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Abstract

This thesis focuses on the coupling between flow, ablation, and radiation phenomena encountered
in the stagnation region of atmospheric entry vehicles with carbon-phenolic thermal protection
systems (TPS). The research is divided into three parts: 1) development of numerical methods
and tools for the simulation of hypersonic, non equilibrium flows over blunt bodies, 2) implemen-
tation of a new radiation transport model for calculating nonequilibrium radiative heat transfer in
atmospheric entry flows, including ablation contaminated boundary layers, and 3) application of
these tools to study real flight conditions.

A review of the thermochemical nonequilibrium models and governing equations for atmospheric
entry flows is made, leading to a generalized framework, able to encompass most popular models
in use today. From this, a new software library called MUlticomponent Thermodynamic And
Transport properties for IONized gases, written in C++ (MUTATION-++) is developed, providing
thermodynamic, transport, chemistry, and energy transfer models, data, and algorithms, relevant
to nonequilibrium flows. In addition, the library implements a novel method, developed in this
work, for the robust calculation of linearly constrained, multiphase equilibria, which is guaranteed
to converge for all well posed constraints, a crucial component of many TPS response codes.

The steady-state flow along the stagnation line of an atmospheric entry vehicle is computed
using a one-dimensional, finite-volume tool, based on the dimensionally reduced Navier-Stokes
equations. Coupling with ablation is achieved through a steady-state ablation boundary condition
using finite-rate heterogeneous reactions at the surface and imposed equilibrium compositions of
pyrolysis outgassing.

The High Temperature Gas Radiation (HTGR) database provides accurate line-by-line (LBL)
spectral coefficients. From a review of the major mechanisms contributing to the radiative heat flux
for atmospheric entry vehicles, several contributions are added to the HTGR database, including
H lines, C3 Swings and UV electronic systems, and photoionization of H, Hy, and CH. The
Hybrid Statistical Narrow Band (HSNB) model is implemented to reduce the CPU time required
to compute accurate radiative heating calculations when many species are present. New SNB
parameters are computed for the Hy Lyman and Werner systems, by adjusting the Doppler and
Lorentz overlap parameters to fit curves of growth for each narrow band. Comparisons with band-
averaged LBL transmissivities show excellent agreement with the SNB parameters. It’s shown that
the HSNB method provides a speedup of two orders of magnitude and can accurately predict wall
radiative fluxes to within 5% of LBL results. A novel spectral grid adaptation is developed for
atomic lines and is shown to provide nearly identical results compared to the high-resolution HSNB
method with a 20-fold decrease in CPU time. The HSNB model yields greater accuracy compared
to the Smeared-Rotational-Band model in the case of Titan entry, dominated by optically thick
CN radiation.

The effects of coupled ablation and radiation are studied for Earth entries. It’s shown that
ablation products in the boundary layer can increase the radiation blockage to the surface of the
vehicle. In particular, the C3 UV and CO 4+ band systems and photoionization of C contribute
significantly to absorption when enough carbon is present. An analysis of the Apollo 4 peak
heating condition shows coupled radiation and ablation effects reduce the conducted heat flux by
as much as 35 % for a fixed wall temperature of 2500 K. Comparison with the radiometer data
shows excellent agreement, partially validating the coupling methodology and radiation database.
The importance of accurately modeling the amount of carbon blown into the boundary layer is
demonstrated by contrasting the results of other researchers.






Résumé

Cette thése est centrée sur le couplage entre les phénoménes d’écoulement, d’ablation et de rayon-
nement au voisinage du point d’arrét de véhicules d’entrée atmosphérique pourvus d’un systéme
de protection thermique de type carbone-phénolique. La recherche est divisée en trois parties :
1) le développement de méthodes numériques et d’outils pour la simulation d’écoulements hyper-
soniques hors équilibre autour de corps émoussés, 2) la mise en ceuvre d’un nouveau modeéle de
transport du rayonnement hors équilibre dans ces écoulements, y compris dans les couches limites
contaminées par les produits d’ablation, et 3) application de ces outils & des conditions réelles de
vol.

La librairie MUTATION-++ a été développée en C++ sur la base d’une formulation générale
englobant les modéles hors équilibre thermo-chimique les plus couramment utilisés pour fermer
les équations gouvernant les écoulements hypersoniques. Les propriétés thermodynamiques et de
transport de gaz ionisés multi-composants sont calculés, ainsi que les taux de production chim-
ique et de transfert d’énergie. Un nouvel algorithme permet un calcul robuste de la composition
d’équilibre de mélanges multiphasiques sous contraintes linéaires, garantissant la convergence de
la méthode pour les problémes contraints bien posés, une composante essentielle aux nombreux
codes de réponse pour les matériaux.

L’écoulement stationnaire le long de la ligne d’arrét de ’écoulement autour d’un véhicule spatial
est simulé & I'aide d’une méthode de volumes finis appliquée aux équations de Navier-Stokes réduites
a une dimension. Le couplage avec I’ablation est réalisé 4 ’aide d’une condition aux limites utilisant
un modéle de chimie hétérogéne avec des taux de réaction surfaciques finis et une composition
d’équilibre des gaz de pyrolyse.

La base de données de rayonnement des gaz a haute température (HTGR) fournit des propriétés
radiatives spectrales précises de type raie-par-raie (LBL). Aprés évaluation des principaux mécan-
ismes contribuant au flux radiatif & la paroi, plusieurs contributions ont été ajoutées dans HTGR
: les raies atomiques de H, les systémes électroniques de C3 Swings et UV, et la photoionisation de
H, Hy et CH. Le modéle hybride statistique a bande étroite (HSNB) est mis en ceuvre pour réduire
le cotit CPU nécessaire au calcul précis du transfert par rayonnement en présence de nombreuses
espéces. De nouveaux paramétres SNB sont calculés pour les systémes Hy Lyman et Werner, en
ajustant les paramétres de chevauchement Doppler et Lorentz de facon a reproduire les courbes de
croissance pour chaque bande étroite. Les comparaisons avec les transmittivités LBL moyennées
par bande montrent un excellent accord avec les résultats SNB. La méthode HSNB fournit une ac-
célération de deux ordres de grandeur avec une précision de 5% sur les flux radiatifs pariétaux par
rapport aux résultats LBL. Une nouvelle méthode d’adaptation de la grille spectrale est développée
pour les raies atomiques, fournissant des résultats trés proches de ceux obtenus par la méthode
HSNB a haute résolution tout en réduisant d’un facteur 20 le cotit CPU. Le modéle HSNB apporte
aussi une précision accrue par rapport au modéle de gaz gris par bandes dans I’étude d’une entrée
dans I'atmosphére de Titan, dominée par le rayonnement optiquement épais de CN.

Les effets du couplage entre ’ablation et le rayonnement sont étudiés pour les rentrées terrestres.
Il est démontré que les produits d’ablation dans la couche limite peuvent augmenter le blocage
radiatif & la surface du véhicule. Pour les conditions de flux maximum d’Apollo 4, les effets de
couplage entre le rayonnement et I’ablation réduisent le flux conductif de 35%. L’accord avec les
données radiométriques est excellent, ce qui valide partiellement la méthode de couplage et la base
de données radiatives. L’importance d’'une modélisation précise du soufflage du carbone dans la
couche limite est également établie.






Acknowledgements

It’s probably a bit cliché to recall the famous metaphor Isaac Newton wrote in a letter to Robert
Hooke, “If T have seen further, it is because I have stood on the shoulders of Giants.” However,
looking back over the last years, I am inclined to paraphrase Newton by saying that if I have been
successful, it is only because I have stood on the toes of Giants and strained to see further. I
have been extremely fortunate to boast a large network of mentors and friends, willing and able to
prop me up and give me guidance throughout my academic and personal journeys. I am sincerely
indebted to a host of individuals, without whom I could not have accomplished this work.

Thesis committee

First and foremost, I cannot thank enough Dr. Thierry Magin who has been a wonderful adviser,
mentor, and friend throughout these last years at VKI. Beyond the obvious technical wizardry,
which he graciously imparted unto me (at least as much as I could understand), he was always
available to discuss and provide guidance on all aspects of the Ph.D. Since we first met at NASA
Ames Research Center to discuss the “von Carbon” institute, he has pushed me to tackle problems
that I would never have considered on my own, which greatly expanded both my expertise and the
available career options moving forward. He provided me with endless opportunities to collaborate
with others and travel to many conferences to discuss with experts in the field. In addition, he was
always careful to strike a balance between letting me chart my own scientific path and preventing
me from wasting time on the more hopeless or unimportant avenues of research. It is for all of
these reasons and more that I have him to thank for making this thesis a success and I am really
looking forward to continuing our shared research interests in the future.

I would like to sincerely thank Dr. Anouar Soufiani and Dr. Philippe Riviére for being truly
excellent advisers at CentraleSupélec (previously at Ecole Centrale Paris). I'm not sure they would
have agreed had they realized how much I needed to learn about radiation! However, regardless
of the learning curve I had ahead of me at the start, they were very patient and helpful along the
way and I am very grateful to all of their hard work and generous efforts, without which I can
safely say this thesis would have been impossible. I have learned a great deal from both of them,
not only because of their expertise in the field, but also from their attention to detail and scientific
rigor, qualities which I think will be invaluable to me as I begin the rest of my career. I would
also like to thank Dr. Soufiani for all that he did to guide me through the bureaucratic web of a
French university, which was quite daunting for a boy from North Carolina, struggling to speak
the language.

I would like to wholeheartedly express my gratitude to Dr. Nagi Mansour for not only traveling
all the way from San Francisco to Paris for my defense, or for his remarks which followed, but for
all of the guidance, encouragement, mentoring, and support he gave me over the last several years
that we have worked together. What started as a summer internship at NASA Ames Research
Center quickly turned into a very productive and satisfying collaboration, which I hope to continue
in the future.

Finally, I want to sincerely thank the other thesis committee members for their honest and help-
ful feedback, which served to elevate the quality of this thesis beyond what I was capable of on
my own. Dr. Sergey Surzhikov and Dr. Yann Cressault have my utmost gratitude for agreeing
to review the manuscript and for providing their extremely detailed comments and insights. I
would also like to thank Dr. Marc Massot for agreeing to chair the committee and for his helpful
questions and comments during the defense.

North Carolina State University
Stories are often best told from the beginning and I would be remiss if I did not mention my
time at NCSU where I received my B.Sc. and M.Sc. degrees in Aerospace Engineering and where



viii

the groundwork for this thesis was actually laid. During my time at NCSU, I was fortunate to
learn from some exceptional professors. In particular I want to thank Dr. Hall, Dr. Luo, and Dr.
Edwards for their enlightening courses and guidance throughout my senior and graduate years at
NCSU. I would also like to especially acknowledge Dr. Hassan Hassan for plucking me up as a
senior and convincing me to begin a graduate research project with him on the modeling of thermal
protection systems for atmospheric entry vehicles. This was the real start of my journey towards
completing a Ph.D. and I am very grateful for the trust he put in me and for his tutorship during
the early years of my graduate education.

At N.C. State, I found a real home on the NCSU Aerial Robotics Team, which undoubtedly
shaped my career and personal life for the better. In particular, I want to thank Dan, Dave,
Cheng, and Jonathan for being excellent mentors and friends during my early days on the team. It
wasn’t until I was a senior myself, with the massive workload, which that entails, before I realized
how incredibly generous they were with their time and patience for the “newbs” like me. I also
want to thank Matt, Alan, Trent, Tim, Lars, Michael, and the rest of the ARC members for all
the great times we had, for being roommates and friends, and for being there when I needed you
most.

I also want to thank my other NCSU family, which suffered with me through the late nights,
project deadlines, and homework assignments of grad school while being the source of endless
laughs and good times. In particular, thanks to Evan, Judy, Jeff, Ilya, Amar, Ghosh, and Jesse.

