability that a given outcome was
achieved. To accomplish this, we need a model for the dynamics of the collisions. The QCT method
is so called because it assumes that the collision (i.e., the motion of the nuclei) occurs classically
but initializes the trajectory variables in a specific quantum state. An overview of the steps for the
QCT method will be presented in the following sections. Further details on this approach can be

found in in Refs. [86-88].
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Figure 3.1: Diagram of impact parameter (Credit: Wikipedia).
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3.2.1 Governing equations

The QCT method makes use of Hamilton’s equations of motion for the dynamics of the nuclei. In
this work, we are primarily concerned with solving for the kinetic data of two diatomic molecules
colliding. Therefore, the equations in this section and the subsequent sections will focus on the
QCT method applied to four-atom systems. However, the generalization to an arbitrary number
of atoms is straightforward. First, the Hamiltonian for the system in a space-fixed Cartesian
coordinate system can be written in terms of the twelve position coordinates x = {z;; i = 1,...,12}

and twelve momenta p = {p;; i = 1,...,12} for nuclei denoted A, B, C, and D respectively:

H(x,px) = T(px) + V(%) (3.11)

Where

3

_ 1 2 1 2 1 2 1 2

T(px) - z; <2mApxi + QmewiJrS + 2m0p$i+6 + QmDpxiJrg (3'12)
1=

In this coordinate system, Hamilton’s equations of motion read:

8$i o oOH . oT
ot Opz; B apzi7
. Op,,  OH OV
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(i=1,...,12) (3.13)

(i=1,...,12) (3.14)

However, it is advantageous to do a transformation of coordinates to the center of mass reference
frame. This allows for the elimination of three of the position and momenta, meaning we reduce the
number of partial differential equations to solve from 24 to 18. While it is possible to also invoke
conservation of total energy and angular momentum to further reduce the number of variables,
it is not advantageous because the resulting equations are significantly more complicated. We
denote the new vector of the positions as Q = {Q;; i = 1,...,9} and the vector of momenta as

P={P;i=1,...,9}. Further details on this procedure can be found in Refs. [88,126].

3.2.2 Initialization of trajectories

As discussed earlier, the quantization of energy states in the QCT method occurs in the initialization

of the position and momentum variables. In order to fully specify the system, there are a total
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of 18 parameters to initialize, corresponding to the 9 position and 9 momenta components. The
position these correspond to the vector between the two diatoms (i.e., a vector pointing from the
center of mass of one molecule to the center of mass of the other), and the vector connecting the
nuclei of each diatom (i.e., a vector pointing from one nuclei to the other corresponding to the

molecule). The parameters which determine the initial system comprise:

b the impact parameter

€ the polar angle between the centers-of-mass of A and B

R the distance between the centers-of-mass of A and B

A the relative velocity vector between the centers-of-mass of A and B

01, 02 the azimuthal orientation angle of the A and B internuclear axes respectively
o1, P2 the polar orientation angle of the A and B internuclear axes respectively

N1, N2 the orientation of the rotational momentum perpendicular to the internuclear

axes of molecules A and B respectively
|J1l, [J2| the magnitude of the rotational momentum of molecules A and B respectively
r1, T the internuclear distance between the nuclei of molecules A and B respectively

71, 7o the relative velocities between the nuclei of molecules A and B respectively

The position and velocity between the center-of-mass of the two molecules, described by (b, ¢,
R, V,¢), can be simplified without loss of generality by placing the centers-of-mass of the colliding
partners in the same plane, and aligning the relative velocity vector along an axis. Therefore,
the relative speed, given by g, can be sampled from a Maxwellian distribution. The particles
are initialized sufficiently far away from each other such that they feel no forces due to the other
body. Finally, shifting to this polar coordinate system in the center-of-mass frame is advantageous
because above a certain impact parameter, denoted by byax, interactions are extremely unlikely to
occur. The impact parameter is sampled using a stratified sampling method below the maximum
impact parameter. The 12 coordinates that specify the internal positions of each molecule must be
related to the initial rovibrational states. Therefore, the variables (1, |J1|,71,71) can be related

to the vibrational and rotational quantum numbers, (v1,.J;), and the vibrational phase, &;, for
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molecule 1, and likewise for molecule 2. All these parameter are sampled from the appropriate
distribution (e.g., the group distribution for the states within a group) using a random number
generator. Further details on the stratified sampling approach can be found in many references
such as Truhlar and Muckerman. [86] Further details on the sampling of all other parameters can

be found in Refs. [87,88,126].

3.2.3 Calculation of final states

After the collision is completed, determined either by exceeding a time condition or distance between
nuclei, the outcome of the collision is analyzed. This is first accomplished by sorting the bond
lengths among the four nuclei. If two of the nuclei are within a certain threshold of bond length,
the momenta and position of these nuclei are mapped back to quantum states. However, because the
collision was calculated under the assumption of classical motion, the states are not quantized and
the quantum numbers are real values. If the molecule after collision is found to have internal angular

we can calculate the rotational quantum number from this using the definition of

L1 (13N
r_ = T r
J==5+| "5 (3.15)

The final vibrational quantum number, v is assigned from the action integral:

r+
Jy = <1~)/+;>h13:2/{2,u

r—

momentum J’.,

angular momentum:

R+ 122"
Evg—WN—-——F 75— ] } dr (3.16)
2ur

where f1 is the reduced mass of the molecule being analyzed, J, is the vibrational action, F, ; is the
total energy of the molecule, VNN is the diatomic potential energy for the molecule, and r is the
internuclear distance, which is integrated for one period. With both a vibrational and rotational
quantum number calculated, (7, J ), we now need to round these to the nearest integer value.
At this point we also take the opportunity to ensure that quantum selection rules are obeyed.
Therefore, if the final molecule is made up the same nuclei as before the collision (i.e., it was
an excitation reaction, not exchange), the rotational quantum number is rounded to the nearest
integer of the same parity as the initial quantum number.

If the internuclear distance for one pair of atoms exceeds some threshold value, the molecule

49



is considered dissociated. If all the atoms exceed this distance among each other, both molecules

have dissociated.

3.2.4 Calculation of cross-section

When considering the expression for the rate coefficient, Eq. (3.10), the QCT calculates the proba-
bility Pﬁ ’“BBJZ. The outcome of a single collision is a Boolean function, as each trajectory has either
resulted in this specific transition or has not. Therefore this probability is simply the number
of times the desired outcome was achieved, Nﬁﬁfj ! divided by the total number of trajectories

originating from the given initial state, Na,p,. The final integral we are evaluating can then be

written:

P14+ s 2T P2+

o) T T T 1T T

p1— m=0 02=0 ¢2=0 r2=p2— m2=

X exp { ]2 bQSPAkBl (9,b,01,02, 01, h2,71,72,01,12)

2kT

x dbdg [Sln@ ] [ ] doy [Gi(r15v1, J1)] dr [;ﬂ] dm

y [ smeg] { ] Ao [Gia(r: va, Jo)] drs [ ! ] dny (3.17)

where the functions G1(ri;vi1,J1) and Ga(rg;ve, J2) depend on the diatomic potential. All the

parameters in this integral are sampled from the appropriate distribution as described earlier.
The statistical error on the probability is easy to estimate because it is simply a function of

the number of times our desired outcome was achieved and the number of samples. One standard

deviation is therefore:
1/2

2
ApBy ApBy

ArB
AP\ = (3.18)

We will use this quantity to calculate the statistical error in our calculated rates.
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3.2.5 Connection between QCT and kinetic theory

Recall the definition of the mass source term for inelastic scattering collisions derived in Chapter 2

as a function of the differential cross-section:

1 Ba,. BB
—p, = > /// ( k ’fAkal fafs, ) goi; Bl dw’ deg dea (3.19)
ma

Bg7Ak7Bz)gsz3xR3
In this case we are assuming nothing about the internal state distribution of the states ¢ and j,

only considering the translational distribution function for the species. If we wish to re-write this

expression in terms of elementary rate coefficients, x;; 1 and kg ;; such that:

1 .
m—AwAi: Z (—/‘%’j,klnAinBj+’ikl7z‘jnAknBl) (3.20)
(Bj,Ak,B1)
eCa

we can define this rate coefficient, x;; 11 as the rate of removal of state ¢ due to this specific chemical
process. Later we will re-visit this integral to understand how to do this for our groups described
earlier and how to obtain the reverse rate (ki ;) in a consistent manner. However, we can write this
elementary rate coefficient in the integral form by plugging in the Maxwellian velocity distribution
for fa, and fg;, transforming to center of mass coordinates, and integrating out the center of mass

velocity contribution:

o)
1‘77 -
2nkgT
X TKB D oo
PAsz

We can relate this differential cross-section to the probability that a given reaction occurred, P,’ B, >

/ exp | — HAB g302\’€]§’ dw’ dwdg (3.21)
2kpT
9=0

" as used in the previous chapter) through the impact parameter,

(not probability density, W/ikB%
b. The relationship between the scattered solid angle and the impact parameter exists because for
a given final solid angle, dw’, the trajectory must have originated in some impact parameter ring

corresponding to 2wbdb. Therefore, we can relate the differential cross section to this probability:

N dw’ = 2mb P db (3.22)
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Finally, using this relationship in the definition of the microscopic rate coefficient, we arrive at the

same integral the QCT method is used to solve:

1 ([ pas 5/2 3 pAxB
ikl = — 21 27bg Py 4o ’d dbd 2
ikl X <27rkBT> / / /exp 2k T @ g (3.23)

Z2b=0g=

In the next section we will demonstrate how to link the MGME model with the QCT method by

sampling initial states from the appropriate group distribution.

3.3 Multi-group maximum entropy quasi-classical trajectory

method

In this section, we present the link between the MGME and QCT methods by using the distribution
function derived in Chapter 2. This comprises expressing the collision integrals (the right hand side)
of the conservation of group mass and group energy equations in terms of the parameters sampled
in QCT. First we analyze the mass source terms. The production terms in the conservation of
mass equations can be split into an inelastic part and a reactive part. If we recall in the previous
chapter, we split the mass source terms into a rate coefficient and the product of the reactants or
products for the replenishing and depleting terms respectively. The rate coefficients for inelastic

processes read:

0
Kpgrs =

DIDIDIPIEN /// faife,900ts" do’ dep dea (3.24)

1€Ly j€ELy k€L, I€L, P24 R3xR3

OKPQJ“S = Z Z Z Z mA // 6AkﬁBl fAkaz AkBl dw’ dcg dep (3.25)

n
ArMBs (o7 ieT, ke, IeT, zQX]RSX]RS

nAPan

Making use of the distribution function derived earlier, we can transform to center of mass coordi-
nates, include the symmetry factor (x =1+ 46 A,B,, Where 0a g, is the Kronecker-Delta function),

and integrate out the center of mass velocity to yield the following expression for the forward rate
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coefficient:

0
KPQ:TS -

LY TS s ()
2wkgT

i€l j€Lq k€L I€Ts

HAB o ARB; 2
/// exp <_2kBTg >g AkB’g dg dw’ dw (3.26)

ZL2xR3xR3

nA,MB, X

Making use of the relationship between the cross-section and the transition probability computed
through QCT calculations, we arrive at an expression which resembles the integral which the QCT

method calculates:

Ex, Ep;
aAl‘ exXp | — kBTXIt a’Bj eXp | — kg Tint
P q

Kogrs =322 D)

0 in 1n
i i | QT QY (i)
3/2 % %
x ma  FAB ////exp — FAB 2 ) gPamb Py db dg dw (3.27)
X 27TkBT QkBT
g=0b=0 2

The advantage of expressing the rate coefficient like this is that the form is nearly identical to the
quantity which the QCT method computes. The primary difference is now we are sampling initial
rovibrational states from group distributions at independent temperatures. We can carry out the
same procedure for the reverse rate. However, we would like to express the reverse rate coeflicient
in terms of a grouped forward rate to aid in constructing a self-consistent model as well as to
help down the line when we want to write recombination rates without simulating recombination
trajectories. To do this, we use the conservation of momentum and energy expressions for the

collisions along with the principle of micro-reversibility. After some algebra, we can write the
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reverse rate coefficient as:
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The advantage of writing the reverse rate coefficient this way is not immediately obvious until
we realize that the initial states are now sampled from a thermal distribution at the translational
temperature and from this we can obtain the reverse rate coefficient by weighting the contribution
to the rate by a factor related to the final state and three temperatures, T, Tirf, and Tgf. Therefore,
we can obtain both forward and reverse rate coefficients through trajectories in only one direction.
The expressions for the exchange reactions are very similar and are included in Appendix C.
Taking the same approach for the combined excitation-dissociation and combined excitation-
recombination reactions, we can re-cast them in a form which we will solve using the QCT method.

The dissociation and recombination rate coeflicients read:

1
°Ca,B,.c,D.B, = > maL / / / fafe905 5 " do’ degdea  (3.29)

nA,"B
1 i€, (ijck»DlaBm) "2 % R3 xR3
ecgs

_ 1
0
CAqu’CTDSBt _n n Z Z ma=
Cr 1D 1By €Ty (ijck,EZaBm) X
eC '_S

/ / ﬁckﬁw POLDBn 1 £, 90 S5 P dw dep dea (3.30)
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First, if we plug in the distribution for the groups derived in the previous chapter for the dissociation

rate coefficient, complete the change of variables, and integrate out the center-of-mass velocity, we
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arrive at the following expression for the dissociation rate coefficient:
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Using the same procedure as for the excitation reaction, we can write the recombination rate

coefficient in terms of the probability of dissociation:
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Moreover, if we assume that we are not interested in the internal structure of the constituent
particles C and D (as would be the case if they are both atoms and we do not consider electronic

excitation), and consider them to be in thermal equilibrium with the translational mode, this
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expression simplifies to:
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The advantage to this form of the rate coefficient is that the initial states for QCT calculations
can be sampled from a thermal distribution where the group internal temperatures are identically
the translational temperature. The exponential factors for the final states can be applied in the
post-processing of the trajectories by tracking these factors. This framework can be used for the
energy transfer coefficients as well. Further details on the expressions for all these processes can
be found in Appendix C. In addition, Appendix D includes the expressions used to calculate the
statistical error on the rate coefficients and energy transfer coefficients.

Finally, if the group internal temperatures are taken to be equal to the translational tempera-

ture, the detailed balance relationships for the MGMET model can be derived:
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These expressions demonstrate that when the translational and group temperatures are the same,
the detailed balance condition holds at a group level, and reverse rate coefficients can easily be
obtained from forward rate coefficients. This can be used in the MGMET model, bypassing the
need to compute the reverse rate coefficients through sampling. However, this procedure is essential

to close the MGMEL model.