NASA Ames Research Center

I was extremely lucky to spend several summers at NASA Ames Research Center during the first
years of grad school. NASA was pivotal during my Masters and Ph.D., providing funding through
a N.C. Space Grant and a Graduate Student Research Program fellowship. Above all, I want to
thank NASA Ames for allowing me to get to know some incredible scientists and mentors. For
example, it was there I met Dr. Jean Lachaud who taught me a great deal about thermal pro-
tection system modeling and fostered the idea to create the Mutation++ library, a key element
of this thesis. Since our first encounter, I have enjoyed a fantastic collaboration with Jean, which
I hope to continue in the future. I would also like to thank Dr. David Hash for all of his hard
work over the years to provide outstanding internship experiences at Ames. I also want to thank
all of the other members of the Aerothermodynamics branch who helped make my internships
extremely rewarding through enlightening discussions and advice. In particular, thanks to Drs.
Aaron Brandis, Brett Cruden, Grant Palmer, Richard Jaffe, Dinesh Prahbu, and Mike Wright.
And finally, thanks to all the other interns that shared the summers with me at Ames. Thanks for
all the pool parties, BBQ’s, and late night antics!

von Karman Institute for Fluid Dynamics

When I first moved to Belgium to start a Ph.D. at VKI, I was pretty nervous that I might have
made a mistake. After all, I was moving to a country that was quite different from my own. I
didn’t know anybody and I didn’t speak French (or Dutch, or “VKI English”). T wasn’t sure how
it would affect my career to move from a university in the U.S. to a small research institute in
Brussels. However, looking back on those early fears, I couldn’t be happier with the result. I would
like to thank all of the people at VKI who have made my time here so rewarding. I have truly
made lifelong friends and learned a great deal from others.

I want to start by thanking the members of our research group: Bernd, Alessandro M., Alessandro
T., Erik, Pierre, Aurélie, George, Bruno, Federico, Laurent, and Vincent. There is a little bit (and
a lot for some) of each of you in this thesis. Thank you for all the discussions, advice, and data,
which you gave me over the last five years. In particular, I want to thank the core ablation group
- Bernd, Alessandro, and Pierre - for all the collaborations, which helped me so much during the
Ph.D. Laurent, you were absolutely crucial to the success of this thesis. I really enjoyed working
with you during your postdoc and I owe a significant amount of the results in this thesis to you.
Vincent, thanks for showing me “proper” coding and version control techniques and for how to kill
scores of zombies. Thank you to Andrea Lani for all the helpful discussions about the design of
Mutation++, especially early on in the Ph.D. T also had the pleasure to mentor several students



ix

along the way. Brad, Bruno, George, Benjamin Barros Fernandez, Gabriele, Dinesh, Alexandre,
Claudio, Michele, and Benjamin Terschanski - I hope you have learned as much from me as I
learned from you.

Apart from the excellent working relationships I have built at VKI, T am extremely grateful to
all the other amazing friends I have made along the way, who made this experience so enjoyable.
Alejandro, Marina, Chiara, Sophia, Baris, Isil, Clara, Jorge, Fabrizio, Alessia, Laura, Francesco,
and everyone else, it is a pleasure to know you. Thanks for all the great times we’ve had and for
all that are left to come!

Lastly, I want to thank the hardworking and dedicated staff in the VKI computer center and
library who keep VKI running and made my own experience here possible. In particular, thank
you Raimondo, Nathalie, Christelle, and Evelyne.

Family

I want to thank my family for supporting me and being a constant source of love and encouragement
throughout my life. To my brothers, aunts and uncles, cousins, and grand parents, thank you for
believing in me. I owe everything to my parents, James and Susan, who sacrificed more than I'm
sure I’ll ever really know to allow me to follow my passion. I have never been torn between doing
what I love and getting a “real job” because you were always there, backing me up and giving me
the freedom to choose. I recognize this was a huge privilege, and will forever be grateful to you for
that.

And finally, to my best friend and companion, Anabel - looking back, I have no idea how I
was supposed to get through these last years without you. Thank you for all the words of en-
couragement, the endless trips back and forth to test the Belgian health care system, the amazing
experiences we've had traveling the world, for picking me up every time I was down, and for being
my biggest fan. Through everything, you kept me laughing and you kept me inspired. Thanks for
being you.

J.B. Scoggins
Brussels, 2017






Contents

List of Publications XV
List of Figures xviii
List of Tables Xix
Nomenclature xxi
Constants . . . . . . . . L xxi
Roman Symbols . . . . . . .. xxi
Greek Symbols . . . . . . xxiii
Acronyms . . . ..o e XXiv

1. Introduction 1
1.1. Historical Perspective on Space Exploration . . . . . . ... ... ... ....... 1
1.2. Entry, Descent, and Landing . . . . . . ... . ... .. oL 1
1.3. Atmospheric Entry Phenomena . . . . . . .. . ... L 0oL 4
1.3.1. Shock Layer Physics . . . . . . . . .. . . .. 4

1.3.2. Material Response . . . . . . . . ... L 7

1.3.3. Flow, Material, Radiation Coupling . . . . ... ... .. ... .. ..... 9

1.4. State-of-the-Art Flow-Radiation Tools . . . . . . ... .. ... ... ....... 9
1.5. Objectives and Outline of the Thesis . . . . . . . . .. .. ... ... ... ..... 11

2. Governing Equations for Hypersonic Flows 13
2.1. Imtroduction . . . . . . . . .. 13
2.2. Review of Energy Partitioning Models . . . . . . .. ... ... ... .. ... 13
2.2.1. Thermal Equilibrium . . . . . . .. ... ... ... ... ... ... 14

2.2.2. Multitemperature Models . . . . . . .. .. ... o oo 15

2.2.3. State-Specific Models . . . . . .. ... 17

2.2.4. State-to-State Models . . . . . . . .. ... 18

2.2.5. Coarse-Grain and Energy Binning Models . . . . . .. ... ... ... ... 18

2.3. Governing Equations . . . . . . . . ... L oo 19
2.3.1. Preliminaries . . . . . . . . .. . 19

2.3.2. Thermochemical Nonequilibrium . . . . ... ... .. ... .. ... .... 21

2.3.3. Local Thermodynamic Equilibrium . . . . . ... . ... ... ... ... .. 24

2.4. Thermodynamics . . . . . . . . . . . e 25
2.4.1. Thermodynamics of Pure Gases . . . . . .. . ... ... ... ........ 26

2.4.2. Formation Enthalpies . . . .. ... ... ..o oL 28

2.4.3. Mixture Thermodynamic Properties . . . . . .. .. ... ... ... .... 28

2.5, Transport . . . . . . L e e 29
2.5.1. Stress Tensor . . . . . . . . .. 29

2.5.2. Diffusion Fluxes . . . . . . .. ... 30

253, Heat Flux . . . . . . . . . . . o e 31

2.6. Chemical Kinetics . . . . . . . . . . . e 32
2.6.1. Homogeneous Chemistry (Gas Phase) . . .. ... ... ... ........ 32

2.6.2. Effect of thermal nonequilibrium on reaction rates . . . . . .. ... .. .. 35

2.6.3. Heterogeneous Chemistry (Gas-Surface Interaction) . . . ... ... .. .. 38

2.7. Energy Transfer Mechanisms . . . . . . .. ... ... ... . 40

2.7.1. Energy relaxation processes . . . . . . . .. ... Lo oo 41



xii Contents
2.7.2. Chemical energy exchange processes . . . . . . . . . . . .. ... .. 43

2.8. Concluding Remarks . . . . . . . . . .. 45
3. Radiative Transfer for Atmospheric Entry 47
3.1. Imtroduction . . . . . . . . . e 47
3.2. Radiative Transfer in Participating Media . . . . . . ... ... ... ... .... 47
3.2.1. Radiative Processesin Gases . . . . . . .. ... ... ... 47
3.2.2. The Radiative Transport Equation . . . . . ... .. ... ... ... .... 49
3.2.3. Boundary Conditions . . . .. .. ... ... o 49
3.2.4. Coupling to Fluid Dynamics . . . . . ... ... .. ... ... ... 50

3.3. High Temperature Gas Radiation Database . . . . . ... ... .. ... ...... 51
3.3.1. Bound-Bound Transitions . . . . . . .. ... ... ... ... 51
3.3.2. Bound-Free Processes . . . . . .. ... ... o 56
3.3.3. Free-Free Processes . . . . . . . . . . . 59

3.4. The Hybrid Statistical Narrow Band Model . . . . . . . .. .. ... .. ... ... 59
3.4.1. Optically Thick Molecular Systems . . . . . .. ... ... ... ....... 60
3.4.2. Optically Thin Molecular Systems and Continua . . . . .. ... ... ... 63
3.4.3. Atomic Lines . . . . . . . .. 65
3.4.4. Putting It All Together: The HSNB Database . . . . . . .. ... ... ... 68

3.5. Concluding Remarks . . . . . . . . .. . L 71
4. Development of Mutation™+ 73
4.1. Introduction . . . . . . . . .. 73
4.2. Object Oriented Software Design in C++ . . . . . .. ... ... ... ... .... 74
4.3. Overview of the Library . . . . . . . ... . . L 75
4.3.1. Generalized System of Governing Equations . . . . . . . .. ... ... ... 76
4.3.2. The State Model . . . . . . . . .. . 77
4.3.3. High-level Design . . . . . . . . .. . 77

4.4. Thermodynamics . . . . . . . . . . .. L 78
4.4.1. The Rigid-Rotor and Harmonic Oscillator Model . . . . . . .. .. ... .. 78
4.4.2. NASA Thermodynamic Polynomials . . . . . ... ... . ... ... .... 78
4.4.3. Object-Oriented Design . . . . . . . . ... .. 80

4.5. Transport Fluxes . . . . . . . . . . .. 82
4.5.1. Collision Integrals . . . . . . . .. . 82
4.5.2. Transport Algorithms . . . . . . ... ... ... oo 90
4.5.3. Object-Oriented Design . . . . . . . . ... ... 93
4.5.4. Transport Properties . . . . . . . . . . ..o 95

4.6. Chemical Kinetics . . . . . . . . . .. o 101
4.6.1. Automatic Reaction Type Recognition . . . . . . . ... .. ... .. .... 102
4.6.2. Efficient Evaluation of MT Reaction Rates . . . . ... .. ... ... ... 103
4.6.3. Stoichiometric Operations . . . . . . . . . . .. .. ... ... 106

4.7. Concluding Remarks . . . . . . . . . L oL 106
5. Linearly Constrained Multiphase Equilibria 109
5.1. Imtroduction . . . . . . . . . L 109
5.2. Constrained Chemical Equilibrium . . . . .. ... ... ... ... .. ....... 110
5.2.1. Free Energy Minimization . . . . . . . . .. ... 0oL 110
5.2.2. Constraint Potentials. . . . . . ... ... o oo oo 111
5.2.3. Coordinate Transfer and Matrix-Vector Representation . . .. ... .. .. 113

5.3. Multiphase Gibbs Function Continuation . . . .. .. .. ... .. ... ...... 113
5.3.1. Imitial Conditions . . . . . . . . . . . . ... 114
5.3.2. Computing the Tangent Vector . . . . . . . ... .. .. ... ... .... 115
5.3.3. Newton’s Method . . . . . . .. .. ... . .. 117

5.3.4. Inclusion of Condensed Phases . . . . . . . . . ... ... . .. ....... 117



Contents xiii

5.4. Practical Implementation . . . . . . .. ... L Lo 118
5.4.1. Solution Algorithm . . . . . . . . ... ... L oL 118

5.4.2. Some Examples . . . . . . . .. ... 120

5.5. Mole Fraction Derivatives . . . . . . . . .. . ..o 124
5.6. Concluding Remarks . . . . . . .. . .. 124

6. Numerical Methods and Codes 127
6.1. Introduction . . . . . . . . .. L 127
6.2. Stagnation Line Flow . . . . . . . . .. ... L oo 127
6.2.1. Dimensionally Reduced Navier-Stokes Equations . . . . . . .. ... .. .. 127

6.2.2. Discretization . . . . . . . . ... e 130

6.2.3. Boundary Conditions . . . . . . ... ... ... 133

6.3. 1D Radiative Transfer . . . . . . . . . .. . . L L 134
6.3.1. LBL Tangent Slab . . . . . .. ... .. . .. o 135

6.3.2. HSNB Tangent Slab . . . . .. .. . .. . .. 136

6.4. Coupling Strategies . . . . . . . . . . L e 139
6.5. Concluding Remarks . . . . . . . . . . L 140

7. Applications and Results 141
7.1. Introduction . . . . . . . . . . L e 141
7.1.1. Vehicles and Flight Conditions . . . . ... ... ... ... ... ... 141

7.2. Accuracy and Efficiency of HSNB Model . . . . . . . ... ... .. ... .. .... 144
7.2.1. Adaptive HSNB . . . . . . . .. 144

7.2.2. Curtis-Godson versus Lindquist-Simmons . . . . . . .. ... ... ... .. 149

7.2.3. Comparison with Smeared Rotational Band Model . . . . . .. ... .. .. 150

7.2.4. Comparison with literature results . . . . . . . .. .. ... .. ... .... 152

7.3. Flow-Radiation Coupling . . . . . . . ... ... .. ... . 153
7.3.1. FireII (16348) . . . . . . o o o 154

7.3.2. Fire I (1642.668) . . . . . . . o o o i i i 155

7.3.3. Huygens (1918) . . . . . . . 158

7.4. Ablation-Flow-Radiation Coupling . . . . . . . .. . ... .. ... ... .... 158
7.4.1. Radiative Absorption by Ablation Products . . . . . . ... ... ... ... 158

7.4.2. Apollo 4 Peak Radiative Heating Analysis . . . . . . . ... ... ... ... 160

7.5. Concluding Remarks . . . . . . .. ... . 167

8. Conclusions and Perspectives 169
8.1. Contributions of This Work . . . . . . .. ... . .. o o 169
8.2. Future Work and Perspectives . . . . . . . . .. .. oo oo 171
Appendices 173
A. Transport Systems 175
B. MPGFC M Matrix Properties 179
C. Stagnation Line Jacobians 181
C.1. Convective Flux Jacobian and Eigensystem . . . . . ... ... ... ... ..... 181
C.2. Positive-Negative Split Jacobians . . . . . . . . . . .. ... ... ... ... .... 184
C.3. Convective Source Term Jacobian . . . . . . . . . ... ... ... ... ....... 185
C.4. Diffusive Flux Jacobian . . . . . . . . . . . . . .. . . e 185
C.5. Diffusive Source Term Jacobian . . . . . . . .. ... ... oL 187
C.6. Kinetic Source Term Jacobian . . . . . . . .. ... ... . oo 188

D. Mixtures and Data 191
D1 Mixtures . . . . . o o e e 191

D.2. Reaction Mechanisms . . . . . . . . . . . . 192



xiv Contents

D.3. Collision Integrals . . . . . . . . . . . e 195

Bibliography 199



List of Publications

The following publications have contributed directly or indirectly to this thesis. The author would
also like to gratefully acknowledge the opportunities to present unpublished work at various interna-
tional meetings, including the Ablation Workshops, IPPW, and the ESA TPS and Hot Structures
Workshops. These meetings have significantly contributed to this thesis through collaboration and
discussion with experts in the field.

Journal articles

1. J. B. Scoggins, J. Rabinovitch, B. Barros-Fernandez, A. Martin, J. Lachaud, R. L. Jaffe,
N. N. Mansour, G. Blanquart, T. E. Magin. Thermodynamic properties of equilibrium
carbon-phenolic gas mixtures. Aerospace Science and Technology, 66:177-192, 2017.

2. J. Lachaud, J. B. Scoggins, T. E. Magin, M. G. Meyer, N. N. Mansour. A generic local
thermal equilibrium model for porous reactive materials submitted to high temperatures.
International Journal of Heat and Mass Transfer, 108:1406-1417, 2017.

3. B. Helber, A. Turchi, J. B. Scoggins, A. Hubin, T. E. Magin. Experimental investigation of
ablation and pyrolysis processes of carbon-phenolic ablators in atmospheric entry plasmas.
International Journal of Heat and Mass Transfer, 100:810-824, 2016.

4. L. Soucasse, J. B. Scoggins, P. Riviére, T. E. Magin, A. Soufiani. Flow-radiation coupling for
atmospheric entries using a Hybrid Statistical Narrow Band model. Journal of Quantitative
Spectroscopy and Radiative Transfer, 180:55-56, 2016.

5. J. B. Scoggins, T. E. Magin. Gibbs function continuation for linearly constrained multiphase
equilibria. Combustion and Flame, 162(12):4514-4522, 2015.

6. J. Lachaud, T. van Eekelen, J. B. Scoggins, T. E. Magin, N. N. Mansour. Detailed equilib-
rium model for porous ablative materials. International Journal of Heat and Mass Transfer,

90:1034-1045, 2015.

Conference proceedings
Publications after the start of the thesis:

1. J. B. Scoggins, A. Lani, P. Riviére, A. Soufiani, T. E. Magin. 3D Radiative Heat Transfer
Calculations using Monte Carlo Ray Tracing and the Hybrid Statistical Narrow Band Model
for Hypersonic Vehicles. AIAA Paper 2017-4536. 47" AIAA Thermophysics Conference,
Denver, CO, June 2017.

2. J. B. Scoggins, P. Knisely, T. E. Magin. Crossed contributions to electron and heavy-particle
transport fluxes for magnetized plasmas in the continuum regime. AIP Conference Proceed-
ings, 1786(130002), 2016.

3. J. B. Scoggins, L. Soucasse, P. Riviére, A. Soufiani, T. E. Magin. Coupled flow, radiation,
and ablation simulations of atmospheric entry vehicles using the Hybrid Statistical Narrow
Band model. AIAA Paper 2015-3112. 45" AIAA Thermophysics Conference, Dallas, TX,
June 2015.

4. J. B. Scoggins, L. Soucasse, P. Riviére, A. Soufiani, T. E. Magin. An adaptive Hybrid
Statistical Narrow Band model for coupled radiative transfer in atmospheric entry flows.

Proc. of the 8" European Symposium on Aerothermodynamics for Space Vehicles, Lisbon,
Portugal, March 2015.



xvi Chapter 0. List of Publications

5. L. Soucasse, J. B. Scoggins, T. E. Magin, P. Riviére, A. Soufiani. Radiation calculations
along the stagnation line of atmospheric entry flows using a Hybrid Statistical Narrow Band
model. Proc. of the 6™ International Workshop on Radiation of High Temperature Gases in
Atmospheric Entry, St. Andrews, United Kingdom, November 2014.

6. J. B. Scoggins, T. E. Magin. Development of Mutation++: multicomponent thermodynamic
and transport properties for ionized plasmas written in C++. AIAA Paper 2014-2966. 11"
AIAA/ASME Joint Thermophysics and Heat Transfer Conference, Atlanta, GA, June 2014.

7. J. B. Scoggins, T. E. Magin, A. A. Wray, N. N. Mansour. Multi-group reductions of LTE
air plasma radiative transfer in cylindrical geometries. AIAA Paper 2013-3142. /4™ AIAA
Thermophysics Conference, San Diego, CA, June 2018.

Publications before the start of the thesis:

8. J. B. Scoggins, N. N. Mansour, H. A. Hassan. Development of a reduced kinetic mech-
anism for PICA pyrolysis products. AIAA Paper 2011-3126. 42"* AIAA Thermophysics
Conference, Honolulu, HI, June 2011.

9. J. B. Scoggins, H. A. Hassan. Pyrolysis mechanism of PICA. ATAA Paper 2010-4655. 10"
AIAA/ASME Joint Thermophysics and Heat Transfer Conference, Chicago, IL, June 2010.

VKI PhD Symposium reports

1. J. B. Scoggins, A. Soufiani, T. E. Magin. Fast Hybrid Statistical Narrow Band model for
radiative transfer in atmospheric entry flows. Proc. of the 6" VKI PhD Symposium, Sint-
Genesius Rode, Belgium, March 2015.

2. J. B. Scoggins, A. Soufiani, T. E. Magin. An extension of the Gibbs function continuation
method for linearly constrained multiphase equilibria. Proc. of the 5 VKI PhD Symposium,
Sint-Genesius Rode, Belgium, March 2014.

3. J. B. Scoggins, A. Soufiani, T. E. Magin. Development of Mutation+-+: multicomponent
thermodynamics and transport properties in ionized gases library in C++. Proc. of the 4%
VKI PhD Symposium, Sint-Genesius Rode, Belgium, March 2013.



List of Figures

1.1.
1.2
1.3.
1.4.
1.5.
1.6.

2.1.
2.2.

3.1
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.
3.10

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.
4.8.
4.9.

4.10.
4.11.
4.12.
4.13.
4.14.
4.15.
4.16.
4.17.

4.18
4.19
4.20
4.21
4.22
4.23

5.1.
5.2,
5.3.

EDL sequence for the MSL. . . . . . . .. .. L 2
Flight regimes in Earth’s atmosphere. . . . . . . . .. .. ... .. ... ... 3
Diagram of Galileo probe and TPS thickness. . . . . ... ... ... ... ..... 4
TPS mass fraction for several atmospheric entry vehicles. . . . ... ... ... .. 5
Phenomenology of atmospheric entry. . . . . ... .. 0oL 5
Phenomenology of thermal protection material response. . . . . . . .. ... .. .. 8
Potential energy curves for selected electronic states of No. . . . . . . . . . .. .. 14
Idealized gas-surface interactions. . . . . . . . . . . ... Lo L. 40
Types of atomic bound-bound transitions. . . . . . . . .. .. ... ... 48
Description of Voigt, Doppler, and Lorentz line shapes. . . . . . .. . ... .. ... 54
Photoionization absorption cross-sections of CH, Hyand Hy. . . . . . . . . . .. .. 58
LTE hydrogen absorption spectrum at 6000K and 0.3bar. . . . . . .. ... .. .. 59
Absorption spectrum of N, O, NT, and O™ at 1bar. . .. ... ... ........ 65
Comparison of adaptive meshes from 10000cm™"! to 12000cm™=t. . . . . . . . . .. 67
Comparison of adaptive meshes from 75000cm™="! to 77000cm™t. . . . . . . . . .. 67
Adaptive mesh characteristics for example flow. . . . . . .. ... .00 68
LBL and SNB transmissivities for Ho Werner system. . . . . ... .. ... .. .. 70
. Molecular and continuum processes in SNB database. . . ... ... ... ... .. 72
Example UML class diagram. . . . . . . . .. ... .. o 76
Relational dependence between MUTATIONT™™ and a CFD solver. . . . .. ... .. 7
Overview of the MUTATION™T library. . . . . . . . . ... ... ... ... ..... 77
Contributions to species enthalpies using the RRHO model. . . . . .. ... .. .. 79
Mixture thermodynamic properties of equilibrium air. . . . . . ... ... ... .. 81
UML diagram of MUTATIONTT thermodynamics module. . . . . ... ... .. .. 82
Reduced collision integrals for various types of interactions. . . . . .. .. . .. .. 88
Reduced temperature used for Coulomb interactions. . . . . . . .. .. .. ... .. 89
Coulomb collision integrals for equilibrium air mixture. . . . . . . . . . .. ... .. 89
Comparison of Q%) recurrence relations. . . . . . . . . . .. ... 90
Comparison of shear viscosity algorithms. . . . . . .. .. ... ... ... ... 91
UML diagram for the design of the transport module. . . . . . .. ... ... ... 93
UML diagram for the design of the collision integral database.. . . . . . . . .. .. 94
Equilibrium compositions of selected mixtures at latm. . . . ... ... ... ... 96
Viscosities of selected mixtures at latm. . . . . . . . .. ... ... ... ... ... 97
Equilibrium ambipolar electric field per temperature gradient. . . . . . . . . . . .. 98
Species diffusion fluxes for equilibrium mixtures. . . . . . . ... ... ... .. .. 99
. Components of thermal conductivity for equilibrium air at latm. . . . . . . .. .. 100
. Electron thermal conductivity of equilibrium air at latm. . . . .. ... ... ... 101
. Thermal conductivity of equilibrium air at latm. . . . . . ... .. ... ... ... 102
. Simplified UML diagram of the kinetics module. . . . . . . ... ... ... .... 103
. Classification tree for non-STS reactions. . . . . . . .. . .. .. ... ... .. .. 104
. Order of operations for efficient evaluation of MT rate coefficients. . . . . . .. .. 105
Solution procedure for the MPGFC method. . . . . . . ... ... ... ....... 120
Equilibrium water mixture with constrained total moles. . . . . . . .. ... .. .. 121