3.4 Summary

In this chapter we present the general procedure for computing kinetic data for the MGME model
described in Chapter 2. First, the quantum description of the dynamics of a collision is shown, and
the definition of the PES is presented. The PES used in this work for both the Ny(X'%}) — N(*S,)
and Np(X'E}) — Np(X'E}) systems are those of Jaffe et al. [75,76]. Next, the QCT procedure
is presented, which is used to compute rate coefficients or cross-sections by computing transition
probabilities through sampling. Finally, this procedure is coupled with the MGME model by first
linking the calculation of forward rate coefficients with the QCT method. Finally, by invoking the
principle of micro-reversibility, we can derive expressions for reverse rate coefficients in terms of
forward rate coefficients along with weighting terms. This allows for the construction of the full

MGMEL model without the need to compute recombination trajectories.
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Chapter 4

Heat Bath Study of Energy Transfer

and Dissociation in Nitrogen
(MGMET-QCT)

In this chapter, the results of the MGMET model will be presented. This corresponds to a model
which assumes that each group is in thermal equilibrium with the translational mode. Using
this approach, we compare two grouping schemes for nitrogen molecules for studying the physics
of excitation and dissociation in a zero-dimensional heat bath. The heat bath simulation is a
simplification of the full set of conservation equation described in Chapter 2 in which we shift to the
Lagrangian frame, assuming that there is no bulk velocity, and that the temperature and density
of the box remain constant. Therefore, the necessary conservation equations comprise only the
conservation of group mass equations, and we only consider the temporal variation in composition
due to chemical reactions. The first grouping scheme is a conventional approach in which groups
contain all rotational states of a given vibrational state. This is identical to a vibrational StS
approach in which the rotational mode is assumed to instantly thermalize with the translational
mode. This yields 61 groups, corresponding to the 61 vibrational levels of the No molecule. The
second approach is a simple energy based binning approach in which energy states near in energy
are lumped together. We use 60 bins for this approach, to yield a similar computational cost
to the vibrational binning model. Comparing these two grouping strategies, it will be shown
that the grouping scheme has a large impact on the results, and an adequate grouping strategy
requires a fundamental understanding of the underlying physics. In this chapter, we compare the
energy transfer and dissociation behavior of an isothermal and isochoric reactor. The molecules
are initially cold, and the temperature of the box is instantaneously raised to force the system into
strong non-equilibrium. In Section 4.1 the simulation set up is presented, including the simplified
governing equations. Section 4.2 presents an analysis of the non-equilibrium distributions during
the energy transfer and dissociation processes. Section 4.3 presents an analysis of the dissociation

process. Section 4.4 presents an analysis of the energy transfer process. Section 4.5 presents a
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comparison of macroscopic observables (e.g., global dissociation rate, vibrational relaxation time)
with existing experimental and computational data. Section 4.6 presents a discussion of the results,
and Section 4.7 presents a summary. This chapter is reproduced from Ref. [116], with the permission

of AIP Publishing.

4.1 Simulation set-up

In this section, we present the details of the zero-dimensional study. This includes the methods for

energy level grouping, the simplified governing equations, and the initial conditions for the study.

4.1.1 Energy level grouping
Uniform width energy based grouping

In the uniform width energy based grouping strategy, the energy levels of the No molecule are first
split into bound and quasi-bound (or pre-dissociated) states. Then, given a number of bound and
quasi-bound groups, denoted by Np and Ngp respectively, the energy width of the bins can be
determined by:

2EN E1§2 —2FN

AFp=—, AFEpp= —%2%2—— 4.1
B NB 5 QB ( )

Where AEp and AEgp denote the energy width of the bound and quasi-bound bins respectively,
Ex represents the formation energy of atomic nitrogen, and EIQQ represents the energy of the rovi-
brational state of Ny with the largest energy. A schematic of the energy based grouping strategy
is shown in Fig. 4.1a, considering only three energy bins. In this schematic, the different colors de-
note different vibrational states, which in the energy based grouping strategy are lumped together.
In this chapter, the energy based grouping method will be applied to the NQ(XlZg‘) - NQ(Xlzg‘)
system using 60 bins (40 of bound states, and 20 of quasi-bound or pre-dissociated states). The
resulting bin widths are AEp = 0.24eV and AFgp =0.26¢eV.

Vibrational based grouping

Vibrational based grouping instead considers the vibrational quantum numbers when constructing

the groups. In this approach, all the rotational states which share a vibrational quantum number
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Figure 4.1: Schematic of binning strategies.

are grouped together. A schematic of this grouping strategy is shown in Fig. 4.1b for three example
vibrational states, where the red states belong to v = 0, the blue states belong to v = 1, and the
green states belong to v = 2. The resulting bins contain states which span the entire energy
spectrum (e.g., the v = 0 bin will contain states with all possible rotational quantum numbers and

thus a wide range of energies).

4.1.2 Governing equations

The governing equations for the zero-dimensional study comprise the conservation of mass equa-
tions for the groups, as well as a conservation of mass equation for the atoms. In this chapter,
only NQ(XIEg) - Ng(XlEg) reactions are considered; these comprise excitation or de-excitation,
combined excitation-dissociation or combined excitation-recombination, and double dissociation or
four body recombination. In this chapter, we also include the four-body dissociation-recombination
reactions and use the detailed balance relation at a group level. The reaction rate coefficients are
only evaluated at thermal equilibrium with the translational mode. From here on, we will denote
the number density of the group p of N3 as n, because it is the only species we consider groups for.
Likewise, the formation energy of group p and state ¢ and the degeneracy of state ¢ for NQ(XIEg)

will be written as E,, Fj;, and a; respectively. The internal partition functions will be written
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as QZ(,O) (T') for group p. Furthermore, in the reaction rate coefficients we will drop the species
identifiers, writing only indices for the groups. Moreover, because exchange type reactions and
excitation reactions for the Ng(Xlﬁg) — Ny (XIEg) system are indistinguishable, we will sum these
two processes and write a single excitation reaction rate coefficient for these two. That is to say

that the following expressions will be used for the rates:

0 0 0~ 0/~
CAPBQ7CTDSBt = Cpq,r7 CAquachth = Cp‘]ﬂ’

Finally, we denote the set of groups for the No molecule as Z. Therefore, the conservation equations

for this system read:
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We make use of the Konig solver along with the Max-Entropy library for thermodynamics written
by Alessandro Munafo to solve the conservation equations for this system.

For the MGMET-QCT model, trajectory calculations were carried out by starting in every
possible pair of groups, and sampling the translational energy at four temperatures: 10000 K,
13000K, 20000 K, and 25000 K. The maximum impact parameter was taken to be 7.41A based
on previous work by Valentini et al [100], and 160 000 trajectories were simulated per pair of initial
groups. Details on the convergence of the rates can be found in Appendix E. The reaction rate
coefficients for the excitation processes are taken from exothermic trajectories which were found to

have significantly smaller statistical error.
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4.1.3 Reactor conditions

An isochoric reactor model is used to study the non-equilibrium dissociation process of nitrogen
modeled using the MGMET-QCT method. In all the simulations the gas is initially composed of
cold nitrogen molecules, populated according to a Boltzmann distribution at 77 = 300K with a
density of 1.2 kg/m3 corresponding to a pressure of 1atm. Under these assumptions, the initial

population of the groups is given by:

3(0) E
@ @ew (—gx)

nN, > QYN(T) exp <_k§%1>

pEL

(4.4)

where ny, denotes the total number density of nitrogen molecules given by ny, = ZpGI np, AE? is
the energy of state 7 relative to the formation energy of group p such that E; = E,+AE?, Ty is the
initial internal temperature, and QP(T ) is the partition function of a group relative to the group
formation energy: Q,(DO) (T) = Ziezp a;exp (—AE?/(kgT)). At the beginning of the simulation, the
translational temperature of the reactor is instantaneously raised and held constant, driving the gas
out of equilibrium. Four different translational temperatures are considered: 10000 K, 13000 K,

20000 K, and 25000 K.

4.2 Analysis of non-equilibrium population distribution

4.2.1 Uniform width energy based grouping

At the beginning of the simulation, only the low-lying energy groups are significantly populated,
given the initial values of T7. With time, the random motion of molecules brings about collisions,
thus enabling the transfer of kinetic energy into internal energy. Figure 4.2a shows the distribution
of energy groups at various times in the 10 000 K reactor simulation. Early in the relaxation process,
t = 10710 s, the distribution is still significantly colder than the final equilibrium distribution,
indicating that the gas is still in the midst of the relaxation process. This phase is completed at
about t = 107 s. Between t = 1078 s and t = 1077 s, the distribution is frozen, indicating that the
gas has reached the quasi-steady-state (QSS) distribution, during which time the distribution of

states is unchanged due to a balance between excitation and dissociation processes. After t = 107
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Figure 4.2: Bin distribution for isochoric reactor simulation at T = 10000 K with 60 energy
groups.

s, the high energy groups are replenished through recombination, and the gas approaches the final
equilibrium distribution after ¢t ~ 107 s. Figure 4.2b shows the time evolution of the population
for a subset of the groups. In this figure, the different phases of the thermochemical relaxation can
be clearly observed along with the plateau in the population densities which represent the QSS

state of the gas.

4.2.2 Vibrational based grouping

Figure 4.3a shows the distribution of vibrational groups at various times in the 10000 K reactor
simulation. Because of the difference in grouping strategies, the distribution looks very different
from the energy binned results. Early in the relaxation process, ¢ < 1079 s, the low energy
vibrational states (E, < 1.5 eV) appear nearly frozen at a colder temperature than the higher
energy states. This bi-modal distribution persists until the QSS state is reached at t = 1077 s. The
QSS state is clearly observable in Fig. 4.3b, which shows a narrow plateau in the population of
the high vibrational energy level populations around this time. As observed for the other grouping
strategy, the distribution shows significant deviation from equilibrium. It is important to note that
the initial energy transfer process predicted by the vibrational based grouping model is significantly

slower than the one predicted by the energy based grouping method.
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Figure 4.3: Bin distribution for isochoric reactor simulation at 7' = 10000 K with 61 vibrational
specific groups.

To better illustrate the differences between the two grouping strategies on the microscopic level,
the reconstructed distributions are shown in Fig. 4.4 at two different times in the 10000 K reactor.
Figure 4.4a shows the distribution during the relaxation process, at ¢t = 1.173 x 10710 5. At this
instant, the total internal energy contained in the molecules is the same; however, due to different
assumptions in the grouping strategy, the rovibrational distributions are very different. Since the
energy based grouping assumes equilibrium over a small range of energies (i.e., each energy bin
is only 0.25 €V in width), the distribution is mostly continuous across the energy spectrum, with
each bin approximating only a reduced number of levels in a narrow energy range. In contrast, the
vibrational binning strategy assumes equilibrium at 10000 K among all rotational states within a
given vibrational state. This results in the strand like structure observed in Fig. 4.4a.

Figure 4.4b shows the reconstructed distribution of states during the dissociation process for
both grouping strategies. In both groupings, the distribution of low energy states is very similar,
and approaches equilibrium. However, nearing the dissociation energy (9.75 eV), the distribution
predicted by the energy binning strategy deviates from the Boltzmann distribution. The population
predicted by the vibrational grouping model is more complicated. The high-lying vibrational levels
contain a reduced number of rotational levels, and therefore will capture the depopulation of the

high-lying rovibrational states. On the contrary the low-lying vibrational levels contain a large
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Figure 4.4: Reconstructed distribution of states from energy and vibrational binning models at
10000 K.

number of rotational levels characterized by large rotational quantum number. These levels are
forced to be in equilibrium with the low-lying rovibrational states by the averaging procedure, thus
creating an artificial overpopulation in the tail of the distribution.

The two models provide a very different representation of rovibrational relaxation. The vibra-
tional grouping appears adequate for the description of the low-lying vibrational level, characterized
by a small rotational quantum number, where the mode separation is clearly significant. On the
contrary, the energy binning strategy seems more adequate for the description of the relaxation of
the high-lying states characterized by low vibrational quantum numbers and high rotational energy

content.

4.3 Dissociation

The mole fraction of atomic nitrogen predicted by both grouping strategies at various temperatures
is shown in Fig. 4.5. At 25000 K, the two grouping strategies predict similar dissociation rates, even
if the onset of dissociation occurs significantly earlier with the vibrational specific model. As the
temperature decreases, the two grouping strategies diverge. At 10000 K, the energy based groups
predict faster dissociation, with a shorter incubation period. The discrepancy between the two

grouping models is due to the treatment of the rotational energy mode. In the vibrational grouping
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Figure 4.5: N mole fraction as a function of time using energy-based grouping (solid lines) and
vibrational-based grouping (symbols) at various temperatures.

model, the rotational levels are assumed to be populated according to a Boltzmann distribution at
the translational temperature. This assumption hinders dissociation at low temperature, because
it artificially imposes equilibrium between low and high energy states (e.g., (v,J) = (0,0) and
(v,J) = (0,270)), which is clearly incorrect. On the contrary, the energy based grouping is able
to capture the non-equilibrium between high and low-lying rotational levels, since they belong to
different groups.

The importance of the high energy states for predicting dissociation is highlighted in Fig. 4.6.
This shows the fraction of molecules which dissociate from a given group when the molecules are

in the QSS condition, given by:

>0 Oqu,rnp

qeL rel

N > 2 > "Kpgrny

peEL qeLrel

Pdiss(Ep) (4.5)

where p and ¢ are the groups of the dissociating and exciting molecules respectively, and Pg;ss(E)p)
is the probability that a molecule in group p dissociates. Figure 4.6a presents the results obtained
with the energy based grouping model. The distribution clearly shows that molecules climb nearly
to the dissociation energy before dissociating. This effect is more pronounced at low temperatures,
where there is less energy available in the translational mode to facilitate dissociation from the

lower energy groups. Thus, the importance of the quasi-bound states increases with decreasing
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Figure 4.6: Fraction of molecules dissociating during the QSS region from each group.

temperature. Table 4.1 gives the percent of dissociation occurring from quasi-bound states as
predicted by the model. At low temperatures, nearly 50% of the dissociation occurs from quasi-
bound states, highlighting their importance for the prediction of the dissociation process. This
conclusion is similar to that reached by Bender et al. [79] for the Np(X'E}) — No(X!'S) system
who observed up to 58% of dissociation events come from trajectories with at least one quasi-bound

molecule, as well as Panesi et al. for the No(X'S}) — N(*S,) system [38].