Global mole fractions of equilibrium C¢H5OH—Si mixture. . . . . . .. ... .. .. 122



xviii List of Figures

5.4. Eigenvalues of the matrix PTBAY. . . . ... 123
5.5. Mole fraction derivatives with respect to T'and P. . . . . . . . .. .. ... .... 125
6.1. Hypersonic flow around a spherical body. . . . .. .. ... .. ... ... ..., 128
6.2. Diagram of the tangent slab approximation. . . . . . . . . ... ... ... ... .. 134
6.3. Selected exponential integrals E,(z). . . . . . . ..o oo 136
6.4. Angular integration convergence study. . . . . . . . ... oL Lo 138
6.5. Coupling strategies. . . . . . . . . .. L 139
7.1. Schematic of Fire IT entry vehicle. . . . . .. .. .. ... ... ... ........ 143
7.2. Simulated temperature profiles along the SL of the Fire-II vehicle. . . .. ... .. 145
7.3. Radiative heat fluxes for the Fire IT 1634 s case. . . . . . .. .. ... ... .... 146
7.4. Radiative heat fluxes for the Fire IT 1645 s case. . . . . . .. .. ... ... .... 147
7.5. Comparison of Curtis-Godson and Lindquist-Simmons. . . . . . . . ... ... ... 150
7.6. Fire II 1634s: LBL, HSNB-Weak and HSNB models. . . . . . ... ... ... ... 152
7.7. Huygens 191s: LBL, HSNB-Weak and HSNB models. . . . .. ... ... ..... 152
7.8. Huygens 189s: stagnation line flow field. . . . . . .. ... ... ... ... ..., 153
7.9. Huygens 189s: CN red and violet radiation. . . . . . ... .. .. ... ... .... 153
7.10. Fire II 1634 s: temperatures and composition. . . . . . . . . .. .. ... ... ... 156
7.11. Fire II 1634 s: total radiative source term. . . . . . . . .. . .. .. .. ... ... 157
7.12. Fire II 1642.66s: temperatures and composition. . . . . . ... .. ... ... ... 157
7.13. Huygens 191s: temperature and CN mole fraction. . . . . .. .. ... .. ... .. 158
7.14. Huygens 191s: total radiative source term. . . . . . . .. .. .. ... .. ..... 159
7.15. Species mole fractions versus . . . . . . . . ..o Lo 160
7.16. Average BL transmissivities for different mixing ratios. . . . . . .. ... ... . 162
7.17. Apollo 4 30032s: temperature profiles vs coupling strategy. . . . . . . .. ... .. 163
7.18. Apollo 4 30032s: species number densities. . . . . . ... ... ... ... 164
7.19. Apollo 4 30032s: wall directed intensities. . . . . . . . . ... ... 165
7.20. Apollo 4 30032s: comparison with radiometer data. . . . . .. .. ... ... ... 166
D.1. Collision integral data for air mixture. . . . . . .. .. ... .. ... .. ... 195
D.2. Collision integral data for Titan mixture. . . . . . .. ... .. ... ... .. .. 196

D.3. Collision integral data for air-ablation mixture. . . . . . . . .. .. ... ... ... 196



List of Tables

2.1.

3.1
3.2.
3.3.

3.4.

4.1.
4.2.

4.3.

5.1

7.1.
7.2.
7.3.
74.
7.5.
7.6.
7.7.

A.l.
A2

D.1.
D.2.
D.3.
D.4.
D.5.

Summary of homogeneous chemical processes in hypersonics. . . . .. ... .. .. 36
Radiative mechanisms in the HTGR database. . . . ... ... ... ... ..... 52
Relations of black equivalent line widths for uniform paths. . . . . ... .. .. .. 62
Relations of black equivalent line widths for non-uniform paths. . . . . . . . .. .. 64
Description of SNB database. . . . . . .. .. ... ... . ... .. .. . 69
Internal contributions to RRHO thermodynamic properties. . . . . . . .. ... .. 79
Summary of required collision integral data. . . . . . .. .. ... ... 84
Ratios of Qgés) / ngll) for the Langevin potential. . . . . . . . .. ... ... .... 86
Example constraint matrices Band P. . . . . . ... ... ... .. L. 112
Conditions for the considered vehicle trajectory points. . . . . . . . ... ... ... 142
CPU and error statistic comparison for adaptive HSNB methods. . . . . . . . . .. 148
LBL, HSNB-Weak and HSNB models: flux and CPU times. . . . . . ... ... .. 151
Fire IT 1634s: standoff distances, flux, and intensity. . . . . . . .. .. .. ... .. 154
Fire IT 1642.66s: standoff distances, flux, and intensity. . . . . .. .. .. ... .. 155
Elemental mass fractions of simulated boundary layer. . . . . . .. .. ... .. .. 159
Apollo 4 30032s: components of stagnation point heat flux. . . . . . ... ... .. 161
Heavy particle transport subsystems. . . . . . . . . . ... oL oL 176
Heavy-electron and electron-electron transport subsystems. . . .. .. ... .. .. 177
Summary of the three mixtures used in Chapter 7. . . . . . . . ... ... ... .. 191
Reaction mechanism used for air simulations. . . . . . .. ... ... ... ... .. 192
Reaction mechanism used for air-ablation simulations. . . . . . .. .. ... .. .. 193
Reaction mechanism used for Titan simulations. . . . .. ... ... ... ... .. 194
Interaction potential parameters used in this work. . . . . . . . .. . ... ... .. 197






Nomenclature

Symbols with multiple definitions should be clear from the context in which they are used.

Constants

c Speed of light

h Planck’s constant

kp  Boltzmann constant

N, Avogadro number

R, universal gas constant, R, = kpNa
R, Rydberg constant

o Stefan-Boltzmann constant

Roman Symbols

a speed of sound
a degeneracy of a particular energy state

A, spontaneous emission Einstein coefficient of bound-bound transi-
tion wul

By, absorption Einstein coefficient of bound-bound transition ul

B.,; induced emission Einstein coeflicient of bound-bound transition
ul

B¢ Elemental stoichiometry coefficient matrix
B magnetic field

Cp specific heat at constant pressure

Cy specific heat at constant volume

9 binary diffusion coefficient

e energy

E energy of a particle or energy level

E electric field

E’'  electric field in hydrodynamic velocity frame

f2b  absorption spectral line profile



Roman Symbols

NN N T O R e

Sy

T 205

3

3
X

3
A

S
[

"U’"Uﬁ‘@ﬁ2|2|22

induced emission spectral line profile
spontaneous emission spectral line profile
oscillator strength

relative velocity between two particles
species pure Gibbs function

species non-dimensionalized pure Gibbs function
mixture Gibbs function

mixture normalized Gibbs function
enthalpy

set of heavy species

identity matrix

radiant intensity

Planck function

diffusive mass flux

conduction current

mean absorption coefficient per partial pressure of absorbing
species

set of energy levels
molecular weight
particle mass

number density

number of heavy species
number of phases
number of species
species moles

species mole vector
phase moles

phase moles vector
pressure

radiative power

set of phases indices
phase summation function

phase summation matrix



Greek Symbols

xxiii

ERG

§|<<§

8]

charge

convective heat flux

radiative heat flux

partition function

reduced collision integral

specific gas constant, R; = R, /M;

reaction rate of progress

set of reaction indices

entropy

spontaneous emission cross-section for bound-free process
induced emission cross-section for bound-free process
absorption cross-section for bound-free process
set of species indices

temperature

free electron translational temperature
electronic temperature

heavy particle translational temperature
rotational temperature of molecules
vibrational temperature of molecules
hydrodynamic velocity

diffusion velocity

set of vibrating molecules

mean black equivalent line width

mole fraction

mass fraction

Greek Symbols

e

)

neq

= =X

absorptivity or absorptance

line overlap parameter for narrow band

free electron thermal diffusion ratio

heavy particle thermal diffusion ratio

non-equilibrium coefficient used for bound-free processes
emittance or emissivity

emission coefficient



xXXiv Acronyms
N shear viscosity
K absorption coefficient
bulk viscosity
thermal conductivity
e free-electron thermal conductivity
Ah heavy particle thermal conductivity
I reduced mass of two particles
II viscous stress tensor
w mass production rate due to chemical reactions
Q collision integral
QCV  chemical-vibrational energy coupling term
QFT  heavy-electron translational energy relaxation rate
QFY  electron-vibrational energy relaxation rate
Qf thermal energy lost provided by electrons during electron impact
reactions
QYT vibrational-translational energy relaxation rate
QVV  vibrational-vibrational energy relaxation rate
(;3 mass production rate due to photochemical reactions
p mass density
0 molar density
P reflectivity or reflectance
o wavenumber
T transmissivity
7ET  heavy-electron translational energy relaxation time
VT  vibrational-translational energy relaxation time
68 non-Boltzmann equilibrium parameter
v forward stoichiometry coefficient
v’ backard stoichiometry coefficient
Acronyms
ANL Argonne National Laboratory
ATcT  Active Thermochemical Tables
BRVC Boltzmann rovibrational collisional
CEA Chemical Equilibrium with Applications



Acronyms

XXV

CFD
CFL
CG

CR
DNRS
EDC
EDL
EPE
ESA
FV
GFC
GMRES
GSI
HSNB
HTGR
HWHM
LBL
LHTS
LTE
MPGFC
MT
MUSCL
NASA
NIST
(0]0) 5
ODE
PAH
PES
QCT
RCCE
RCCE-GALI
RRHO
RRM

Computational Fluid Dynamics
Courant-Friedrichs-Lewy

Conjugate-Gradient

Collisional-Radiative

Dimensionally Reduced Navier Stokes

Eddy Dissipation Concept

Entry, Descent, and Landing

Element Potential Equations

European Space Agency

Finite Volume

Gibbs function continuation

Generalized minimum residual

gas-surface interactions

Hybrid Statistical Narrow Band

High Temperature Gas Radiation

half-width at half-maximum

line-by-line

Local Heat Transfer Simulation

local thermodynamic equilibrium

multiphase Gibbs function continuation
multi-temperature

Monotone Upstream Centered Schemes for Conservation Laws
National Aeronautics and Space Administration
National Institute for Standards and Technology
Object-Oriented Programming

Ordinary Differential Equation

Polycyclic Aromatic Hydrocarbons

potential energy surface

quasi-classical trajectory

Rate-Controlled Chemical Equilibrium

RCCE using greedy algorithm with local improvement
Rigid-Rotor Harmonic-Oscillator

Relaxa tion-Redistribution method



XXVvi Acronyms

RTE Radiative Transport Equation
RVC rovibrational collisional

SNB Statistical Narrow-Band

SRE Specified Reaction Efficiency
STANJAN  Stanford-JANAF

STS State-to-State

TN Thermochemical Network
TOPBASE The Opacity Project atomic database
TPS Thermal Protection System

TRC Thermochemical Research Center
UML Unified Modeling Language

vVC vibronic-specific collisional

XML eXtensible Markup Language



CHAPTER 1

Introduction

“At first they thought the steam was escaping somewhere, but, looking upwards, they saw
that the strange noise proceeded from a ball of dazzling brightness, directly over their heads,
and evidently falling towards them with tremendous velocity. Too frightened to say a word,
they could only see that in its light the whole ship blazed like fireworks and the whole
sea glittered like a silver lake. Quicker than tongue can utter, or mind can conceive, it
flashed before their eyes for a second, an enormous [meteor| set on fire by friction with the
atmosphere, and gleaming in its white heat like a stream of molten iron gushing straight
from the furnace.”

— Jules Verne, (translated from Autour de la lune)

1.1. Historical Perspective on Space Exploration

In his 1870 novel, Autour de la lune (Around the moon), the prolific French writer Jules Verne
describes the reentry of his fictitious spacecraft, a Columbiad projectile, from the viewpoint of
the sailors aboard the recovery ship. Apart from a few physical inaccuracies — for instance, you
can’t hear an object moving towards you faster than the speed of sound — Verne had no way of
knowing that he had imagined the scene that would take place nearly one hundred years later as
the sailors aboard the USS Hornet (and indeed the rest of the world) awaited the return of the
world’s first lunar explorers: Neil Armstrong, Buzz Aldrin, and Michael Collins, aboard the Apollo
11 Command Module, Columbia. The space race, which began as a cold war struggle between the
United States and the Soviet Union in the late 1950’s, had culminated in the successful completion
of the most daunting technological challenge in human history. Human exploration of the lunar
surface returned a wealth of scientific knowledge concerning the geological formation of the Moon as
well as clues regarding the early history of our own planet. Beyond the scientific and technological
advancements, the lunar program served to fuel our collective curiosity about our place in the
universe through images like the ones broadcast aboard Apollo 8 on Christmas Eve, 1968, of the
lunar Earthrise.

Unlike those early days of space exploration, the bulk of the space missions in the proceeding
decades have been largely robotic in nature, with the notable exception of the more than 16
years of continuous human presence in space aboard the international space station. However, the
technological and scientific achievements of these missions are no less important or awe inspiring.
Notable scientific advancements from these missions include the discovery of liquid hydrocarbon
lakes on the surface of Saturn’s moon Titan by the joint NASA /ESA Cassini-Huygens mission and
the recent discoveries of organic matter on the surface of Mars and in the coma of the Wild 2
comet by the NASA Mars Science Laboratory and Stardust missions, respectively.

1.2. Entry, Descent, and Landing

A common feature of most planetary exploration or sample return missions, is the need to enter
into the atmosphere of a celestial body at high velocity. Atmospheric entry is the first phase of a



2 Chapter 1. Introduction

‘ Cruise Stage Separation

o Outside the Martian Atmosphere

s, De-spin
Q

Cruise Balance Mass Jettison

™
2
- {7 Turn to Entry Attitude
{7 Entry Interface
; Peak Heating Entry
€
. Peak Deceleration
- Ej
Heading Ali 1
%‘3. ﬁi ﬁ‘ U eading Alignmen
-—
” i ~
4
Deploy Parachute I:./ ﬁi é
Parachute e Deploy Parachute
e
Descent E o ®
Heatshield Separation . ﬁ"'."'.‘
Entry Balance Mass Jettison - ﬁ,
Radar Activation and Mobility Deploy I‘r_.::
MLE Warm-up AT
Backshell Separation ':.é’
Powered Descent = M

: Flyaway

o
Sky Crane Cut to Four Englnes = T - iy
Rover Separation M8 la

I
i

R Toueh
aver Touchdawn i

Figure 1.1.: Entry, Descent, and Landing sequence for the Mars Science Laboratory (source:
NASA/JPL).

mission’s Entry, Descent, and Landing (EDL) sequence. As the name suggests, the purpose of the
EDL sequence is to bring the spacecraft safely to the surface of the planet from its initial cruise
velocity. One of the most technologically advanced EDL sequences to date is that of the NASA
Mars Science Laboratory’s (MSL) Curiosity rover, which was successfully deployed on the Martian
surface on the 6" of August, 2012. A diagram of this sequence is shown in Fig. (1.1). Among
the many achievements of the MSL landing were the first ever controlled entry phase which is
responsible for the most accurate Martian landing in history, targeting a landing ellipse of just
7km by 20km, and an innovative sky crane which lowered the Curiosity rover to the surface,
preventing damage to the rover from the the dust and rocks blown around by conventional landing
jets.

From the standpoint of energy, an EDL sequence is responsible for reducing the kinetic and
potential energy of the spacecraft, measured relative to the planet’s surface, to zero. The bulk
of this energy is dissipated during the entry phase by converting the kinetic energy of the vehicle
into thermal energy in the surrounding atmosphere through the formation of a strong bow-shock
ahead of the vehicle. In general, about 90 % of the energy dissipated to the atmosphere is carried
away from the vehicle through convection and radiation, leaving about 10 % to be absorbed back
into the vehicle as thermal energy. A Thermal Protection System (TPS) is used to mitigate this
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heat load and ensure that the temperature limits of critical components on board are not exceeded
during the entry phase.

In general, two categories of TPS have been used for atmospheric entry, depending on the entry
velocity and expected heat load. A velocity / altitude map for Earth entry is given in Fig. (1.2)
which shows the flight profiles of several vehicles. For moderate entry velocities, reusable heat
shields, like the one used on NASA’s Space Shuttle vehicle, can be used to dissipate heat by re-
radiating the energy back into the free stream. Reusable heat shields are designed to withstand
multiple uses without need for replacement or repair. They are typically constructed from carbon
or silicon carbide materials which have high emissivities at high temperatures in order to promote
re-radiation. In practice, the use of reusable heat shields is limited to relatively slow entry velocities
on the order of about 7 - 8 km/s, corresponding to Earth orbital velocities. For the space exploration
missions of interest, such as Apollo or sample return from Mars or distant asteroids, entry velocities
are greater 10km/s and ablative thermal protection systems must be used. Like reusable materials,
ablators dissipate a significant amount of heat through radiation. However, unlike reusables,
ablators are designed for single use, dissipating the remaining heat by converting thermal energy
into decomposition and degradation of the material itself, causing the surface of the ablator to recess
over time. Ablative TPS are generally constructed from rigid carbon fiber or silicon composites,
impregnated with an organic resin matrix which serves as a pyrolyzing binder and provides strength
to the overall TPS structure.

As will be shown in the following section, the aerothermal environment surrounding a vehicle
during atmospheric entry is extremely complex. As such, prediction of the heating rate which is
experienced by the thermal protection system remains an imperfect art. For example, prediction
uncertainty for Martian entry remains as high as 60 % for laminar convective heating [3]. In addi-
tion, the accurate characterization of the thermal protection system response to the imposed heat
load adds further uncertainties due to the complexity of the decomposition and recession processes.
Together, these uncertainties make selecting the right TPS type and thickness a challenging task,
as mission designers have to balance minimizing the TPS mass while minimizing the risk of fail-
ure. A classic example is the NASA Galileo probe. Launched on October 18, 1989, Galileo spent
over 8 years studying Jupiter and its moons. On September 21, 2003, after 14 years in space,
Galileo ended its mission by entering the Jovian atmosphere with a relative velocity of 47.5km/s,
representing the most severe atmospheric entry environment ever attempted. The reentry probe,
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Figure 1.3.: Diagram of the Galileo atmospheric entry probe (left) and the estimated TPS thick-
ness before and after entry (right). Recession diagram is modified from the work of Laub and
Venkatapathy [4].

depicted on the left of Fig. (1.3) employed a fully dense carbon phenolic forebody TPS, designed
to withstand the extreme heating environment so that on board sensors could collect valuable
data about the atmosphere of Jupiter. Meanwhile, recession sensors embedded in the TPS itself,
allowed direct measurement of the TPS performance during entry. The estimated recession profile
of the Galileo TPS is shown on the right of Fig. (1.3). The data shows that the stagnation point
recession was far less than predicted, while the recession at the shoulder was greater and nearly
lead to a complete burn through which would have prematurely destroyed the probe. Fortunately,
Galileo was a huge success for the American space exploration program, however, the recession
data serves to underline the importance of being able to accurately characterize the aerothermal
heating environment during atmospheric entry.

Failure to accurately predict the heat loads and associated material response of the TPS during
the design phase can lead to catastrophic mission failure. In order to mitigate these failures,
large safety factors are typically applied to the thickness of ablative TPSs during the design of
atmospheric entry vehicles. Fig. (1.4) shows the percentage of total vehicle mass devoted to the
thermal protection system versus the total expected heat load imposed for several vehicles. As can
be seen in the figure, the TPS mass fraction scales proportionally to the total heat load, and reaches
as high as 50 % in the case of Galileo. High TPS mass fractions mean that less mass is available for
fuel or scientific payloads. Reducing the uncertainties associated with atmospheric entry heating,
could allow for a reduction in the added TPS mass by excessive safety factor margins.

1.3. Atmospheric Entry Phenomena

The environment surrounding an atmospheric entry vehicle during entry represents a highly com-
plex, coupled, multiphysics problem. Broadly speaking, the various phenomena which affect the
resulting heat flux to the vehicle can be split into three domains: the aerothermal flow field,
thermal protection material response, and thermal radiation. A diagram depicting some of these
phenomena is shown in Fig. (1.5).

1.3.1. Shock Layer Physics

As the entry vehicle collides with the previously undisturbed atmospheric gases, a bow shock is
formed upstream of the vehicle, compressing and energizing the translational energy modes of the
gas particles. The temperature downstream of the shock can reach tens of thousands of degrees,
depending on the atmospheric entry conditions. Collisions between these energized molecules
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transfer some of the translational energy into the internal energy modes of the gas causing the
translational energy to relax. In general, rotational and vibrational mode excitation is induced
before excitation of the electronic modes.

Once the vibrational modes of the molecules become sufficiently energetic, additional collisions
provide the energy necessary to break their inter-nuclear bonds, leading to dissociation. In air, for
example, dissociation leads to the formation of atomic nitrogen and oxygen from Ny and O5. At the
same time, Zelodvich exchange reactions between atoms and molecules form NO which can then
dissociate as well. In the Martian atmosphere, on the other hand, dissociation of CO5 creates CO
and O molecules and finally O atoms. Further collisional excitation of the atoms and molecules
excites the bound electrons to higher electronic states. If the electrons become sufficiently excited,
they may be stripped from their parent species, forming a plasma. In air, this process begins
with the associative ionization of the NO molecule (N + O == NO" + e"), producing a singly
ionized NO" and a free electron. The positive molecule is then typically neutralized through a
charge exchange reaction with N or O, stripping an electron from one of those atoms to form
ionized N™ or O". Over time, the associative ionization reactions build up the concentration of
free electrons until a critical mass is formed. At this point, electron impact ionization reactions,
create a chain reaction and the level of ionization increases dramatically. This process is called
the electron avalanche. A similar process is also found during Martian entries, starting from the
associative ionization of CO. However, Martian entries typically occur at a slower velocities than
those on Earth, leading to far less ionization in general.