Table 4.1: Percent of dissociation from quasi-bound states in energy based grouping model.

Temperature Dissociation from QB Aediss /Aediss  Aediss / Aedliss

vib
10000 K 46.9 % 60.1 % 39.9 %
13000 K 45.0 % 59.0 % 41.0 %
20000 K 40.8 % 572 % 42.8 %
25000K 38.6 % 56.4 % 43.6 %

The vibrational grouping method, shown in Fig. 4.6b, predicts very different behavior. At
10000 K, the molecules generally climb to higher vibrational states (between 7 — 8 eV) before
dissociating, as predicted by the ladder climbing model. However, at 25000 K, the molecules are
much more likely to dissociate from low energy vibrational states (between 1 —4 eV). This behavior
can be explained as follows: at high temperatures, the low vibrational states are rotationally

excited (given the assumption of rotational equilibrium), and the high lying rotational states are
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Figure 4.7: Fraction of rotational and vibrational energy lost in dissociation events by the
molecules during QSS region from each group at 10000 K.

therefore significantly populated, thus significantly contributing to dissociation. In other words,
the dissociation energy of a molecule decreases as J increases. However at low temperatures, the
Boltzmann weighting favors the lower lying rotational energy levels, characterized by significantly
lower dissociation probability, thus hindering dissociation from the high-lying rotational states of
a given group.

To gain more insight on the relative contribution of rotational and vibrational energy to disso-
ciation, Fig. 4.7 shows the fraction of energy lost by the two modes during dissociation at 10000 K,

normalized by the total internal energy lost, given by:

. rot .
A diss [Z nlEi PdZSS(Ep) Aediss A diss
Crot,p i€lp vibp €rot,p (4 6)
diss ’ diss — & di :
Aci o Acls Aci
> | X mi (B[ + BY) Paiss(Ep)
pel |i€Z,

where Aefioifp and Aeg}ffp denote respectively the energy lost in dissociation from the rotational and

vibrational modes of group p, Aedi$* denotes the total energy lost during dissociation, and Ert and
E;’ib denote respectively the rotational and vibrational energy of state 7. It is interesting to observe
that the energy based bins predict a similar contribution between rotation and vibration, with the

latter contributing slightly more. The percentage of energy lost from each mode in the energy
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Figure 4.8: Quasi-steady-state group distribution for various temperatures; symbols indicate the
QSS distribution and lines indicate the equilibrium distribution at the QSS temperature.

based grouping model is also summarized in Table 4.1, highlighting that at high temperature the
energy loss from each mode becomes comparable. In contrast, the vibrational grouping provides a
completely different picture: the contribution of rotation does not exceed 10% of the total internal
energy lost. In other words, as a result of the assumptions made, the importance of rotation on
the kinetics is downplayed at low temperatures in the vibrational-based averaging. The work of
Bender et al. [79] obtained similar results to what is observed in the vibrational grouping method,
which finds that the rotational energy contribution to dissociation is significantly smaller than
the vibrational contribution. However, this may be an artifact of the assumptions made in the
model (e.g. rotation and vibrational modes are decoupled, thermal equilibrium of translational
and rotational modes).

The group distribution during QSS for the energy and vibrational based bins is shown in
Fig. 4.8 for various temperatures. In both cases, significant departures from the QSS temperature
Boltzmann distributions are observed. The low energy groups appear to be close to equilibrium,
whereas the distribution of the high energy tail appears significantly depopulated. The behavior of
the distribution is consistent with the dissociation probability functions discussed above. The high
energy molecules, more likely to dissociate, are responsible for the departures of the distribution
from equilibrium.

Figure 4.9 shows the local dissociation rate profiles during the relaxation. These have been
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Figure 4.9: N-Ns local dissociation rate computed from energy-based groups (solid lines) and
vibrational-based groups (symbols).

calculated from the production rate of atomic nitrogen as follows:

1 1 dny
KP=(=]|— | — 4.
() (o) i @

The rate profiles are monotonically increasing in the early stage of the relaxation for both models,
until the onset of the QSS distribution, responsible for the formation of a plateau in the profiles.
A comparison of the nitrogen concentration profiles and the dissociation rates shows that, across
a range of conditions analyzed, the entire dissociation process proceeds under QSS conditions for
the No-No processes. This was not the case for the No-N system, where a significant part of the
dissociation occurred in non-QSS conditions [38]. The comparison of the rate profiles obtained
with the two different grouping strategies shows that the QSS dissociation rate predicted at low
temperatures by the vibrational grouping is approximately half that predicted by the energy based
grouping. Moreover, the onset of the QSS region is significantly delayed for the vibrational grouping
model. This indicates that not only is the dissociation process different between the two groupings,
but also the energy transfer process has significant differences. As the temperature increases, the
vibrational grouping QSS dissociation rate overshoots the rate predicted by the energy groups.
This is due to the over-population of high energy rovibrational states in the vibrational grouping

model discussed earlier.
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Figure 4.10: Internal energy of Ny molecules as a function of time from energy (solid lines) and
vibrational (symbols) grouping.

4.4 Energy transfer

The internal energy of the molecules, shown in Fig. 4.10, can be computed as:

Yo niE;

1€L

>

1€l

Einy = (4.8)
The energy based grouping starts with very low internal energy, and excites quickly to the QSS
state, by 1078 s at all temperatures. At the low temperatures, the total internal energy of the
molecules is the same as the thermal internal energy, indicating that the QSS distribution is not
much different from the thermal Boltzmann distribution. This is not surprising since most of
the energy is contained in the low energy states, whose population is close to equilibrium at low
temperatures, and the high energy states do not significantly contribute to the internal energy
content. At higher temperatures, the QSS state has significantly lower internal energy from the
final equilibrium value, indicating the presence of stronger non-equilibrium effects.

The vibrational specific bins exhibit very different behavior throughout the relaxation process.
Despite the initial excess of internal energy, due to the assumption of equilibrium among rotation
and translation, the vibrational grouping model predicts significantly slower relaxation across the
range of temperatures, if compared with the energy based model.

Further insights on the energy transfer processes can be obtained by computing the second order
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Figure 4.11: Second order moment at various times at 10000 K.

moment of the transition rates for both models. To this aim, the master equation is expressed as a
diffusion or Fokker-Planck type equation [2,11], for which the dynamics of relaxation is controlled
by the diffusion coefficients, expressed as a function of the second order moment of the transition

rates. The expression of the second order moment for the group p is:

M) =35> (p-r?* K(pr) (4.9)

rel

where K (p,r) is the effective rate of energy relaxation from group p to group r:

K(p,r)=> > Fy ' Kpgurs (4.10)
s€T qeT
where F; = "anz denotes the fraction of particles in group gq.

Figure 4.11a shows the second order moment for the energy based bins formulation at 10 000 K.
Initially, the moment exhibits a monotonically increasing behavior with the bin energy. At later
times, however, the efficiency of the first few groups increases creating a shallow bottleneck be-
tween 1 and 2 eV. At high energies the dependence of the moment on the group energy is nearly
exponential and appears to be unchanged during the relaxation.

Figure 4.11b shows the second order moment for the vibrational bins at 10000 K. In general,

the moments are several orders of magnitude smaller across the entire energy spectrum. In partic-
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ular below 4 eV the coefficients are extremely small. This explains the formation of the bimodal
distribution shown in Fig. 4.3a and in general the slow vibrational relaxation observed in Fig. 4.10.
It is important to stress that, contrary to what is observed by other researchers, the vibrational
relaxation does not exhibit a bottleneck [136]. This is due to the effect of rotation, that provides

additional channels to vibrational processes, hence enhancing the relaxation.
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Figure 4.12: Excitation contours from a pair of fixed groups with energy and vibrational bins at
10000 K.

Figure 4.12 shows the excitation rates contour plots, as a function of the energies of the products,
for given pairs of initial groups. The analysis was repeated for the energy and vibrational grouping

models. To facilitate the comparison between the models, we selected reactant groups with similar
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energy. In both cases, the energy of the second reactant was increased to analyze the behavior of
the rates for the lower and the upper part of the distribution.

The contours for the energy based grouping, shown in Figs. 4.12a and 4.12¢, exhibit a maximum
corresponding to the “elastic” processes in which neither of the groups change. The magnitude
of the rates decays exponentially for increasing energies of the products. The behavior is nearly
isotropic, indicating that both reactants have equal probability of being excited. It is interesting
to note that all the possible energy transfer reactions follow this behavior, and it is possible to fit
the rates with a unique exponential function with three parameters (A, o,7), based on the work of

Barker et al. [137]:

.
0
Kpgrs = Aexp

(4.11)

(2

} ' VB, ~ E) +(E,~ B,

In Figs. 4.12b and 4.12d, the reaction rate coefficients for the vibrational energy groups exhibit
a different behavior. At low energies, the VT energy transfer processes are very inefficient compared
with the high energy states. This is consistent with the results shown in Fig. 4.11b. In contrast,
due to the anharmonicity of the vibrational states, multi-quantum jumps are very probable for the
high lying vibrational energy levels (Fig. 4.12d). This justifies the establishment of a multimodal
distribution in the early part of the relaxation. Moreover, at low energies, VV transfer appears

very efficient, thus favoring the thermalization of the distribution.

4.5 Comparison against experimental data

Previous sections focused on the analysis of the dynamics of dissociation and energy transfer ob-
tained with the two different grouping strategies. In order to assess the validity of each model, the
results obtained are now compared against the available experimental data. Two different observ-
ables are used: phenomenological dissociation rate coefficient, and an energy transfer relaxation
time.

The thermal and QSS dissociation rate coefficients predicted by both the grouping models are
compared against experimental data in Fig. 4.13. The numerical values of the rate coefficients as a

function of temperature can be found in Table 4.2. The thermal dissociation rate coefficient, shown
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in Fig. 4.13a, is computed by assuming an equilibrium distribution between all the groups:

K? =222 "Kus (Q’(’O)(T)> <Q‘(10)(T)> 220 K (Q’(’O)(T)> (Q‘(’O)(T)> (4.12)

e QWM ) \QWm) &5 QW) ) \ QW (1)

Although in excellent agreement with the work of Jaffe et al. [138], and Bender et al. [79], both
predictions grossly overestimate the experimental rates from Appleton et al. [139] and Kewley and
Hornung [140]. This is not surprising, since the population of the high-lying energy levels for both
models was found to strongly deviate from equilibrium.

The QSS dissociation rates obtained from the plateau in Fig. 4.9 are shown in Fig. 4.13b for
both models and are more consistent with the experimental data. In particular, the energy based
groups show excellent agreement with the Appleton [139] data across the range of experimental
conditions. The vibrational specific grouping predicts a lower rate coefficient at low temperatures
(e.g, 10000K), and the slope of the rate does not agree with the experimental fit. At higher
temperatures, both grouping strategies predict similar rate coefficients. The Kewley and Hor-
nung data [140] predict a significantly different temperature dependence, inconsistent with what
was predicted by the MGMET-QCT method, demonstrated by the different slope in the data in
Fig. 4.13. It is the author’s opinion, based on preliminary analysis, that the discrepancy in the
Kewley and Hornung data compared with the MGMET-QCT method is due to the non-equilibrium
model adopted by the experimentalists to interpret the experimental data (not shown). Additional
experimental data, not included in the figure, have been used in the comparison. Hanson and
Baganoff [141] predict the same temperature dependence as Kewley and Hornung, but their rates
are significantly higher than all other experimental results. Park [5] reinterpreted the experimental
data of Appleton, by including non-equilibrium effects in the post-processing. As a result, the Park
dissociation rate coefficient appears larger than the original value given by Appleton; however, the
temperature dependence is similar.

The vibrational relaxation time, 7,7 was computed using the e-folding method (the time re-
quired for the mode to reach 63.2% of its steady state energy) from the vibrational bins. The vi-
brational relaxation time is shown in Fig. 4.14, compared with the Millikan-White correlation, [17]

and high-temperature correlations developed by Park [7] and Boyd and Josyula [142]. At low
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Table 4.2: Dissociation rate coefficients in cm?/s.

Thermal equilibrium QSS
Temperature  Energy bins  Vibrational bins | Energy bins  Vibrational bins
10000 K 8.6844 x 10714 8.6693 x 104 | 3.5509 x 10~14  2.0462 x 10714
13000K 1.0397 x 10712 1.0376 x 10712 | 3.4085 x 10713 2.2250 x 1013
20000 K 1.7563 x 1071 1.7552 x 10! | 3.9152 x 10712  3.7318 x 1012
25000 K 4.7894 x 1071 4.7800 x 10~ | 9.3343 x 10712 1.1089 x 10~

temperatures, the vibrational relaxation matches well with the Millikan-White correlation. The
high-temperature corrections to Millikan-White match well at high temperatures with the vibra-

tional binning data.
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Figure 4.14: Vibrational relaxation time computed with Millikan-White [17], high temperature
corrections [7,142], and experimental data from Appleton and Steinberg. [143]

4.6 Discussion

The results have clearly shown how the choice of grouping strategy has a profound impact on
the characteristics of the thermochemical relaxation. The two grouping strategies adopted in
this chapter are based on two fundamentally different assumptions: the vibrational grouping is
constructed on the assumption of rigid separation between the rotational and vibrational energy
modes, while the energy based grouping, by lumping the levels independently of their vibrational
and rotational characteristics, assumes exactly the opposite. Each of the governing assumptions
has its merits: the separation of modes was clearly demonstrated experimentally and theoretically
for the low lying energy levels. This justifies the use of a vibrational based grouping strategy. On
the contrary the high energy states exhibit much stronger rovibrational coupling, which implies

that energy based binning provides a more accurate description of their behavior.

Dissociation. The energy based grouping model predicts that molecules must climb to high
energy rovibrational levels before dissociating, and that a significant amount of energy lost in
dissociation comes from rotationally excited molecules. By dissecting the energy ladder into narrow
rovibrational energy groups, the contribution of vibrational and rotational energy to dissociation

can be separated without introducing significant artificial bias. The energy grouping model predicts
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nearly equal contribution of rotational and vibrational energy to dissociation. This is not the case
for the vibrational grouping method, which strongly underpredicts the role of rotation. Moreover,
the narrow width of the energy bins (0.25 eV) limits the negative influence of the assumption of
thermal equilibrium between translation and the group internal temperature.

In contrast, the vibrational binning strategy assumes equilibrium among rotational states across
a wide range of energy, especially for the low vibrational energy groups (e.g., v = 0 spans nearly 15
eV). As a result of the averaging process the importance of dissociation from the high energy states
is overwhelmed by the improbability of the low energy states dissociating. The weakness of the
vibrational grouping strategy originates from the fact that low and high energy states are governed
by different kinetics. To accurately predict the non-equilibrium distribution of rovibrational states,

those states with similar rates should be grouped together (or averaged together) [115].