In addition to dissociation and ionization, collisional excitation may lead to thermal radiation
as excited atoms and molecules spontaneously emit a photon and drop to a lower energy state.
The radiant energy can then be absorbed by other atoms and molecules in the flow field, causing
particles to jump to higher energy levels, or directly absorbed by the surface of the vehicle. Emission
and absorption from bound levels to other bound levels is referred to as bound-bound radiation.
The emission and absorption spectra of bound-bound processes is highly oscillatory in nature due to
the many transitions between discrete internal energy levels of atoms and molecules. For sufficiently
energetic atoms and molecules, absorption of a photon may lead to dissociation or ionization. In
particular, the photo-dissociation of Oy and photo-ionization of N and O are common in air.
These processes are called bound-free since the particles in question begin the process bound to
one another and are separate or “free” at the end. The reverse processes are likewise termed free-
bound. Finally, free electrons may also contribute to radiation. As an electron passes through
the electric field of another charged particle, it may undergo a deceleration and emit a photon
with energy equal to the difference between the kinetic energy of the electron before and after the
collision. This process is known as Bremsstrahlung from the german words bremsen for “to brake”
and strahlung for “radiation”. Bremsstrahlung is also called free-free radiation, since transitions
occur between two unbound electrons. Bound-free and free-free processes exhibit a continuous
spectrum, since the energy transitions are not limited to discrete jumps.

A significant portion of the energy emitted is radiated out of the shock layer into the free stream,
reducing the temperature of the shock layer gas. This process is referred to as radiative cooling.
For cases in which radiation is a significant source of heat transfer, radiative cooling may introduce
a strong coupling mechanism between the flow and radiation fields and must be taken into account
in order to accurately predict the heat flux reaching the surface of the vehicle. Assessing the
importance of this coupling mechanism for a given entry is typically done by considering the
so-called Goulard number T' [6],

2¢3q

=_——"ad 1.1
0.5p,u3,’ (L1)

which is the ratio of the adiabatic (uncoupled) radiative flux, approximated as twice the surface
flux, to the total energy flux. As a general rule of thumb radiation coupling can be neglected
for conditions in which I' < 0.01 . For higher values of the Goulard number, radiation coupling
should be considered. In addition, for strongly radiating shock layers, the internal energy modes
of the free stream ahead of the shock may be sufficiently excited by absorption processes to cause
photo-ionization leading to the generation of free electrons. The effect of this precursor ionization
on the shock structure and the ensuing thermochemical relaxtion processes downstream of the
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shock remains an open research problem.

The collisional and radiative processes described above act to alter the thermodynamic state of
the gas as the various energy modes transition from the equilibrium state of the undisturbed free
stream to a different equilibrium state downstream of the shock. During this transition period,
the gas may go through a series of thermochemical nonequilibrium states until sufficient collisions
have occurred. The length of the nonequilibrium zone behind a shock is dependent on a number of
factors, including the free stream density and composition as well as the vehicle size and velocity.
The accurate prediction of the nonequilibrium states in this zone is crucial for the correct descrip-
tion of the radiative and convective heat flux on the surface of the vehicle. For example, in the
case of the Huygens probe which entered the atmosphere of the Saturnian moon Titan on January
14, 2005, the radiative heat flux was found to be reduced between 2 to 15 times of that computed
using an equilibrium assumption when nonequilibrium electronic populations of the CN molecule
were considered [7].

1.3.2. Material Response

As the flow progresses towards the surface of the vehicle, a boundary layer develops due to viscous
interactions between the plasma and the surface. Thermal and species gradients near the surface
generate a convective heat flux into the vehicle via conduction and diffusion. In addition, irradi-
ation of the surface by the radiant emission from the shock layer further increases the heat flux
experienced by the vehicle. As the temperature of the surface rises, the bulk of the energy is re-
radiated back into the free stream by the thermal protection material while the rest of the energy
is conducted inside. For the carbon-phenolic thermal protection systems of interest in this work,
the heat flux is mitigated through two main processes, called pyrolysis and ablation. Fig. (1.6)
describes the phenomenology of the material response associated with carbon-phenolic thermal
protection systems. Before atmospheric entry, the thermal protection material is in its virgin
state, comprised of a carbon fibers impregnated with a phenolic resin matrix. As the the surface
heats up during entry, a wave of heat is conducted into the virgin material. Once the temperature
in the material rises above a certain level, the phenolic resin undergoes an endothermic thermal
decomposition in which the chains of the polymer matrix begin to break, known as pyrolysis.

The pyrolysis gases formed during the thermal decomposition of a phenolic resin are strongly
dependent on the molecular structure of the original polymer and the local temperature at which
decomposition occurs. Phenolic resins are generally formed through a polycondensation reaction
which occurs when a combination of phenol (C¢HsOH) and formaldehyde (CH20) are heated in
the presence of a catalyst. When excess formaldehyde is present in the mixture, a basic (alkaline)
catalyst is used to promote cross-linking of the polymer through ethylene bridges, forming a novolac
resin. When there is an excess of phenol, a resole type resin is produced in the presence of an
acidic catalyst. Depending on the formaldehyde to phenol ratio, reaction temperature, catalyst,
reaction time, and distillation amount, a wide variety of phenolic resin structures may be obtained,
with various degrees of cross-linking and impurities. Linear polymers have a minimal amount
of cross-linking and a repeated stoichiometry of C;HgO, while fully cross-linked polymers can
be characterized by a stoichiometry of Ci5H1205. Typical polymer structures fall somewhere
in between these idealized cases due to incomplete cross-linking and the presence of impurities
embedded in the resin, such as nitrogen [10].

A significant number of experimental studies have been performed to characterize the thermal
decomposition of various types of carbon-phenolic resins and TPS. In particular, several important
studies have measured the composition of the pyrolysis gases produced versus temperature for
various materials, including novolac [11] and resol [12] resins, carbon-phenolic [13], and PICA [14,
15]. While some variability exists, the thermal decomposition of a phenolic resin can generally be
described in three temperature regimes. Between 300 °C to 600 °C, small molecules which are not
linked to the bulk polymer (left over from resin formation) are allowed to escape. In addition, ether
and nitrogen linkages begin to break, forming a mixture of aldehydes, cresols, and azomethines.
The most significant pyrolysis gas formed in this stage is typically water. From 600°C to 900 °C,
the bulk of the pyrolysis gases are formed. A significant shrinkage of the polymer occurs due to
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the creation of carbon-carbon bonds between aromatic rings, forming a polyaromatic char. Several
gases may be formed in this range, such as Hy, CHy4, HoO, CO, CO5, and volatile aromatics such
as phenol (C¢H5;OH) and benzene (CgHg). Finally, above about 900 °C, dehydrogenation further
shrinks the polymer forming mostly Ho and other small noncarbonacious molecules.

Once formed, the pyrolysis gases are convected and diffused through the porous material, driven
by a pressure gradient originating in the pyrolysis zone. As the gases flow towards the surface they
may react with one another to form new compounds or dissociate further. Closer to the surface,
the gas passes through a char layer, leftover from the completion of the pyrolysis processes. In some
cases, the presence of carbonaceous pyrolysis gases leads to coking, in which some of the carbon
in the gas is redeposited onto the polyaromatic char. At the surface of the thermal protection
system, the pyrolysis gases generated inside are convected into the boundary layer. Atmospheric
gases, diffusing to the surface, interact with the carbon fibers and carbonaceous char. In air, for
example, nitrogen and oxygen atoms may undergo a catalytic recombination at the surface to form
Ny and Os. In addition, oxidation and nitridation reactions may remove carbon from the surface,
causing the surface to recess and generating CO, CO3, and CN. At temperatures above about
3000K, the carbon surface begins to sublimate, generating carbonaceous species such as C, Ca,
and Cs, and increasing the surface recession rate. In extreme cases, surface spallation can also
occur, in which large particles are ejected from the surface due to mechanical and thermal loads.
Spallation is highly undesirable since it can dramatically increase the recession rate with little
thermodynamic benefit. When combined, the processes which remove material from the surface
are collectively known as ablation.

1.3.3. Flow, Material, Radiation Coupling

The gaseous products of ablation and pyrolysis are blown into the boundary layer where they may
react with the atmospheric gases coming from the shock layer. For strong mass blowing rates,
the boundary layer can be blown off of the surface, significantly reducing the thermal gradients at
the surface and decreasing the convective heat flux. Depending on their type and concentration,
ablation and pyrolysis gases may block a significant amount of the incoming radiation as well,
through absorption. This process, known as radiation blockage, is still not fully characterized, due
to the complexity of the phenomena leading to the creation of the ablation and pyrolsyis gases. To
further complicate matters, certain ablation products such as CO, CN, and C3 are known to be
strong radiators, leading to the possibility that ablation may actually increase the radiative flux to
the vehicle through spontaneous emission of these species as they are heated in the boundary layer.
For example, Johnston et al. [16] have shown for a simplified boundary layer in air, contamination
with ablation products may block radiation in the vacuum ultraviolet through increased absorption,
while increasing it in the infrared and visible regions of the spectrum due to emission from CO,
Cs, and CN.

Finally, as the flow moves across the surface of the ablator, the boundary layer thickness tends
to grow. For larger vehicles, the laminar boundary layer flow can transition to turbulent, which
may significantly increase the convective heating rate to the surface. As the flow wraps around the
leading corner of the vehicle, a significant decompression and separation occurs, generating a large,
turbulent wake. As the wake cools, previously dissociated atmospheric gases and ablation products
may recombine. For Martian entries, a significant radiative heat flux can occur on the backshell
of the vehicle due recombination of COs which is a strong emitter in the infrared region. This
phenomena may become increasingly important for future missions aiming to send increasingly
large vehicles to Mars.

1.4. State-of-the-Art Flow-Radiation Tools

In this section, the current state-of-the-art of numerical prediction and modeling of atmospheric
entry flows is briefly reviewed with a focus on topics relevant to this thesis. A more detailed review
of the relevant literature is made throughout the thesis, as necessary. For a review of experimental
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studies of ablation phenomena, the reader is referred to the recent work of Helber [17]. In gen-
eral, state-of-the-art TPS design tools typically split the solution of the aerothermal environment
surrounding atmospheric entry vehicles into three computational domains: the flow field, material
response of the TPS, and the radiation field. Each computational domain is then solved in a loosely
coupled fashion. This approach proved successful for a number of atmospheric entry cases when
coupling phenomena are secondary to other features of the flow. Recently, a unified approach for
flow / material coupling has been developed by Schrooyen [18] which computes the solution of an
ablating, porous medium in the same computational domain as the flow.

On the other hand, past numerical investigations have shown several major radiation coupling ef-
fects, including (i) radiative cooling of the shock layer due to the strong emission of the plasma [19-
21], (ii) the production of precursor chemical compounds ahead of the shock [22], and (iii) the pro-
motion of ablation products released by the heat shield which may in turn contribute to increased
radiation blockage in the boundary layer [16]. At high altitudes corresponding to low densities,
the need to consider detailed nonequilibrium radiation appeared since the middle of the 1980s [23]
and thermodynamic and chemical nonequilibrium flowfield solvers, coupled to radiative transfer,
became common in the 1990s [24, 25].

A review of the thermochemical nonequilibrium models and governing equations used for hyper-
sonic flows is detailed in the next chapter. In general, these models rely on the multicomponent,
reacting Navier-Stokes equations [26] and are typically solved using finite-volume shock capturing
methods [27, 28]. Thermochemical nonequilibrium is accounted for using simple multitemperature
models [26, 29, 30] which split the internal energy of atoms and molecules into different modes
assumed to be at equilibrium at different temperatures.

The numerical simulation of radiative transfer is a challenging problem because of the spa-
tial, angular, and spectral dependence of the radiation field. The reference approach for treating
the spectral dependence is the Line-By-Line (LBL) method which consists in finely discretizing
the radiative properties over the relevant spectral range. These radiative properties depend on
level populations and on fundamental spectroscopic data gathered in spectral databases such as
NEQAIR |[31, 32|, SPRADIAN [33], MONSTER |[34], SPECAIR [35]. The High Temperature Gas
Radiation (HTGR) spectral database, previously developed at the EM2C laboratory at Centrale-
Supélec for O2-N3 and CO2-No plasma applications [36-40], will be used in this work. HTGR gath-
ers up-to-date atomic spectroscopic data from various sources (such as NIST [41] and TOPbase [42])
together with exhaustive and accurate calculations of diatomic molecular spectra and atomic line
shapes. It includes bound-bound atomic and molecular transitions, bound-free transitions result-
ing from various mechanisms, and free-free transitions. The covered spectral range is [1000 -
200,000 cm~!] and the targeted maximum temperature is 50,000 K. The HTGR database has been
used in several studies for LBL radiative transfer calculations in hypersonic entries. In particular,
Lamet et al. [43] performed uncoupled radiation simulations of the Fire II flight experiment using
a two-temperature approach to model the thermal nonequilibrium. More recently, Lopez et al. [44]
carried out coupled flow-radiation simulations of the relaxation behind a shock wave in air with a
consistent state-to-state modeling of the atomic electronic levels.