Energy transfer. The energy transfer process predicted by the energy level grouping was very
fast across the range of temperatures. Because states with very different quantum configurations
are lumped together in this approach, the mode separation known to exist for low energy states
during relaxation, is not captured. This problem is not present in the vibrational based grouping
because the differences in the dynamics of slow and fast processes (i.e., vibrational and rotational
relaxation respectively) are correctly captured. Since internal energy relaxation and dissociation
do not overlap in the thermochemical relaxation process at this condition, errors in the modeling

of the relaxation are unlikely to affect the dynamics of dissociation.

4.7 Summary

In this chapter, we present the MGMET model for diatom-diatom interactions applied to the
Ng(Xlﬁg) — Ng(XlEg) system. The energy states are lumped together into groups containing
states with similar properties, and the distribution of states within each of these groups is pre-
scribed by a Boltzmann distribution at the local translational temperature. The required grouped
kinetic properties are obtained directly by the MGMET-QCT method. Two grouping strategies are
considered: energy-based grouping, in which states of similar internal energy are lumped together,

and vibrational grouping, in which states with the same vibrational quantum number are grouped
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together. A zero-dimensional chemical reactor simulation, in which the molecules are instanta-
neously heated, forcing the system into strong non-equilibrium, is used to study the differences
between the two grouping strategies. The comparison of the numerical results against available
experimental data demonstrates that the energy-based grouping is more suitable to capture dissoci-
ation, while the energy transfer process is better described with a vibrational grouping scheme. The
dissociation process is found to be strongly dependent on the behavior of the high energy states,
which contribute up to 50% of the dissociating molecules. Furthermore, up to 40% of the energy
required to dissociate the molecules comes from the rotational mode, underscoring the importance
of accounting for this mode when constructing non-equilibrium kinetic models. In contrast, the
relaxation process is governed primarily by low energy states, which exhibit significantly slower
transitions in the vibrational binning model due to the prevalence of mode separation in these

states.
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Chapter 5

Validation of MGMEL-QCT Model
using No-N System

In this chapter, results of the MGMEL-QCT model are presented. In this approach, the group
internal temperatures are allowed to vary, and we must make use of detailed balance relationships
derived for the group which depend on the energy of the states in the groups as well as the tem-
perature in the group. In order to test whether this approach accurately reproduces the expected
grouped kinetic properties (such as those computed by grouping microscopic StS kinetic data), a
kinetic model was constructed using this approach for the No(X! ¥ - N(*S,) system. The results
are compared with the grouped StS kinetic data for validation. This chapter is organized as follows:
in Section 5.1 the set-up for the MGMEL-QCT model is presented for the No (XlEg) —N(*S,) sys-
tem. In Section 5.2 the kinetic data computed using the MGMEL-QCT method is presented and
compared with that obtained using the StS approach. Section 5.3 makes use of the kinetic data ob-
tained using the MGMEL-QCT method in a zero-dimensional heat bath study. Finally, Section 5.4
summarizes the chapter. This chapter is reproduced from Ref. [118], with the permission of AIP
Publishing.

5.1 Simulation set-up

The StS data used to validate the MGMEL-QCT method is based on the NASA Ames PES for
the NQ(XIEQ) — N(%S,) system, using only exothermic trajectories (these are characterized by
lower statistical error). The kinetic data for the 9390 rovibrational levels of NQ(XlEg‘) comprises
approximately 13 million excitation reaction rate coefficients. Further details on the StS kinetic
data can be found in Ref. [38]. Because we only consider Ny in the MGMEL-QCT model, we can

write reaction rate coefficients and energy transfer coefficients in terms of only group indices: ™K,

mK,

rps "Cp, and ™C), for excitation, de-excitation, dissociation, and recombination respectively.
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Finally, because the MGMEL-QCT model only requires kinetic data in one direction by relating
forward and reverse reactions through detailed balance, the MGMEL-QCT for excitation can be
constructed using either only exothermic or only endothermic trajectory data.

The results will make use of a simple energy based grouping scheme using either 60 or 6 groups,
which are denoted by MGMEL-QCT(60) and MGMEL-QCT(6) respectively. The trajectory data
was calculated for the MGMEL-QCT(60) model using 192,000 trajectories from each initial group
(p) at translational temperature 7' = 10000 K and group internal temperatures of T;,nt = (2000K,
5000 K, 10000 K). The kinetic data for the MGMEL-QCT(6) model was retrieved by re-grouping
the kinetic data for the MGMEL-QCT(60) model with the appropriate weighting. It is important
to note that as a result of this re-grouping procedure the statistical error associated with the kinetic
data for the MGMEL-QCT(6) model will be significantly lower: we are effectively using a stratified
sampling method with ten times as many samples as the MGMEL-QCT(60) model. Details on this
can be found in Appendix F.

As in the previous chapter, because we are only interested in studying a zero-dimensional
isochoric and isothermal reactor, the conservation equations can be simplified down to comprise

the group conservation of mass and energy equations:

dn _ .
ditp = Z (- OK, npnn + OKp,rnrnN) + (- 0C,nyny + OCpn%,) ) p € No, (5.1)
rel
d _
% =2 Z (“Cpnpnn — °Cpndy) (5.2)
peEL
de _ -
ditp = Z (— 1Kp,rnpnN + 1Kp,rn,~nN) + (— 1C’pnpnN + 1Cpn§’v) , p e Ny (5.3)
rel

Note that the atoms do not require a conservation of energy equation because they have no internal

structure and do not have an internal temperature.

5.2 Grouped kinetic data

Figure 5.1 shows the forward energy transfer coeflicients for the excitation reaction for the MGMEL-
QCT(60) and MGMEL-QCT(6) models from a fixed initial group (p = 15 for MGMEL-QCT(60)
and p = 2 for MGMEL-QCT(6)). For both the MGMEL-QCT(6) and MGMEL-QCT(60) models,
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the rate has been shown for molecules with similar initial energy. For the MGMEL-QCT(60) model
(Fig. 5.1a) the rates computed from exothermic trajectories are in excellent agreement with the
rates computed from the StS data. Moreover, the statistical error associated with the exothermic
rate data is generally very low (the mean error for all energy transfer coefficients computed using
exothermic trajectory data is 8.8%). In contrast, the rate data computed using endothermic trajec-
tories matches well for data in which the energy change is less than approximately 3eV. However,
the higher energy jumps exhibit large errors (the mean error for all energy transfer coefficients
computed using endothermic trajectory data is 31.7%). The errors associated with the sampling
are greatly reduced when the number of groups is reduced, though this may be a combination of
both the reduced number of groups and the increased number of trajectories per group (now ef-
fectively 1,920,000 per group, using a stratified sampling scheme). In the MGMEL-QCT(6) model
(Fig. 5.1b), although there is not endothermic MGMEL-QCT data available for the 2 — 6 tran-
sition, the statistical error with all other rates is significantly lower than the MGMEL-QCT(60)
model. In this case the mean statistical error associated with the forward energy transfer coefficients

is 1.5% and 14.1% for the exothermic and endothermic MGMEL-QCT models respectively.
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Figure 5.1: Grouped energy transfer coefficients for excitation reaction (1K),,) at T = 10000 K
and T;Dnt = 5000 K; error bars denote one standard deviation.

Figure 5.2 shows the dissociation and recombination energy transfer rates for the MGMEL-
QCT(60) model. Similar to what was observed for the excitation reaction, the energy transfer

coefficients for high energy jumps (e.g., dissociation from groups below around 4 eV) exhibit high
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statistical error. Despite this fact, Fig. 5.2b highlights the key advantage to this framework: reac-
tion rate coefficients and energy transfer coefficients for the recombination process can be computed.
Because the recombination rates are obtained from dissociating trajectories through detailed bal-
ance, there are two key advantages: first, this ensures that detailed balance is obeyed, ensuring
that the system will reach equilibrium given enough time; second, recombination rates and energy
transfer coefficients can be obtained from dissociating trajectories, eliminating the need to run
recombination trajectories (an impossible task due to the number of pathways for recombination).
Because the recombination energy transfer coefficients are obtained from dissociation trajectories,

the error of the recombination rates mirrors that observed for the dissociation rates.
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Figure 5.2: Grouped energy transfer coefficients for dissociation reaction for MGMEL-QCT(60)
from group p, Nao(p) + N = 3N at T = 10000 K and T;Dnt = 5000 K; error bars denote one standard
deviation.

Figure 5.3 shows the variation of the excitation forward energy transfer coefficient for the
MGMEL-QCT(6) model from group 2 to group 3 with the group internal and translational tem-
peratures. This was computed by grouping the StS data to enable calculation at many internal
temperatures. The variation of the rate with translational temperature is quite strong, as expected.
However, the internal temperature also has a significant impact on the rates, particularly at high
translational temperatures. The inset shows the variation of the coefficient due to internal temper-
ature at T'= 10000 K from the MGMEL-QCT models and the grouped StS as well as the variation

at T = 20000K from the grouped StS data. This demonstrates the importance of calculating
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Figure 5.3: Excitation energy transfer coefficients for MGMEL-QCT(6) from group 2 to group 3 at
varying translational and group internal temperature. Inset: variation of energy transfer coefficient
on bin internal temperature at 10000 K for grouped StS (solid line), exothermic MGMEL-QCT
(circles), and endothermic MGMEL-QCT (triangles) and at 20 000 K for grouped StS (broken line).

kinetic data at various internal and translational temperatures, as the impact of both parameters

on the kinetic data is significant.

5.3 Zero-dimensional heat bath

In order to assess the accuracy of the three approaches to computing the kinetic data on the
resulting non-equilibrium distribution, a simple test case of a zero-dimensional isothermal and
isochoric reactor was simulated. Initially, the gas is at 2000 K with a density of p = 0.0164 kg/m?
and mole fractions of Ny and N of Xy, = 0.95 and Xy = 0.05 respectively. The gas is then
instantaneously heated to 10000 K, and equations (5.1), (5.2), and (5.3) are solved for the transient
state of the gas using the MGMEL-QCT(6) model. This is done using the grouped StS rates, the
exothermic MGMEL-QCT model, and the endothermic MGMEL-QCT model. Figure 5.4 shows
the resulting composition (mole fraction of atomic nitrogen) and internal energy of molecules as a
function of time during the excitation and dissociation processes. Initially the internal energy of the

molecules is low, corresponding to an internal temperature of 2000 K. After some incubation time,
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Figure 5.4: Global properties for MGMEL-QCT(6) heat bath at T = 10000 K.

the molecules begin to excite, with the internal energy reaching a maximum. Then, the dissociation
process takes over, and the energy of contained in the molecules drops as they dissociate, and the
mole fraction of atomic nitrogen increases. Finally, the system reaches a final equilibrium state in
which most of the molecular nitrogen has dissociated. In the global properties, all three approaches
agree well, with the composition and molecular internal energy matching perfectly among the three
models. Moreover, this demonstrates the fact that the system will reach a final equilibrium state due
to the application of detailed balance to derive reverse reaction rate and energy transfer coefficients.

However, the primary advantage of the MGMEL-QCT model is that it allows for the non-
equilibrium state distribution to be retrieved from the global bin properties. Figure 5.5 shows one
example of a non-equilibrium distribution early in the energy transfer process. The first two groups
are frozen at the initial internal temperature, and both the endothermic and exothermic MGMEL-
QCT models capture this behavior. For the higher groups, particularly groups 4-6, the endothermic
MGMEL-QCT model fails to capture the distribution predicted by the grouped StS data. This is
due to the high error associated with the kinetic data for the endothermic MGMEL-QCT model.
However, the excellent agreement between the exothermic MGMEL-QCT model and the grouped
StS data demonstrate the applicability of the MGMEL-QCT model constructed using exothermic
trajectory data in a self consistent manner. Moreover, despite calculations at only three internal

temperatures, by fitting the internal temperature dependence to a second order polynomial in log
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Figure 5.5: Distribution of states at ¢t = 7.94 x 10714 s for MGMEL-QCT(6) model.

space, detailed balance is satisfied, and the system is driven to equilibrium, as it should. Details

on how the internal temperature dependence was fitted can be found in Appendix G.

5.4 Summary

In this chapter, we present the MGMEL-QCT framework and apply it to the No(X'¥]) — N(*S,)
system for validation. Because the Ng(XlEg) — N(#S,) system has known StS kinetics, it can be
used as a benchmark on which to compare the model constructed directly from QCT. This com-
parison demonstrates the applicability of the MGMEL-QCT method and shows that the approach
of applying detailed balance at a microscopic level reproduces the expected grouped kinetic data as
predicted by applying the analytical grouping expressions to the rovibrational StS kinetic data. It
is shown that the model constructed using endothermic trajectories for excitation processes is less
accurate due to the poor statistical sampling. However, the model constructed using exothermic

trajectories was in excellent agreement with the grouped StS rates.
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Chapter 6

Validation of MGMET-QCT Method
with DMS Method

In the following sections, a comparison between the MGMET-QCT model (the same as presented
in Chapter 4) and the DMS method will be presented [117]. The DMS method was developed
at the University of Minnesota and is a technique for directly determining the transient non-
equilibrium behavior of a gas. It is similar to the DSMC method for modeling flows, but instead
of relying on pre-computed data for kinetics, trajectory calculations are performed within the
simulation [99-101, 144-147]. The only input to the DMS method is the PES; therefore, the
DMS method can be used as a benchmark solution on which to evaluate other models. We will
compare the results of the MGMET-QCT model from Chapter 4 with the DMS method in a
similar zero-dimensional heat bath study. In Section 6.1 we present the simulation set-up and a
brief description of the DMS method. In Section 6.2, a comparison between the microscopic and
macroscopic properties during dissociation is made. In Section 6.3, a similar comparison is made
for the energy transfer process. Finally, in Section 6.4, a discussion of the primary findings of this
comparison is presented, and in Section 6.5 a summary of the chapter is presented. This chapter

is reproduced from Ref. [117], with the permission of AIP Publishing.

6.1 Simulation set-up

To facilitate a meaningful comparison, both methods (DMS and MGMET-QCT) used the same
NASA Ames PES and only considered collisions between two molecules, excluding atom-molecule
(No(X'Sf) — N(*Sy)) interactions. Initially, the gas is composed of only molecules with a density
of 1.28 kg/m3, an internal temperature of 2000 K, and a corresponding pressure of 760.137 kPa.
The temperature is then instantaneously heated to 10000 K or 25000 K, and the non-equilibrium

energy transfer and dissociation processes are studied. The same two grouping strategies as those
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presented in Chapter 4 are used (60 energy based groups and 61 vibrational groups), and the

governing equations and kinetic data used are the same.

6.1.1 Direct molecular simulation method

Details on the DMS method can be found in Refs. [99-101]. Like the DSMC method, a fraction
of the actual gas particles are simulated, with each particle representing a larger population of
nearly identical physical particles. The ratio of the actual particles to the number of simulated
particles is called the particle weight, W,,. The simulation uses a time step on the order of the
mean collision time (7.) and cell volumes on the order of the mean collision path (\;). In this
study, the particle weight is set to 1, and the time step is set to one one-hundredth of the mean
collision time (Atpys = 7./100). For the T = 10000 K simulation, 6x10* molecules are used at
t =0, and for T = 25000K, 10° molecules are used at t = 0. Because the simulation is performed

in zero-dimensions, the volume is set such that the density in the box is 1.28 kg/m3.

6.2 Dissociation

Figure 6.1 shows the mole fraction of atomic nitrogen as a function of time at 10000 K. The DMS
prediction is well matched by the MGMET-QCT energy based grouping model. The vibrational
specific MGMET-QCT model predicts significantly slower dissociation which stems from the in-
accurate treatment of high energy states in this model: the vibrational grouping enforces mode
separation across the entire energy spectrum. However, this effect is expected to breakdown for the
high energy states, due to the rovibrational coupling of high energy states. Moreover, because all
rotational states within a vibrational group are in equilibrium at a common rotational temperature
(Tyot = T), the quasi-bound states are lumped with bound states, despite the distinct differences
in the kinetics that characterize the dissociation process from these internal states (e.g., the state
(v,J) = (0,0) is very unlikely to dissociate, while (v,J) = (0,273) is extremely likely to dissoci-
ate). The discrepancy between the vibrational based grouping and the DMS data highlights the
importance of considering the rotational state for predicting dissociation. This effect is amplified
at 10000 K because molecules are more likely to climb to quasi-bound states before dissociating at

lower temperatures [116]. In addition, because the DMS method cannot simulate recombination
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reactions, it can reach the QSS distribution, but not the equilibrium composition. The energy
based MGMET-QCT method is included without recombination reactions. Until 1076 seconds,
the effect of recombination is negligible; however, after this the MGMET-QCT results demonstrate

the effect of recombination in forcing the system to equilibrium.
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Figure 6.1: Mole fraction of atomic nitrogen as a function of time at 10000 K.

The distribution function predicted by both methods can be compared both during the energy
transfer and dissociation process. It was found that at the conditions studied, the dissociation
process occurs when the distribution is in QSS, meaning that the relative distribution of states
(or groups) is not changing in time. The resulting QSS distribution predicted by the energy
based MGMET-QCT method is shown in Fig. 6.2a at 10000 K. The DMS data is grouped using
the same grouping strategy for comparison with the energy binning strategy, and averaged over
several time-steps. The QSS distribution of groups predicted by the energy based MGMET-QCT
method is in excellent agreement with that predicted by the DMS method. At the dissociation
energy, 9.75 eV, the distribution of groups turns down, indicating that the quasi-bound states are
significantly depleted in QSS. At 10000 K using the energy based MGMET-QCT method, only
0.006% of the molecules are in the quasi-bound states (blue squares in Fig. 6.2a), while at 25000 K
the quasi-bound states are over 100 times more populated, with 0.7% of the molecules in quasi-
bound states (blue squares in Fig. 6.3b). Figure 6.2b shows the vibrational distribution predicted

by the MGMET-QCT method. Despite the differences in the dissociation rate observed by the mole
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fraction of atomic nitrogen (Fig. 5.4a), the vibrational energy distribution deviates only slightly
from the DMS data. This suggests that the overall dissociation rate is quite sensitive to the energy
state populations, and that the rotational energy distribution (not shown explicitly in Fig. 6.2)

may play a role.
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Figure 6.2: QSS distributions from MGMET-QCT method at 10000 K.

In order to compare the two grouping strategies directly, the state specific distribution was
reconstructed with the vibrational based MGMET-QCT method, and regrouped according to the
energy bins. This maps the vibrational based MGMET-QCT data to the energy based MGMET-
QCT data for comparison, and is shown in Fig. 6.3 at both temperatures. In both cases, the
quasi-bound groups are over-populated in the vibrational binned MGMET-QCT method compared
to the DMS data. This stems from the assumption of equilibrium of all rotational states within a
vibrational state made in this model. Despite the agreement between the vibrational distributions,
capturing the rovibrational distribution is necessary for an accurate prediction of the dissociation
process.

The QSS dissociation rate predicted from the MGMET-QCT and DMS methods is shown in
Fig. 6.4 at various temperatures. At 10000 K, the QSS dissociation rate predicted by the vibrational
specific MGMET-QCT model is significantly slower than that predicted by both the energy based
MGMET-QCT and DMS methods. This is due to the improper lumping of quasi-bound states
with bound states in this approach, which hinders dissociation, particularly at lower temperatures.

Across the entire range of temperatures, the energy binned MGMET-QCT method is in excellent
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Figure 6.3: QSS distributions from energy binned MGMET-QCT and vibrational bins regrouped
as energy binned MGMET-QCT.

Table 6.1: Arrhenius fit coefficients for QSS dissociation rates from MGMET-QCT and DMS
methods.

A [em? /5] U E K]
MGMET-QCT (vibrational bins) 2.41 x 107 —0.54 1.132 x 10°
MGMET-QCT (energy bins)  7.09 x 107 —1.35 1.132 x 10°
DMS 1.25 x 107*  —1.17 1.132 x 10°

agreement with the DMS data. In contrast, at 25000 K the vibrational specific model overshoots
the dissociation rate predicted by the DMS data. Due to the excellent agreement across the entire
range of temperatures, the energy bins can accurately capture the dissociation process in QSS
regardless of temperature. Table 6.1 give the coefficients for the modified Arrhenius fits to the data
computed by the MGMET-QCT and DMS methods. The modified Arrhenius form is given by:

Ey

Kass = ATT] exp <—T> (61)

where A, n, and E4 are the coefficients given in Table 6.1, and the units of K]c?gss are cm?/s.

In order to understand the relative importance of energy states for dissociation, the distribution
of dissociating molecules in QSS was computed. For the DMS method, this is computed by counting
the molecules which dissociate at each time step and taking an average over several time-steps in

the QSS region to obtain the distribution of molecules dissociating from various energies. For the
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Figure 6.4: QSS dissociation rate [138].

MGMET-QCT model, this was done by weighting the dissociation rate from each group with the
distribution of groups in QSS (Eq. (4.5)). This comparison is shown in Fig. 6.5 for the energy
based MGMET-QCT and in Fig. 6.6 for the vibrational based MGMET-QCT. In the energy based
MGMET-QCT method, the trend matches with the DMS results, showing that molecules climb to
high energy states before dissociating, with the highest probability of dissociation occurring at the
dissociation energy. However, the actual peak and width of the distribution is not well matched. In
Fig. 6.6, the vibrational MGMET-QCT method distribution of dissociating molecules matches well
at 10000 K despite the overall dissociation rate being significantly slower than that predicted by
the DMS method. At higher temperatures, the vibrational distribution of dissociating molecules
deviates significantly from the DMS results, with significant dissociation occurring from the low
vibrational states predicted by the MGMET-QCT method. The high proportion of dissociation
from low vibrational states in the MGMET-QCT method is most likely caused by the increased
weight of the high rotational states at the higher temperature. Therefore, the states which are
highly probable to dissociate now hold higher weight from the Boltzmann factor, contributing to
increased total dissociation rate from the low vibrational states.

To quantify the contribution to dissociation from each mode, the fraction of energy lost from
each group in the energy binned approach from the rotational and vibrational modes (calculated

using Eq. (4.6)) is shown in Fig. 6.7 at T = 10000K. The qualitative agreement between the
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Figure 6.6: Distribution of dissociating molecules in DMS versus vibrational based MGMET-QCT
during QSS.

MGMET-QCT and DMS results is good, with both approaches losing a significant amount of
energy from the rotational mode. The DMS results predict that 34% of the energy for dissociation
comes from the rotational mode, while MGMET-QCT predicts 40%. The DMS results show a
distinct bump in the rotational energy contribution at the dissociation energy. This occurs because
quasi-bound states are primarily low-v/high-J states with a significant amount of rotational energy.
Therefore, the contribution of the rotational energy to dissociation from the quasi-bound states

overshoots the vibrational contribution for high energy states.
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Figure 6.7: Fraction of rotational and vibrational energy lost by the molecules during the QSS
region from each group at T = 10000 K.

6.3 Energy transfer

The energy transfer process serves to excite the internal states of the molecule until they have
enough energy for dissociation to take over. Therefore, understanding the time scale in which
energy transfer occurs is necessary to accurately predict the onset of dissociation. Moreover, the
Np(X'EF) —No(X'SH) energy transfer process is very important for air chemistry because in many
situations of interest there are initially very few atoms present. The internal energy, as calculated by
Eq. (4.8), at both temperatures predicted by the DMS method, energy based, and vibrational based
MGMET-QCT models is shown in Fig. 6.8. At 10000 K, the internal energy relaxation predicted
by the energy based MGMET-QCT model is significantly faster than both the DMS method and
vibrational specific MGMET-QCT model. The vibrational specific MGMET-QCT method starts
with higher internal energy because the rotational mode is already excited; however, the energy of
the molecules does not increase until 10~ seconds, indicating that the molecules are not gaining
significant energy from the translational mode until that point. When the vibrational excitation
starts, corresponding to the second increase in internal energy in the DMS method, the vibrational
MGMET-QCT method matches well with the DMS data. Similarly, at 25 000 K, the internal energy
relaxation predicted by the energy based MGMET-QCT model is significantly faster than the DMS
method. Again, the vibrational MGMET-QCT model starts with higher internal energy. At the

higher temperature, the distinction between rotational and vibrational excitation is not present,
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indicating that the two excitation processes are more closely coupled at this temperature. In both
cases, the internal energy at the final time, corresponding to the QSS energy, differs by less than

5% due to differences in the rotational and vibrational energy in the QSS region.
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Figure 6.8: Total internal energy predicted from DMS versus energy and vibrational based
MGMET-QCT.

In addition to the total internal energy, the rotational and vibrational temperatures predicted
from the DMS and vibrational based MGMET-QCT model were computed. For the vibrational
MGMET-QCT model, the rotational temperature is assumed to be frozen at the translational
temperature. The temperatures for both cases are shown in Fig. 6.9. The vibrational specific
MGMET-QCT model matches very well with the vibrational temperature predicted by the DMS
method. However, this is helped by the assumption of equilibrium between the rotational and
translational temperatures. If this assumption were relaxed, the vibrational relaxation time pre-
dicted by the vibrational specific model would most likely become slower because the rotational
mode would need to become excited first. Moreover, the assumption of equilibrium between rota-
tion and translation is seen to breakdown particularly at higher temperatures, where the rotational
temperature predicted by the DMS method only reaches 21 200 K.

Figure 6.10a shows the energy based MGMET-QCT group distribution during the relaxation
process at 25000K. The group distribution is significantly different from the DMS data as it ap-
pears to be relaxing faster than the DMS data, as observed in the internal energy shown in Fig. 6.8b.

In particular, the low energy groups which contain most of the internal energy show significantly
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Figure 6.9: Rotational and vibrational temperatures predicted from DMS versus vibrational based
MGMET-QCT.

different behavior between the DMS and energy based binning data. A similar comparison for
the vibrational binned data is shown in Fig. 6.10b, showing the vibrational distribution during
the relaxation process at 25000 K. In this case, the low energy vibrational states are in excellent
agreement between the MGMET-QCT method and the DMS method. Although the agreement for
the higher energy levels is not as good, the trend predicted by the two methods is similar, showing
a bimodal distribution. Moreover, statistical noise is present in the high energy states from the
DMS method. The agreement between the DMS method and the vibrational based MGMET-QCT
method in predicting energy transfer is a result of the mode separation known to be present for
low energy states. For low energy states (v =0,...,3), which generally dictate the internal energy
of the molecules, the separation of rotational and vibrational energy prevails, resulting in a strand
structure in these states.

The vibrational relaxation time predicted by both the DMS method and vibrational specific
MGMET-QCT model is shown in Fig. 6.11. At low temperatures, as seen in Fig. 6.9a, the vi-
brational relaxation time is well matched between the DMS method and the vibrational specific
MGMET-QCT model. At higher temperature, the vibrational relaxation time predicted by the

vibrational specific MGMET-QCT model is approximately 50% slower than the DMS method.
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Figure 6.10: Transient distributions from MGMET-QCT and DMS methods at 25000 K.
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Figure 6.11: Vibrational relaxation parameter computed from DMS and MGMET-QCT methods
compared with previous models. [7,17,142]

6.4 Discussion

This chapter presents an analysis of two grouping strategies used in the MGMET-QCT model
compared to the DMS method for analyzing energy transfer and dissociation in an isothermal
isochoric reactor. At the conditions studied, the energy transfer and dissociation processes are
decoupled, with the gas relaxing to the QSS distribution and then dissociating from this state.

Accurately describing these two different processes requires very different considerations. For the
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energy transfer process, the low energy states are very important, as most of the internal energy is
contained in approximately the first 2 eV. However, for dissociation the high energy states (E; 2 6
eV) are crucial because they are most likely to dissociate and contribute significantly to the global

dissociation rate.

6.4.1 Energy transfer

The vibrational specific MGMET-QCT model predicted the energy transfer process across the
range of temperatures. This is because it captures well the vibrational strand structure caused
by mode separation previously observed when studying the Ng (XlEg) — N(*S,) system [115]. For
low energy states, the states which share vibrational quantum numbers tend to equilibrium with
each other; however, these strands are slower to equilibrate with each other. Initially, the energy
transfer proceeds through a series of VT exchange reactions, which are significantly more efficient
for vibrationally excited states. Therefore, the population of the high vibrational states is pumped
up, creating a bi-modal distribution observed by Sharma et al. [136]. It was observed in Chapter 4
that initially the rate of excitation from the first few vibrational states is very slow, resulting in
a significantly slower relaxation process than that predicted by the energy based MGMET-QCT
method [116]. In contrast, the energy based MGMET-QCT model excitation reactions neglect all
this information and excitation proceeds through a series of small energy jumps which occur very
quickly. This is due to the lumping of different vibrational states together: the vibrational strand

structure is lost, and all the states are assumed to equilibrate to some average temperature.