A full LBL closely coupled flowfield-radiation model has been developed by Feldick et al. [45] for
Earth hypersonic reentries. They used the tangent slab approximation and introduced optimized
variable wavelength steps to decrease the computational costs. The full LBL simulations were suc-
cessfully compared to a hybrid line-by-line-gray model where molecular radiation in optically thin
systems was assumed to be gray inside narrow bands. However, although the LBL method is very
accurate, the large number of radiative transitions that have to be taken into account makes it very
computationally expensive and impractical for coupled simulations in complex geometries. The
Smeared-Rotational-Band (SRB) model is a common way to simplify the calculation of molecular
radiation but its accuracy is restricted to small optical thicknesses. It has been used for instance
in Ref. [46], together with a LBL treatment of atomic radiation.

More sophisticated approaches for radiative property modeling include the k-distribution meth-
ods which are based on the distribution functions of the absorption coefficient over the whole
spectrum (for example, [47]) or over spectral narrow bands [48]. They have been widely used
for modeling IR radiation in the field of atmospheric physics or for combustion applications, but
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also for modeling visible, UV and VUV radiation of astrophysical (Opacity Distribution Function
model of Ref. [49]) or thermal [50] plasmas. Recently, such models have been developed in the
framework of hypersonic nonequilibrium flows for air mixtures [51, 52| and also in carbonaceous
atmospheres [53]. They are based on the Full-Spectrum Correlated-k approach (FSCK) previously
developed for IR applications [54] and use efficient tabulations and rescaling of the various required
distribution functions against temperatures, molecular electronic state populations, and a typical
Stark width of the atoms. The accuracy of these approaches was demonstrated by successful
comparisons with LBL results. In the case of carbonaceous atmospheres [53], where only three
non-overlapping molecular band systems are considered, such an approach is very efficient and
easy to implement. Moreover, it retains a description of radiative properties in terms of absorption
coefficients and is therefore applicable to any radiation solver. For more arbitrary gas mixtures
such as ablation contaminated boundary layers, a large number of overlapping, non-weak molecular
electronic systems, absorbing in the Voigt regime, and whose induced emission contribution may
not be negligible, have to be accounted for. In this case, the multi-scale MS-FSCK approach can
become tedious to implement. Moreover, the spectral information is completely lost when using
such full-spectrum approaches. This is not an intrinsic limitation if one is only interested in heat
transfer with gray walls, but such models do not enable comparisons with experiments done in
limited spectral ranges.

Recently, Lamet et al. [55] have developed the Hybrid Statistical Narrow Band (HSNB) model,
combining a Statistical Narrow-Band (SNB) model for optically thick molecular systems with a
box model for optically thin molecular systems and continua, and a LBL description of atomic
lines. Band parameters have been computed using the HTGR database and tabulated against
translational-rotational and vibrational temperatures. The HSNB model can easily include new
radiating species and electronic systems, and arbitrary electronic populations may be specified. In
addition, it can be applied to predict the radiative flux in the case of non-gray walls. However,
the accuracy of the HSNB model has not yet been assessed in the case of ablation contaminated
boundary layers. Moreover, no study to date has demonstrated the efficiency of the HSNB model
necessary for coupled flow, radiation, ablation calculations.

1.5. Objectives and Outline of the Thesis

The goal of this work is to develop physicochemical models and numerical methods for the study
of the complex, coupled, multiphysics phenomena associated with atmospheric entry plasmas.
In particular, the thesis is focused on the coupling between the flow, ablation, and radiation
phenomena encountered in the stagnation region of the flow surrounding atmospheric entry vehicles
with carbon-phenolic thermal protection systems. Three broad objectives have been identified:

1. Many models associated with the complex thermochemical nonequilibrium phenomena sum-
marized in Section 1.3 require substantial amounts of basic data and specialized algorithms
to evaluate properties of the flow field during the course of a Computational Fluid Dynamics
(CFD) calculation. For example, the solution of accurate transport properties for partially
ionized plasmas requires the evaluation of many collision integrals, proportional to the square
of the number of binary interactions in the species mixture. These data can be tedious to im-
plement or difficult to find and are often “hard coded” in many modern hypersonic CFD tools
in use today. The first objective of this work is therefore to develop a new software library ca-
pable of providing a centralized repository for the basic physico-chemical models, algorithms,
and data relevant to nonequilibrium plasma flows.

2. The accuracy of the HSNB model has been successfully demonstrated against reference LBL
solutions in previous work for uncoupled radiative heat transfer in nonequilibrium atmo-
spheric entry flows. However, as discussed in the previous section, the accuracy and efficiency
of the model has not yet been assessed using a coupled approach with ablation contaminated
boundary layers. A second objective of this thesis is to develop a numerical approach for
calculating coupled flow, radiation, and ablation solutions along the stagnation line of at-
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mospheric entry vehicles and to assess the accuracy and efficiency of HSNB model using the
new approach.

. Lastly, a third objective is to study the effects of flow, radiation, and ablation coupling on

the predicted heat fluxes at the stagnation point of real atmospheric entry vehicles, using the
tools developed in the previous objectives.

The thesis is divided into a total of eight chapters, including this introduction.

Chapter 2 presents a review of the thermochemical nonequilibrium models and governing equa-

tions applicable to hypersonic flows and atmospheric entry. In addition, the necessary closure
models for thermodynamics, transport fluxes, chemical reaction rates, and energy transfer
mechanisms are reviewed. The main goals of this review is to lay the groundwork for the
numerical tools described in later chapters and to develop a generalized system of governing
equations, capable of encompassing all relevant thermochemical nonequilibrium models in
use today.

Chapter 3 details the calculation of the radiative source terms which enter into the governing

equations presented in Chapter 2. A review of important radiative mechanisms is outlined,
followed by a description of the HTGR database, used to compute high resolution emission
and absorption spectra for the flow fields studied in this work. The HSNB model is also
presented as a method for reducing the computational time required for calculating the
radiative source terms. Several new contributions to both the HTGR and HSNB databases
for modeling radiation in ablation contaminated boundary layers are detailed.

Chapter 4 presents the development of a new software library called “MUlticomponent Thermo-

dynamic And Transport properties for IONized gases, written in C++” (MUTATIONTT).
Building on the results of Chapter 2, the library provides thermodynamic, transport, chem-
istry, and energy transfer models, data, and algorithms, relevant to nonequilibrium flows. It
has been written in C++ using modern, object oriented designed techniques in an effort to
maximize its efficiency and extensibility.

Chapter 5 describes a novel algorithm for the solution of linearly constrained, multiphase equilib-

ria. Multiphase equilibrium calculations are a crucial component of many material response
codes. The new algorithm developed in this work, called Multiphase Gibbs Function Con-
tinuation (MPGFC), is shown to be provably robust for all well posed problems. The merits
and efficiency of the algorithm are discussed in detail.

Chapter 6 presents the remaining numerical tools developed in this work. The steady-state flow

along the stagnation line of an atmospheric entry vehicle is computed using a one-dimensional,
finite-volume tool, based on the dimensionally reduced Navier-Stokes equations for stagna-
tion line flows. In an effort to limit the scope of this thesis, coupling with ablation is achieved
through a steady-state ablation boundary condition, in place of a full material response solu-
tion methodology. The boundary condition accounts for finite-rate heterogeneous reactions
at the surface and imposed equilibrium compositions of pyrolysis out-gassing based on the
steady-state ablation assumption. Computation of the radiative source terms is performed
using the Tangent Slab approximation.

Chapter 7 applies the numerical tools and algorithms described in the previous chapters to real

flight conditions, in particular, key trajectory points along the entries of the Fire II, Apollo
4, and Huygens vehicles. The relative accuracy and computational efficiency of the HSNB
method is assessed, compared to LBL calculations for stagnation point radiative heating
calculations. In addition, the effects of coupled flow, radiation, and ablation phenomena on
the predicted heating rates are discussed.

Chapter 8 summarizes the main contributions of the thesis and provides perspective for possible

future work.



CHAPTER 2

Governing Equations for Hypersonic Flows

2.1. Introduction

Atmospheric entry vehicles operate in the hypersonic flow regime due to their extreme velocities
relative to the atmosphere in which they enter. Hypersonic flight is characterized by velocity
timescales on the same order of magnitude as the chemical and kinetic timescales of the shocked
gas. Under such conditions, thermal and chemical nonequilibrium may dominate the aerothermal
environment surrounding the entry vehicle. In addition, radiative heating becomes important as
atoms and molecules are excited to higher internal energy levels. These phenomena have substantial
effects on vehicle heating and aerodynamic forces affecting its trajectory and must be accurately
characterized during the design phase.

This chapter reviews the approaches typically used to model thermochemical nonequilibrium and
radiative heat transfer in hypersonic flow fields for atmospheric entry. In particular, the various
species internal energy partitioning models are discussed as well as the closure models employed
to compute the necessary thermodynamic, transport, and chemistry properties required to close
the governing equations. One contribution of this chapter is to formulate the governing equations
using a generalized notation, valid for most thermochemical models of interest in the literature.
As will be shown, this framework represents a powerful tool for abstracting away the physico-
chemical models from the governing equations for hypersonic flows and forms the basis of the
MUTATIONTT library presented in Chapter 4.

2.2. Review of Energy Partitioning Models

Quantum mechanics dictates that atoms and molecules are permitted only discrete energy lev-
els [56]. For atoms, this energy is contained within translational and electronic energy modes.
Molecules have two additional energy storage modes via rotation and vibration of the molecule.
In general, all energy modes are coupled. For weakly interacting particles (dilute gases), however,
translational energy may be considered decoupled from the internal energy. Note that this use of
“internal energy” should not be confused with the typical fluid dynamic description of the internal
energy of a gas, which includes translational energy. Here, internal energy is meant to differentiate
between energy associated with the translation of the center of mass of a particle and the energy
associated with the relative motion of its constituents (nuclei and electrons). While translational
energy levels are discrete, the spacing between levels is extremely small. For all practical purposes,
this permits a semi-classical approach in which translational energy is assumed continuous while
internal energy is left discrete. Furthermore, it is assumed that the populations of internal energy
levels satisfy Maxwell-Boltzmann statistics, such that the quantum effects differentiating bosons
(Bose-Einstein statistics) and fermions (Fermi-Dirac statistics) are negligible [56].

Fig. (2.1) provides potential energy curves of Ny for selected electronic energy states of the
molecule. Energy levels are measured from the zero point energy of the molecule (energy of the
ground state at 0 K). Vibrational energy levels are denoted with tick marks for each electronic state.
Rotational levels are spaced even closer together between vibrational levels. Individual particles
may jump from one state to another through collisional or radiative (de)excitation processes or
react with other particles to form an entirely different species.
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Figure 2.1.: Potential energy curves for selected electronic states of N, measured from the ground
state. Lowest vibrational energy levels are indicated by tick marks. Curves reproduced from [57].