6.4.2 Dissociation

In contrast, the dissociation process in QSS is well captured across the range of temperatures by
the energy based MGMET-QCT model. The dissociation process depends heavily on the accurate
prediction of the high energy (including quasi-bound) states because molecules tend to climb to
high energy states before dissociating. Therefore, grouping the high energy states considering
only the energy (not the quantum configuration) results in accurate predictions of the dissociation
process. In contrast, the vibrational specific MGMET-QCT model lumps states together across

a large range of energies. As a result the high energy states are assumed to be in equilibrium
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with low energy states. Because the dissociation behavior from the low and high energy states is
very different, this averaging results in significant under-estimation of the dissociation from the
low-v/high-J states. At high temperatures, because of the increased weight from these states,
the exponential Boltzmann factor seems to take over, artificially enhancing the dissociation rate
from the low-v states. Therefore, the vibrational grouped MGMET-QCT model cannot accurately

account for dissociation as the energy grouped MGMET-QCT model can.

6.5 Summary

This chapter presents a detailed comparison between the two grouping strategies described in
Chapter 4 and the DMS method. Using the MGMET-QCT method we simulate a zero-dimensional
isothermal and isochoric heat bath. The comparison confirms the findings from Chapter 4 about
the behavior of the distribution during the energy transfer and dissociation processes. It is seen
that the vibrational MGMET-QCT method captures the vibrational relaxation process, but fails
to accurately reproduce the dissociation process. In contrast, the energy based MGMET-QCT

method accurately predicts the dissociation process, but predicts significantly faster excitation.
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Chapter 7

Application to Computational Fluid
Dynamics

In this chapter, the MGMET-QCT model is applied to several example CFD test cases. The
objective is to demonstrate the applicability of the model in a variety of flow regimes, including both
dissociating and recombining regimes. This is accomplished using a simple energy based binning
approach. Future work will focus on using a spectral binning approach developed by Sahai et
al. [115] to model more complex flows and study the flow physics. The focus of this chapter is to
provide a proof-of-concept of the MGMET-QCT model in a variety of flow scenarios. Results for
two different flowfields will be presented: the flow behind a standing normal shock wave, and the
flow through a quasi-one-dimensional nozzle. This chapter is organized as follows: in Section 7.1 a
standing normal shock wave test case is presented. In Section 7.2 the quasi-one-dimensional flow

through a nozzle is presented. Finally, Section 7.3 summarizes the chapter.

7.1 Standing normal shock

The first test case presented is the flow behind a standing normal shock. The behavior of this flow
is similar to the flow along the stagnation line in front a vehicle. This is a good test cast to evaluate
the MGMET model because it has significant non-equilibrium and can be used to test the model

in dissociating conditions.

7.1.1 Governing equations

The governing equations for a standing normal shock can be derived from the full set of governing
equations from Chapter 2 by assuming the flow is one-dimensional and steady. For a mixture of

nitrogen atoms and molecules, in which the molecules are modeled using the MGMET approach,
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the governing equations read:

9 (o) =i (7.1)
aa:c (pN2pu> =i, PEN; (7.2)
;x (pu® +p) =0 (7.3)
% (phu) =0 (7.4)

The mass source terms, wy and WN,, are the same as those specified in Chapter 2. Given freestream
conditions, the post-shock values are computed using the Rankine-Hugoniot jump conditions, as-
suming the composition of the flow remains frozen across the shock. The MGMET model assumes
that the bin internal temperature equilibrates instantaneously with the translational mode. As
a result, when the translational temperature jumps across the shock, this in turn “excites” the
groups. Therefore, the post-shock conditions need to be adjusted by accounting for conservation of
energy. This results in a lower post-shock temperature than for example a rovibrational StS sim-
ulation. The freestream conditions are initialized to a pressure of 13.33 Pa, internal temperature
of 300K, and velocity of 10 km/s. The gas composition is initialized to 2.8% N(*S,) and 97.2%
No(X! ¥J$). A uniform width energy binning strategy is used here, comprised of 10 bound bins and
5 quasi-bound bins. Therefore, the kinetic data is re-grouped from Chapter 4 using the procedure

detailed in Appendix F.

7.1.2 Macroscopic properties

The macroscopic properties (temperature, composition, and local dissociation rate) are compared
in this section. Three cases are considered: one with only N3 reactions, one with only N4 reactions,
and one with N3 and N4 reactions. Figure 7.1a shows the internal and translational temperatures,
and Fig. 7.1b shows the mole fraction of atomic nitrogen for these three cases. The internal
temperature is calculated by first unpacking the bin distributions and then solving for the internal
temperature which contains the same internal energy as the non-equilibrium distribution. In all
cases, the translational temperature starts at around 45 000 K, calculated from the jump conditions,

while the internal temperature is frozen. It is important to note that the internal temperature
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immediately behind the shock wave is no longer 300 K because the bin internal temperature is also
heated to the translational temperature due to the assumption of thermal equilibrium between
the translational mode and bin internal temperatures. Therefore, this energy is removed from
the translational mode across the shock, lowering the post-shock temperature, and raising the
No (X! ¥f) internal temperature. Behind the shock wave, when only N3 reactions are considered,
the relaxation occurs much slower, with the internal temperature reaching its peak 3 mm behind
the shock wave, compared with reaching the peak 1 mm behind the shock when N4 reactions are

considered. This is due to the small amount of atomic nitrogen available initially for reaction.

However, when N3 reactions are considered, the rate of dissociation is significantly faster.
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(a) Internal and translational temperatures. (b) Mole fraction of atomic nitrogen.

Figure 7.1: Macroscopic properties behind standing normal shock wave considered N3, N4, and
N3 + N4 reactions.

To understand the non-equilibrium dissociation process, the local dissociation rates for the N3

and N4 systems are calculated as:

n
KRt =Y K, (7.5)
NNy
pEN2
K=Y 303 K 20 79

T
n n
pEN2 geNa 7ENg N2 T*N2

These can be computed at each location behind the shock wave to determine the rate at which

dissociation is occurring at each location behind the shock. It is also useful in the case in which

102



both processes are considered to calculate the relative contribution to dissociation from N3 and N4

- D
WN4
wD

D
w: .
processes, 1§ and respectively. These are computed from the source terms:

wls = Z OK,nyny (7.7)
peNy

Gy = Z Z Z Oqu,r”pnq (7.8)
pEN2 geN2 reENg

WP =0l + of, (7.9)

Figure 7.2a shows the composition and local dissociation rate for the N3 and N4 only test cases.
From this, it is clear that throughout the non-equilibrium region (when the translational temper-
ature and internal temperature are different), the dissociation rate due to N3 reactions is much
higher. Further downstream it drops below the N4 dissociation rate, but this is most likely due
to the decrease in temperature downstream. In Fig. 7.2b, the contribution to the source term for
nitrogen atoms due to dissociation is plotted along with the composition as a function of distance
behind the shock wave for the combined N3/N4 case. Initially, the N4 dissociation reactions con-
tribute to about 80% of the mass source term. However, this rapidly drops off, and dissociation by

atomic nitrogen prevails, contributing to most of the dissociation.

1 =10710 1 1.0

r [,
------- °‘<& )
- “q 5]
e N, —
084 0.8 - “% LA 0.8 8
e Y K @

\ A
o 10711 _ \.\‘ /‘l 5
0.6 F = 0.6 N -0.6 %
z I~ o/ = 2 = Y, 3
ST S A = £ Z
O S 044 £y L0472
L1012 # , S
F £ "a, g
[ A .‘\'\ E 4%
0.2 oN4- Xy|f 0.2+ — gy F02%
--N3 - Kp|| -e-N3 dissociation source E‘
AN4 - Kp ) La® -4-N4 dissociation source|,
0 T T T T 101 i ] =10
0 0.002 0.004 0.006 0.008 0.01 1076 107 1074 1073 1072
 [m]  [m]
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Figure 7.2: Macroscopic properties behind standing normal shock wave considered N3, N4, and
N3 + N4 reactions.

103



7.1.3 Microscopic properties

The advantage of using the MGME method is that it allows for the modeling of non-Boltzmann
effects in the distribution. This provides information about the microscopic distribution of states.
Therefore, the distribution of groups is plotted in Fig. 7.3 at various locations behind the shock
wave. In order to understand the degree of non-equilibrium, the two-temperature equilibrium
distribution corresponding to the translational and internal temperatures is also shown in lines. For
the N3 only reactions, initially the distribution shows overpopulation in the tail of the distribution,
corresponding to the excitation process, which is enhanced when considering N3 reactions due to
the rapid exchange pathways available. This overpopulation of the tail persists until around 3
mm behind the shock wave, when the dissociation process takes over and depletes the tail. In the
N4 only simulation, the onset of dissociation occurs almost immediately, and all the distributions
included show distinct depletion of the tail as the dissociation occurs mainly from those groups, as
observed in Chapters 4 and 6. Finally, when both systems are considered for reaction, the evolution
of states is similar to that observed in N4. However, because all processes are considered and the

N3 dissociation process occurs faster, the distribution reaches equilibrium much faster.
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Figure 7.3: Local distribution at various locations past the shock wave; symbols indicate the actual
distribution, and lines indicate the distribution corresponding to the calculated translational and

internal temperatures.
7.2 Quasi one-dimensional nozzle

7.2.1 Governing equations

Energy [eV]
(d) = =0.004 m.

The governing equations for a quasi-one-dimensional nozzle can be derived from the full set of
governing equations from Chapter 2 by assuming the area change is given by the function A = A(x).

For a mixture of nitrogen atoms and molecules, in which the molecules are modeled using the
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MGMET approach, the governing equations read:

O (onA) + 2 (puA) =inA (710
gt (pNQP A) + 88:c (pnguA> =wN,, A, p €N (7.11)
gt (pud) + 8(1 [(pu* +p) A] =ng (7.12)
% (ped) + a% (phud) =0 (7.13)

As in the previous section, the mass source terms are the same as those specified in Chapter 2.
The inlet conditions for the nozzle are specified, and the flow time integrated to reach steady state.
Results reported in this section are taken from the steady-state nozzle solution. Further details
on the temporal and spatial integration of these equations can be found in Ref. [148]. The inlet
conditions are taken to be at a pressure of 101 325 Pa and a temperature of 10000 K. The inlet
composition is set to 99.3% nitrogen atoms and 0.7% nitrogen molecules. The same 15 energy
based grouping strategy as described in the previous section is used.

In this section, two nozzle geometries are analyzed: the Electric Arc Shock Tube (EAST) nozzle
at NASA Ames Research Center, and the F4 nozzle from the Hot Shot wind tunnel at ONERA in
France. These were selected based on the work of Munafo [148]. The area profile of each nozzle is
shown in Fig. 7.4, along with the location of points at which the distribution will be extracted in

later sections.
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Figure 7.4: Nozzle geometries.

7.2.2 Electric arc shock tube nozzle

The mole fraction of molecular nitrogen and temperatures are throughout the EAST nozzle are
shown in Fig. 7.5. Throughout the nozzle, the nitrogen atoms recombine to form molecules, and the
temperature drops. In contrast to what was observed in the shock flows, there is nearly no difference
between the N3 only and the combined N3 and N4 simulation. This is most likely due to the low
concentration of nitrogen molecules present initially. Moreover, while there is some recombination,
the overall concentration of nitrogen molecules never exceeds 1%. The temperatures also appear
to remain in equilibrium with each other throughout the nozzle.

The group distribution throughout the nozzle is shown in Fig. 7.6. At the inlet the molecules are
populated according to a Boltzmann distribution at 10 000 K. However, as the molecules recombine,
the population of the mid-range energy states is pumped up. Just as dissociation occurs from the
tail of the distribution, the molecules recombine into high energy states and then relax to low
energy states. Moreover, while the internal temperature appeared to be in equilibrium with the
translational temperature throughout the nozzle, the distribution of groups shows that there are

non-equilibrium effects which result in overpopulation of the high-energy states.
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Figure 7.6: Distribution of groups within the EAST nozzle.
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7.2.3 F4 Nozzle

A similar analysis is shown for the F4 nozzle. While the EAST nozzle is fairly smooth, and the
minimum temperature is approximately 2000 K, the F4 nozzle is much more aggressive. The tem-
perature in the nozzle, shown in Fig. 7.7b, reaches approximately 20 K. At these low temperatures
the rates are purely extrapolated and unlikely to be accurate. Therefore, this case is only included
for demonstration of the properties throughout the nozzle. The composition and temperature be-
havior are similar to what was observed for the EAST nozzle, with the inclusion of N4 reactions
having little influence on the results and the temperatures remaining approximately in equilibrium

throughout the nozzle.
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Figure 7.7: Macroscopic properties throughout the F4 nozzle.

The distribution of groups for the F4 nozzle, shown in Fig. 7.8, have similar behavior to what
was observed in the EAST nozzle. Again, the molecules tend to recombine into high-energy groups,
and relax down to lower energy states. This pumps up the population of the high-energy states.

The non-equilibrium is stronger in the F4 nozzle than the EAST nozzle due to the rapid expansion.

109



1024 E | 1024 |
® oN3 E ) oN3 E
102 1 x N3 4+ N4|[ 10% 4 x N3 + N4| ¢
@ E N ® E
1022 4 ® 102 4 ® 3
— ® — 1021 ®
T 107 ® L g0 ® 3
g 3 @ E g 20 ®
=00 ] ® 2,10 E
—~ 107" o = —~
Sa 0 E ® E S 1019 @ ® L
ST e . g °
QQ. % =) E :;\ 1018 ® L
10 4 ® 10'7 ° .
k| ® E
1017 4 e L 1016 ® L
E -3 &
1016 T T T T T T 1015 T T T T T T -
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
E [eV] E [eV]
(a) z = —0.5 m (inlet). (b) x =0 m (throat).
10% | | | | | | L 10% % | | | | | |
b o N3 3 oN3
1022% x N3 + N4| ¢ 102 ] x N3 + N4J =
E ® E El E
® 20 ®
o0 3 E 10%7 4 E
DT 1020 . ® - »«‘T El o E
b ® £ = ®
E 15 ® e g &1018 ®eo ® E
Sa 10 E e ® 3 Sa 16 e
S o 10 3
~ ) ® E ~ ®
1016 s
= T ]
E E ®
1014—2 ° L 1012
] & C ® F
10%2 7 \ \ \ \ \ \ I 101 \ \ \ \ \ \ e
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
E [eV] E [eV]
(c¢) x=10.03 m. (d) z =0.06 m.

Figure 7.8: Distribution of groups within the F4 nozzle.

7.3 Summary

This chapter presents the application of the MGMET-QCT method to two sample CFD calcula-
tions. The first, a standing normal shock wave, demonstrates the applicability of this approach to
compressing or dissociating flowfields. Differences are observed in the simulations including and
excluding the No(X'2F) — N(*S,) and No(X'S]) — Np(X!'E}) reactions. In particular, including
the Np(X! %) — No(X'Sf) reactions pushes the onset of excitation and dissociation earlier, while
including the Na (XIE;F) — N(%S,) processes increases the rate of dissociation. Next, the MGMET-
QCT model is applied to the flow through a quasi-one-dimensional nozzle. Although the degree of
non-equilibrium is significantly less in this flowfield, the simulations demonstrate the ability of the

MGMET-QCT method to capture the non-equilibrium distribution in a recombining flowfield.
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Chapter 8

Summary and Future Work

8.1 Conclusions

The objective of this work is to provide a link between the ab initio PESs becoming available
for species relevant to hypersonic air chemistry and the field of CFD. This is done by means of
a reduced order model constructed using the maximum entropy principle. The MGME model
is realized by lumping energy states assumed to equilibrate rapidly with each other into groups.
Using a moment method, the grouped states are used to construct flow governing equations directly
from the Boltzmann equation. Finally, using the distribution of states within the groups, QCT
calculations are carried out to directly obtain kinetic data for the reduced-order model. The
coupling of the MGME model with the QCT method is necessary to facilitate the application of
the MGME model to systems with unknown StS kinetic data (e.g., diatom-diatom systems such
as No-Ng, 03-O2, and N3-O3). The advantage to the MGME model is that it can predict both
macroscopic and microscopic properties with similar accuracy when compared with a full StS or
DMS approach. However, the computational cost associated with the MGME model is drastically
reduced when compared with a full StS or DMS approach. For the comparison presented in
Chapter 6 the DMS simulation at 10000 K took approximately 4 weeks 200 cores to run. The
MGMET-QCT method required similar computational resources to construct the kinetic database.
However, to run the zero-dimensional simulation took approximately 3 minutes to run on 1 core.
Moreover, once the kinetic database is complete, it can be applied to a wide range of conditions.
Finally, Sahai et al. [115] demonstrated that using as few as 15 bins predicted both microscopic
and macroscopic properties of a full rovibrational StS model, which comprises nearly 10,000 states.
The study was conducted using a zero-dimensional isothermal reactor simulation, an unrealistically

harsh condition of non-equilibrium.
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The MGMET model, in which the internal temperature of the bin is assumed to be in equi-
librium with the translational mode, is used to study the non-equilibrium energy transfer and
dissociation processes in a zero-dimensional isothermal heat bath. This is done using two grouping
strategies: a conventional vibrational grouping strategy and an energy based grouping strategy.
A comparison between macroscopic phenomenological properties revealed that the energy based
grouping better captured the dissociation process, while the vibrational based grouping better pre-
dicted the energy transfer process. This finding was confirmed through comparison with the DMS
method.

The MGMEL model accounts for variation in bin internal temperature in order to reduce the
number of groups required. This is accomplished by invoking detailed balance at a microscopic level,
and deriving group energy transfer rates from only trajectories in one direction (i.e., exothermic
or endothermic). This approach is demonstrated using the N3-N system and compared with the
grouped known StS kinetic data for the system. Using this framework, the number of groups
required to capture both non-equilibrium dissociating and recombining processes can be reduced,
while maintaining acceptable error.

Finally, the MGME thermal model is applied to several simple CFD simulations for demon-
stration. The test cases comprise the one-dimensional flow behind a normal shock wave, and the
quasi-one-dimensional flow through a nozzle. This range of test cases is meant to demonstrate the
flexibility of the MGME method as it can be applied in both dissociating and recombining regimes.

Through the detailed analysis of the MGMET model presented in Chapters 4 and 6, several
important features of the non-equilibrium energy transfer and dissociation process were discovered.
The comparison of the energy transfer relaxation rates, predicted by the vibrational grouping
method, against available experimental data validates the classical picture of relaxation based on
the rigid separation among the rotational and vibrational energy modes. It was found that the
relaxation data provided by the Millikan and White correlation are in good agreement with the the-
oretical predictions provided by the vibrational grouping method for temperatures below 10000 K.
On the contrary, any attempt to ignore the mode separation by grouping rovibrational levels char-
acterized by different vibrational quantum number leads to an overestimation of the relaxation rate.

This finding was confirmed through comparison with DMS, where the internal energy excitation
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predicted by the energy based grouping was significantly faster than that predicted by both DMS
and vibrational bins. Moreover, while the MGMET vibrational binning approach can capture the
vibrational excitation process, it cannot account for the rotational non-equilibrium which occurs
at high temperatures.

In contrast, the dissociation process is controlled by the tail of the rovibrational distribution.
For the high-lying states, the strong rovibrational coupling is well captured by the energy-based
grouping. Molecules have to climb the rovibrational energy ladder before dissociating, thus ac-
quiring significant vibrational and rotational energy. In all the cases analyzed, rotational energy
accounts for more than 40% of the total energy required to dissociate the Ny molecules. While
vibrational bias is introduced in the conventional non-equilibrium models, no models include bias
to account for the effect of rotational excitation of the molecules. When compared with the DMS
method, it was found that while energy bins slightly over-predict the importance of rotational
energy in dissociation (at 10000K, 40% predicted by MGMET energy bins compared with 35%
predicted by the DMS method), vibrational bins vastly underpredict the importance of rotation
in the dissociation process. At 10000K, vibrational bins predict a mere 10% of the energy lost
in dissociation comes from the rotational mode. This is most likely due to the damping out of
the highly excited rotational energy states when the group average rate is computed. Finally, it is
important to note that during the dissociation process, the distribution of the No molecules is in
QSS. This is very different from what is observed in the No-N case, where a significant part of the

dissociation takes place in non-QSS conditions.

8.2 Future work

This work represents a paradigm shift in the approach to the modeling of non-equilibrium flows:
a multitude of previous work has built upon the same framework or governing equations. In this
work, we start from the Boltzmann equation to construct governing equations, affording us a clear
understanding of the assumptions and regime of validity. However, there is still work required to
not only complete the MGME model, but also extend this approach to other species and systems
of interest to chemistry in hypersonic flows.

One future avenue for research comprises using the Chapman-Enskog method to derive a full
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set of Navier-Stokes equations for the MGME model. This will introduce the transport coefficients,
such as thermal conductivity and viscosity, in terms of the microscopic properties (i.e., velocity and
internal energy states). This requires the definition of collisional invariants which are for the first
time provided in Chapter 2. In addition, extending the MGME-QCT model to the other chemical
systems relevant to air chemistry with ab initio PES data is necessary to construct a complete
non-equilibrium chemistry model for air.

One limitation which currently exists in the MGME-QCT framework is the fact that the group-
ing needs to be prescribed a priori. However, it has been shown that the grouping strategy has a
profound impact on the results. Therefore, it would be advantageous to couple the determination
of the groups with the QCT calculations. This would allow the optimal grouping strategy to be
determined on the fly while computing kinetic data. Moreover, it may elucidate the most important
physical processes for the establishment of equilibrium for various systems.

Finally, while this work focused on addressing the problem of internal energy non-equilibrium,
the grouping approach can also be applied to translational non-equilibrium. The foundation for
the extension of MGME model to translational non-equilibrium was presented by Jayaraman et
al. [149], making use of a simple Bhatnagar-Gross-Krook (BGK) collision operator. However,
future work will focus on providing a unified theory for both translational and internal energy
non-equilibrium. This would help extend the realm of applicability of continuum approaches into

the transitional regime.
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Appendix A

Transformation to Center of Mass
Reference Frame

A.1 Elastic collision integral

The relationship between the relative and center-of-mass velocities is given by the following rela-

tionships:

g =ca — Cp, g =caA—Ccp (A.1)
G_ maca + 77”LBCB7 G — mac'a +mpc'p (A.2)
ma +mp ma +mp

The conservation of momentum and energy relations in the center of mass reference frame yield

the following relations:

G=G, ¢ =g° (A.3)

Therefore, we find that the following relationship for the differentials hold:

dG =dG/, gdg=4dJ (A.4)

These relations are used in the derivation of the relationship between the cross-sections for forward

and reverse processes.
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A.2 Inelastic collision integral

For the inelastic collision integral, again the center-of-mass coordinates can be specified as:

g =CA — Cg, g =cA—cp (A.5)
G- MACA + chB’ G — mAC/A + mBC/B (A.G)
ma + mp ma + mp

The conservation of momentum and energy relations in the center of mass reference frame yield

the following relations:

G=G (A.7)
UAB HAB
j?gl+E&+l%f—j?yQ+EM+J%l (A.8)

Therefore, the following differential relations hold:

dG =dG’ (A.9)

pag dg = pasy’ dg’ (A.10)

Using this transformation along with the definition of the cross-section, the micro-reversibility

condition reads:
BAkﬁBlaﬁfgj (9.w")g’ dw’ dg dw dG = Ba, B8, 022%; (¢,w)g" dwdg dw’ AG’ (A.11)

This is re-arranged to yield expression 2.11.

A.3 Exchange collision integral

For the exchange collision integral, again the center-of-mass coordinates can be specified as:

g =ca — Cg, g =cc-cp (A.12)
G — Maca + chB’ G — mqcc’ ¢ +mpc’p (A13)
ma + mp mgc + mp
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The conservation of mass, momentum, and energy relations in the center of mass reference frame

yield the following relations:

ma +mp = mc + mp

G=G'
%92 + EAz + EBj = #%9/2 + ECk + EDZ

Therefore, the following differential relations hold:

dG =dG’

pasgdg = pepg' dg’

(A.14)
(A.15)

(A.16)

(A.17)

(A.18)

Using this transformation along with the definition of the cross-section, the micro-reversibility

condition reads:

A;B;
B, 5Dla§§§jl (9.w")g’ dw’ dg dw dG = Ba,Bs, ock%l (¢, w)g"? dwdg dw’ dG’

This is re-arranged to yield expression 2.15.
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Appendix B

Boltzmann H-Theorem

B.1 Kinetic entropy conservation equation

To derive the kinetic entropy conservation equation, the Boltzmann equation is multiplied by

In (Ba, fa,) and integrated over all velocity space. The first term can be re-arranged to yield:

> Z/ (B r) 22 ey = 3 Z/[ fadn (Ba,fa)) = far <1n(5AifAi>)] dea

AcS ZEIA]R:s AeS ZGIARS
0 Ofa,
= — (fa, In(Ba, fa,)) — }
22/[ Z
askin
Ja,(In(Ba, fa,) —1)dea| = (B.1)

The second term can be re-written:

ZZ/ (Ba,fa,)ea - Vxfa, dea

AES@EIARS
=33 [ lear Valhan(Baufa) — Facn - V(i (B, fa,)] e
AGSZEIARS
= Z/ ca - Vx (fa; n(Ba; fa;)) — ca - Vx (fa;)] dea
AGSZGIARS
=33 [ lear Vil (Bafa) — 1)) dea (B.2)
AESZEIAR3

Using these two expressions along with the definition of the entropy source term given in Chapter 2,

the kinetic entropy conservation equation is given in Eq. (2.36).
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B.2 Proof of positivity of entropy production

The “fast” (intra-group inelastic scattering) entropy source term reads:

G- nED 5 Gt )

BeS q€B (4,k)€T, (5,1)€, R3xR3
xR3 xR3

x Waky I (Ba,fa,) dea dep dey defy  (B.3)

Because the velocities ca, and cp; are both integrated over the entire velocity space, swapping

these velocities will not change the resulting integral:

Al B]
S5 S 5[] (G st o, ) WA a1 den e
BeS qu ’L k} EIp ], EIq RSXRS
xR3xR3

o Z Z Z Z //// (BAMBBZ fAkaz fAz‘fBj> WAA:ICBB]; In (/BijBj) dca dep dCfAdCiB

BeS ¢€B (4,k)€Z, (4,1)EZy R3xR3
xR3xR3

(B.4)

Therefore we can re-write the scattering entropy source term as the average of these two terms:

B, BB
t’pz— kB (In (Ba, fa,) +ln(5BfB))( . lf’kf’l—fAifBj>
* ]gleEZB(z;IP j%l'q 44{3/ ﬁAiﬁBj Ay’B
xR3 xR3

X WA’“BB, deca deg dcy deg (B.5)

Now we must recall the characteristic of the inverse collision. The idea of the inverse collision is
that if the collision is run in reverse, we must retrieve exactly the initial conditions we started with

(e.g., velocity magnitudes and directions). This gives the following relations between the “forward”
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and “reverse” collisional processes:

ZZ Z Z ////fAfBWABlln(ﬁAfA)chchchch

BeS q€B (i,k)€Tp (5,1)€Lq j3 3
xR3 xR3

Al B/
_ Z Z Z Z //// (gAkng> f//\kf}/BlWAikle In (ﬁAkf//\k) dca deg dcy deg (B.6)
BES q€B (i,k)€Lp (j,)ELq 3, A; PB;
><R5><]R3

S SN N /// faifs, WAB 1 (Ba,f4, ) dea deg dc)y def

BeS qEB Z k GIp (j l GIq Rngg
xR3xR3

AI !
=22 > X / / / / (gAkgsl) Fo Fo WA In (B, fa,) dea dep dej de,  (B.T)
BES ¢€B (i,k)€Z, (4,1)€Zy R R A;PBj
xR3xR3

Using this in Eq. (B.4), we can finally write the following expression for the in-elastic scattering

entropy source term:

ni :—kaZZ Z Z //// (In (Ba, fa,) +1n (Bs, f3;) —In (Ba, fa,) —In (Bs,f3,))

BeS q€B (i,k)€T, (5,1)€Ly R3 xR3
xR3 xR3

BAk/BBl Y ALB , /
) <5Ai,3Bj fAk fBl N fAifBj WAZ-BJ- dca dep dcy dep

(B.8)

This can also be written as Eq. (2.42), which is shown in Chapter 2 to be either zero or positive.
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Appendix C

MGME-QCT Expressions for QCT
Sampling

This appendix provides all the expressions for the MGMEL-QCT and MGMET-QCT models for

sampling in QCT.

C.1 MGMEL-QCT model

C.1.1 Inelastic processes

B, EBj
aAi €eXp | — kBTin; aBj exXp |\ — kBT]i_D,I;t
Kpars =22 > 2.

0 in 0 in
Tigiaim | Qi QYT
3/2 oo oo
mAl pan )Y / / /exp g% | g*2mb PP abdg dw (C.1)
x \27kpT 2k T AiB;
g=0b=0%

1 3/2
Roar QMANN Y T Y S ma ()

i€Ty jEL, k€T, I€Ts

B EA Ea E Eg
eXp ( Tﬁ]t + kB’_'I[C‘) eXp < k Tmt + kB’Jl">
X
QLT Q) (TEY)
B En,
ap; exp —kB—A%> ag; exp( BT )
X
0 0
V) QY1)
(e ole o) 2
x / / / exp <—‘;E:QT )g327TbP/i’“BP;l dbdg dw’ (C.2)
g=0b=0 22
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C.1.2 Exchange processes

Ea, Ex,
. AA; XD\ T 4B OXP\ T
Kap,c0. =22 2 .

0 in 0 in
T iaia | QT Qb (i)
1 HAB 82 7 3 CrD;
mA; Sk T exp g QWbPAiBj dbdgdw  (C.3)
g=0b=0 ¥2

0= 1 (pas\*? [ pas \*?
Ka,B,,C.D, :QA QBq ZZZZ X< ) <27rkBT>

i€T, jET, ke, IT, #ep

i Ec Ec Ep E
eXp < k Tmt + kB’}C“) exp < k Tmt + kBD’]l“>
X
0 in 0 in
QYT QR (T
i Aj Bj
aa, exp (—kBT> ap, exp <_k13 )
X
0 0
V) QL)
o0 o0 9
X / / / exp _HABY 9327erﬁ_"’BB_l dbdgdw’ (C.4)
QkBT e/
g=0b=0 2

C.1.3 Dissociation-recombination processes

Ex, Ep;
. aa, exp kBiTX;’ CLB]. exXp 7kBT]i3r:;
R D ID DI I

(0) (rpint (0) (rpint
i€Ty jET, k€T, l€Ts meTy QA,, (Tzlxnp ) QBq (T]larz )

1 [ pas HAB PRAPE CkD(Bpm,
Ay (kaBT> // /exp< okpr? )9 2P, " dbdgdw  (C5)

£2 b=0g=
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CA,B,,C,D.B, =

QY(T)QR)(T) < JAD >3/2 ( h2 )3/2
Q( (Tmt Qg)z(Tbrf)Qg)(Tﬁ%t) 27TkBT
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YT Y e <_kB;€m " ch) esxp (_ D,

k Tmt
i€T, Ty heT, l€To meTs BDs

2mpucpkpT

)

x exp | — Ep,, —l—EBm
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C.2 MGMET-QCT model

C.2.1 Inelastic processes

exp Ba, ) ap, exp < P )
T ksl B; " kgT
Kpqrs =22 2. D 3 i
1€1p jELy k€L, IETS |: QAg (T) Q1(3q) (T)
(o olNe o]
mas [ HAB v / / / exp (=228 g2 ) g32mb PP db dg dw
x \ 27kpT 2kgT AiBj
9=0b=0 22

3530 3 SR S iy

Q1) QBS (T) icz, jez, ke, iz,
En,
ap; exp (— BT)

QLT

q

(o ole o]
2
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X / / exp( kT >g 27erAiBj dbdgdw
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C.2.2 Exchange processes

€T, jET, kET, IE€T,

0 exp iA%) aB; exp <—f§%)
Kapon =2 2 23 |- Qm)(T) o

( 1 </J“AB> ( LA >3/2
0 0
Qé)(T)QDz(T) i€ j€Tq kET, I€Ts X \HCD 2rkpT

Ep,
ap; exp (— BT>

k
X
0 0
QYN(T) QYT
[c.ole o] 9
HABY ArB
x / / / exp <— QkBT> g°2mbPly" dbdg duw’ (C.10)
g=0b=0 ¥2

C.2.3 Dissociation-recombination processes

OCAqu,CTDSBt Z Z Z Z Z [ ( 1<BAT>] ap; €xp (—k]Tfp>

0
g i | QUM QL (T)

1 ([ paB 3/2 HAB AP CrDiBm
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Appendix D

Calculation of Statistical Error for
Reaction Rate Coefficients and
Energy Transfer Coefficients

The variance due to sampling can be retrieved through the relationship:
var(z) = (2%) — (z)? (D.1)

where z is the quantity of interest and (z) denotes the mean value of x. Extending this to the QCT
samples for both reaction rate coefficients and energy transfer coefficients allows us to write the
variance associated with the reaction rate coefficients and energy transfer coefficients for inelastic

processes as:

3 N rs
i om 1 pq,
(Ex)" = Ny, - (Ei)™ (D.2)

J
L QU 0F Y\
N,y (F3) ©0) (0)
Q. (T) Qg (T)
Npgrs (0) rpinty H(0) (rpinty |
iy O, (TR @, (T8) }

T LY
Npg j=1 : QAk( ) QBZ( )

(D.3)

where (v) denotes the mean velocity factor which accounts for the integration over impact velocity
and solid angle from a thermal distribution, b,,s; denotes the maximum impact parameter, and
N,q denotes the number of trajectories which start with molecule A in group p and molecule B
in group q. The summations in these expressions are over the number of trajectories which result
in a given outcome. That is, N,q,s denotes the number of trajectories which start with molecule
A in group p and molecule B in group ¢ and end with molecule A in group r and molecule B
in group s. These variances can be directly computed when the rate data is calculated from

the individual trajectories. The variance associated with the reaction rate coefficients and energy
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transfer coefficients for exchange processes can be written as:

1 NapBg,CrDs ) 1 NapBg,CrDs 2
C9m .
var ("Ka,B,.c,D.) =<v>7fb%m{NAB >ooo(EY)T - s (Ey)™ } (D.4)
P-q ]:1 pDgq ]:1

| NZ < (i 2T @) <T15rf:>>2
QENT) Q) (T)

N . ) 2
L MmO ) O (i) }

var (mKAquvc'rDs) _<U>7Tb%1ax{
j=1

(P4)

(D.5)
Nas, QLT QS)(T)

(D.6)

where Na,p, denotes the number of trajectories which start with molecule A in group p and
molecule B in group ¢q. The summations in these expressions are over the number of trajectories
which result in a given outcome. That is, Na, B, c,.p, denotes the number of trajectories which
start with molecule A in group p and molecule B in group ¢ and end with molecule C in group r
and molecule D in group s. The variance associated with the reaction rate coefficients and energy

transfer coefficients for combined dissociation-excitation processes can be written as:

1 NApBg,CrDsCy 1 NApBg,CrDsBy 2
m i\2m i\m
var ("Ca,B,,C.DsB; ) :<’U>7Tb72naac{ Na g, Z (Ex)" - Nasg Z (ERQ) }
j=1 pea Jj=1
(D.7)
var (" Ca,B,,C,D.B:) =(V)Thpan
N, i i 0 in
e [ QENTEY QB)(TEY) Q) (TE)
“\ Nag (BX)" %) ©) ©)
Pq j=1 Qck (T) QDl (T) QBm (T)
N rDs in in 0 in 2
. ApBg,CrDsBy (Ez )m Qg)z (TCrt) Q](DOZ) (TD:) 1(3))m(TBtt) }
- A
Nap, o QY1) Qflm)  Q.(T)
(D.8)

where Na, g, denotes the number of trajectories which start with molecule A in group p and
molecule B in group ¢q. The summations in these expressions are over the number of trajectories

which result in a given outcome. That is, Na B, c,D,B, denotes the number of trajectories which
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start with molecule A in group p and molecule B in group ¢ and end with species C in group r,

species D in group s, and species B in group t.
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Appendix E

Convergence of Kinetic Data for
MGMET-QCT Model

A comparison of results obtained using the MGMET-QCT model presented in Chapter 4 using
uniform bins at 10000 K and varying the number of trajectories used to compute kinetic data
is shown in Figs. E.1 and E.2. Because the convergence of the QCT data generally improves
with increasing temperature as we have more reacting trajectories, a similar analysis was done
at higher temperatures but is not shown because the 10000 K case was the worst case scenario.
The macroscopic observables (composition and internal energy) are extremely close using varying
numbers of total trajectories. However, looking at the percent difference between the highest
number of trajectories (283.2 million) and a reduced set of trajectories demonstrates some small
differences at early times in the simulation. These errors are very low, and occur in the very early

stages of excitation and dissociation, before significant chemical reactions have occurred.

14 40—

—283.2 x 10° trajectories --212.4 x 10° trajectories
--212.4 x 10% trajectories --141.6 x 105 trajectories
0.8 4 —-141.6 x 10° trajectories | b 70.8 x 10° trajectories
““““““ 70.8 x 108 trajectories —304 .
& .
S, o
0.6 = /
= " 90
> =
0.4+ 5
=
SETE
0.2
b
13
¥
- R
0 ® f SRR 0 9% o il P P \
1071210711107 1079 107® 1077 10°% 107° 10°* 10721071107 107 107® 1077 10°° 10°° 10°*
Time [s] Time [s]
(a) Composition. (b) Error in composition.

Figure E.1: Convergence of kinetic data for energy binned MGMET-QCT model at 10 000 K (see
Chapter 4).

A similar comparison for the vibrational bins at 10000 K is shown in Figs. E.3 and E.4. Again,
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Figure E.2: Convergence of kinetic data for energy binned MGMET-QCT model at 10 000 K (see
Chapter 4).

the macroscopic observables (composition and internal energy) are extremely close using varying
numbers of total trajectories, with errors arising in the very early stages of dissociation but decaying

once significant dissociation has occurred.

1 40+
—302.56 x 10° trajectories --226.92 x 105 trajectories
--226.92 x 10% trajectories ---151.28 x 10° trajectories
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(a) Composition. (b) Error in composition.

Figure E.3: Convergence of kinetic data for vibrational binned MGMET-QCT model at 10000 K
(see Chapter 4).
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Figure E.4: Convergence of kinetic data for vibrational binned MGMET-QCT model at 10000 K
(see Chapter 4).
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Appendix F

Calculating Kinetic Data for a
Reduced Number of Groups

In order to bypass the cost of calculating kinetic data for each new grouping, using a mapping

between the two groupings, we can construct the kinetic data for more coarse groupings.

F.1 Inelastic processes

Suppose now instead of calculating kinetic data for groups (p,q,r,s), we want it for groups
(t,u,v,w), where groups (p,r) and (¢,v) belong to molecule A and groups (¢, s) and (u,w) belong
to molecule B. Let the sets (Z;,Z,,Z,,Z,) denote the groups (i.e., p,q,r,s) which are contained
in groups (t,u,v,w). Therefore, we can express the reaction rate coefficients (m = 0) and energy

transfer coefficients (m = 1) for the coarse groups (¢, u, v, w) in terms of those for the finer groups

(p.q,r,s):

m 1 m 0) int ( ) int
Ktu,vw - Z Z Z Z qrsQ( (T )Q (T ) (F1>
Z QEX (Tmt) Z Q(O Tmt pEIt q€Zy, 7€L, SELy

pEZt qG U
m o 1 m 1nt mt
= S ) o 2 3 3 Rem TR (P2
Z% Q( )(T WIDY Q ) Y) peT: qeTy 1€T, s€ T
rEly seT, w

F.2 Exchange processes

For exchange processes, again we consider a “fine” grouping made up of groups (p,q,r,s) for
molecules (A, B, C, D) respectively. The “coarse” grouping is made up of groups (¢, u, v, w) again
for molecules (A, B, C, D) respectively. Let the sets (Z;,Z,,Z,, Z,) denote the groups (i.e., p,q,r,s)
which are contained in groups (¢, u,v,w). Therefore, we can express the reaction rate coefficients

(m = 0) and energy transfer coefficients (m = 1) for the coarse groups (¢, u,v,w) in terms of those
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for the finer groups (p, q,r, s):

KAtBu,Cva = (0) int (0) int
> Qy, (TR X Qg (T5Y)
pEIt quu

XD OSTN TS K, 00, QU (TENQE) (TEY) (F.3)

pEL q€Ly, T€Ly €Ly

. 1 1
KABCoDw = 67 i ©) (i
2. Qc, (1g)) 2 Qp, (1))

reZly, s€Ly

x> > > > "Eas.com. QU(TEH QY (Tt ) (F.4)

pELy q€Ly, rE€ELYy SELy
F.3 Dissociation-excitation processes

For combined dissociation-excitation processes, again we consider a “fine” grouping made up of
groups (p,q,r,s,t) for species (A, B, C, D, B) respectively. The “coarse” grouping is made up
group (u,v,w,z,y) again for species (A, B, C, D, B) respectively. Let the sets (Zy,Zy, Zw, Lz, Zy)
denote the groups (i.e., p,q,7,s,t) which are contained in groups (u,v,w,x,y). Therefore, we can
express the reaction rate coefficients (m = 0) and energy transfer coefficients (m = 1) for the coarse

groups (u,v,w,z,y) in terms of those for the finer groups (p,q,r, s,t):

1 1
> QW) Y QP

pEIf qEIu

x> 33NN mCas,.00p, BtQA (TEYQ 0)(Tmt) (F.5)

PELy qELy T1€ELy SEL, LELY

"CAyB,,CuDoEy =

. 1 1 1
CAuB’L):CwDZBy = (0) /mint int int
> QANTEY) Y Q (T *) >0 QY (TBy)
rEIw SeIz te, Y

xS ST ST S MChe, 00,8, Q0 (TEH QY (TEHQY) (THY) - (F.6)

PELy q€ELy €Ly SEL, tELy

This procedure eliminates the need to compute kinetic data for “coarser” groupings, as long as the
“coarse” groups contain entire groups from a “finer” grouping. This can be done for either the
MGME-QCT thermal or linear model (i.e., for reaction rate coefficients only, or for both reaction

rate coefficients and energy transfer coefficients).
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Appendix G

Internal Temperature Fitting

For the reaction rate coefficients and energy transfer coefficients for the Ng(XlEg) —N(*S,) system
in the MGMEL model, the internal temperature dependence of the natural log of the reaction
rate coefficients and energy transfer coefficients has been fitted using a second order polynomial in

inverse temperature:

(" Ky rs) = ((;}j + al ) (G.1)
(" Ky ) = ((be + 2 A ) (G.2)
In("Cpqg,r) = <(;; + 3 > (G.3)
(™ Cpy ) = [~ + dan (G.4)
NG

where (al*,ab", ay"), (b7, 5%, 05), (", ¢, c5'), and (d*, d5", d5") denote the fitting coefficients.
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