A complete description of any flow field requires knowledge of the energy state of all particles
in the flow and their positions, versus time. In principle, each and every particle could be tracked
individually, however this represents an insurmountable computational problem. A less costly
approach is instead to track the population of particles in each internal energy state as the number
of energy states is vastly smaller than the number of particles in continuum flows. This approach,
known as the State-to-State approach, can also represent a daunting computational challenge
as the number of populated rovibronic energy states for simple diatomic molecules can be on
the order of tens of thousands. Because of this, many different approaches have been adopted
in the literature for treating nonequilibrium energy distributions. Such models are known as
“energy partitioning” models as they generally describe the way energy is distributed or partitioned
among the allowable energy states of a given atom or molecule. In this section, various energy
partitioning models are reviewed. The discussion of each model is ordered loosely by their departure
from equilibrium and more generally, in chronological order of when each model was successfully
employed in modern CFD computations for hypersonic flow fields. This review is not intended
to represent a comprehensive list of all energy partitioning models (indeed, many of these models
are routinely mixed to form hybrid models) however, it serves to discuss the major features and
assumptions of each.

2.2.1. Thermal Equilibrium

When the excitation/deexcitation processes are in equilibrium (flow timescale much larger than
kinetic timescale), the mixture is in local thermal equilibrium. Under these conditions, the dis-
tribution of energy levels for a given species follows a Boltzmann distribution, for non-degenerate
gases. Denoting the set of all species indices in a gas mixture as S and the set of all electronic
levels of atom j or rovibronic levels of molecule j as £;, then the Boltzmann distribution is given
as

l nj l J :
n; = ijnt( )ajexp<kB ), jes, lecly, (2.1)
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where né is the number density of species j with energy level [, n; = ", né is the total number
density of species j, E]l is the internal energy of level (j,1) relative to the zero point energy of

species j, and aé— is the degeneracy of the level. The quantity Qij“t is called the internal partition
function for species j and is given by

. E!
Q}“t(T): Zaé—exp( J ), jeSs. (2.2)

lec; kT

Note that the only unknowns present in Eq. (2.1) are the number density of species j, nj;, and
the mixture temperature 7. These quantities must be determined through suitable governing
equations which are discussed in the next section.

When thermal equilibrium is no longer valid, a suitable energy partitioning model must be used
to provide the distribution of energy levels for each species. The following subsections review the
most common models found in the literature.

2.2.2. Multitemperature Models

The thermal nonequilibrium models which are still used today for aerospace engineering applica-
tions can be attributed to the works of Park [58-60] and Lee [29, 61] in the mid to late 1980’s
who developed so-called multi-temperature models. The main idea behind multi-temperature
(MT) models is that the energy associated with any internal level can be separated into vari-
ous energy modes. When the fine structure is neglected, all internal energy levels of a diatomic
molecule may be enumerated by the electronic, rotational, and vibrational quantum numbers, n, J,
v, respectively. Electronic states may be characterized by the label 2t1A where 25 + 1 is the spin
multiplicity and A is the absolute value of the electronic orbital momentum on the internuclear
axis. Under this notation, the electronic degeneracy is then given as a$' = (2—do 2)(25+1), where
¢ is the Kronecker delta. The rotational degeneracy is simply aj = 2J + 1. Vibrational states are
not degenerate (aj = 1).

Assuming that each energy mode is decoupled from the others, a rovibronic energy level [ =
(n, J,v) of a diatomic molecule j, could be split according to [61], such that

EL = Ej(n,J,v) = ES'(n) + EX(J) + B} (v), (2.3)

where E;?l, E%, and EY are the electronic, rotational, and vibrational contributions to energy level
[. Each energy mode is then assumed to represent a thermal bath in equilibrium at a separate
temperature, yielding

el r v
P B exp | — B () - Ej() 5 v) (2.4)
TN (T, T, Ty) 7 kpTe kT,  kgT, )’
where aé = a?laga}’ and Qij“t(Tel,TT,Tv) is the multitemperature internal partition function of
species 7,
. ES(n) EN(J)  EY(v)
Ql'nt Te aTr; T,) = al' ex ( - — - )
i T ) lez; )P kpTe, kT,  kpTy (2.5)
J

= Q?l (Tel )Q; (TT)Q}] (Tv)-

The assumption of perfect separability of the energy modes allows the internal partition function
to be split into a product of partition functions for each mode as is shown on the second line of
Eq. (2.5), where the partition function for mode m can be written generically as

E;ﬂ(k)),

QT (Tm) = Z aj' (k) exp ( T T (2.6)

keLrm
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where L7 is the set of pure energy levels for mode m.

Egs. (2.4) and (2.5) drastically reduce the number of unknowns required to model thermal
nonequilibrium as compared to those required for State-to-State (STS) models. However, decou-
pling of the internal degrees of freedom as in Eq. (2.3) is a strong assumption and may introduce
significant errors in the thermodynamic properties of the gas. Based on the Born-Oppenheimer
approximation, electronic motion may be decoupled from the nuclear motion above relatively low
temperatures, below the range of interest for atmospheric entry simulations [62]. Unfortunately,
this is not the case for rotation and vibration due to a strong coupling caused by centrifugal forces
created by rotation and the dependence of the moment of inertia of a vibrating molecule on the
internuclear distances between its constituent nuclei. In addition, since the rotational and vibra-
tional spectroscopic constants depend on the electronic states, the rovibrational energy may exhibit
a strong coupling with the electronic energy of a molecule, even when the Born-Oppenheimer ap-
proximation is appropriate.

Jaffe [63] first introduced a “general” MT model which takes into account rovibrational energy
coupling in a consistent way for diatomic molecules by introducing the following energy splitting,

E! = Ej(n,J,v) = ES'(n) + EY (n, J,v) + E'(n, J,v), (2.7)
where E;l(n) is the pure electronic energy for electronic state n and

Ejr-'(n, Jv) = Ei(n,J)+ E¥(n, J,v) (1 - a), (2.8)

v/ _ v TV
EY (n, J,v) = E} (n,v) + EY (n, J,v) a, (2.9)

<

where E}(n,J) and E} (n,v) are the pure rotational and vibrational energies for electronic level n
and E}¥(n,J,v) is the rotation-vibration interaction energy. The parameter 0 < a < 1 in Jaffe’s
model is used to distribute the rovibrational interaction energy into rotational and vibrational
modes. There is no physical basis for this distribution, however it has been shown that this
parameter has little effect on thermodynamic properties for diatomic air species [43, 63].

When all of the interaction energy is added to the vibrational mode (« = 1), the following
generic MT distribution is obtained for diatomic molecules,

n;at E¢(n Ei(n,J EY(n,v)+ EX¥(n,J,v
né.:Q]ingeX (_k];)_ ;c(T)_ b )k TJ( )), (2.10)
j Blel Bir Blwvy
where the internal partition function may be written as
) E¢(n)
int __ J
Q=310 —bo)250r) + e~ )
Ej(n,J)
> (2] +1)exp =T ) (2.11)
J T
EY(n,v)+ EY(n, J,v)
e -
v kBTU

Egs. (2.10) and (2.11) provide a consistent, general MT model for describing nonequilibrium state
distributions. Like the Park and Lee models in Eqgs. (2.4) and (2.5), the general model significantly
reduces the number of parameters required to describe nonequilibrium flows. However, it is im-
portant to note that the partition function in Eq. (2.11) cannot be split into separable modes as
in Eq. (2.5) due to the coupled summation over the level quantum numbers.

The MT models presented in this section may be easily adapted to polyatomic species with more
degrees of freedom [64, 65]. In general, any polyatomic species j with n¢ nuclei have 3n$ — (£, +3)
normal vibrational modes, where £; = 2 for linear molecules and £; = 3 for nonlinear molecules.
Each new vibrational mode can be enumerated with an additional vibrational quantum number
and the corresponding energy partitioning updated. It should also be noted that the models shown
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here all assumed a single temperature for each energy mode, however it is common for example to
have separate vibrational temperatures for each vibrational mode in each molecule. The separable
and nonseparable MT models presented above can be easily generalized by appending a species
subscript to the temperatures (e.g., T,; for a vibrational mode of species j).

MT models have been used with great success since the late 1980’s for a variety of CFD applica-
tions [26, 27, 29, 43, 5861, 66—-71]. However, because they are based on Boltzmann distributions,
these models are valid for only small departures from equilibrium [72]. With recent advancements
in computational efficiency and multiprocessor computer architectures, collisional models have be-
come more feasible. In particular, state-specific and energy binning models are discussed in the
next sections.

2.2.3. State-Specific Models

State-specific models attempt to increase the validity range of MT models beyond small departures
from equilibrium by modeling some states as pseudo-species [7, 73, 74]. In general, the energy of a
particular molecular state is split into two categories: 1) modes assumed to be in full nonequilibrium
and must be treated as pseudo-species, and 2) those which follow a Boltzmann distribution with
all the modeling possibilities presented in Section 2.2.2.

Cambier [73] introduced an electronic-specific Collisional-Radiative (CR) model for molecular
plasmas, in which each electronic mode of a given molecule is treated as a separate pseudo-species.
We will denote this species with the subscript j(n) for the n'h electronic state of species j. The
number of particles of species j at the electronic state n is given by

i = Y . (2.12)
vJ

The rovibrational levels in each electronic state are then populated according to a Boltzmann
distribution at the species rotation and vibration temperature, such that for diatomic molecules,

nJv el T v/
Ni(n) O ES(n EX(n,J EY (n,Jv
né = n?']" = i)nt] exp < J (n) — j( ) - ( )), (2.13)
j(n) kBTel kBTTj kBTUj
where the rovibrational partition function for electronic state n is given by
. ES\(n) EX(n,J) EY(n,Jyv)
int J nJv VAN J >
nt _ 7 — — 2.14
i) = P < kpTu ) ;aﬂ P ( ksTr; kol > =

and E}”(n, J, V) represents the energy partitioned into the vibrational mode as was done in Eq. (2.9).
Notice that the term a! exp(—E$'(n)/kpTer) (with arbitrary Te;) in Eq. (2.13) is canceled out when
the rovibrational partition function is substituted into the equation, however we have opted to in-
clude this term in the definition of the partition function in order to obtain a general relation for
thermodynamic properties later on (see Section 2.4).

When applied to atoms, electronic-specific models, like the one above, represent the most rigorous
nonequilibrium model possible. In this case, the approach is typically referred to as a full ST'S model
which is discussed in Section 2.2.4. Under some conditions, a large number of atomic and molecular
electronic states may be populated, requiring many pseudo-species to be retained in the energy
partitioning model. To reduce the system size, some researchers propose to group close electronic
states [73] into a single pseudo-species. Relations similar to Eqgs. (2.13) and (2.14) can then be
obtained by summing over all electronic levels in each group. Care should be taken when grouping
electronic levels to take into account the distribution of energy accross the levels, major radiative
transitions, and chemistry coupling [73, 75]. As an example, consider the electronic states of Ng
shown in Fig. (2.1). The low lying states in the figure will dissociate to two N(*S?) atoms while
the upper states will dissociate to N(*S?) and N(?D°). Based on this observation, grouping lower
electronic states of No with higher states will introduce errors in the dissociation of Ny and should
be avoided if possible.
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Vibronic-specific collisional (VC) models have also been widely used in the literature [74]. Here,
all vibrational-electronic (vibronic) states are treated as a pseudo-species by summing over all

rotational levels,
nJv
Nj(nv) = an ) (215)
J

and appropriate relationships are derived for the number densities and state-specific internal par-
tition functions as was done for the electronic-specific case. VC models are important for studying
preferential dissociation rates of high-lying vibrational levels [74], among other things. In general
however, the large number of vibronic states of a given molecule, make VC models impractical in
multidimensional CFD simulations.

2.2.4. State-to-State Models

The most rigorous energy partitioning models are the so-called STS or collisional models which
treat all internal energy levels as pseudo-species [76-78]. When all collisional processes are taken
into account and assuming that the corresponding rate coefficients are correct, collisional models
accurately capture all nonequilibrium phenomena occuring in the flow field.

The STS approach makes no assumption on the distribution of energy states and thus no tem-
perature has been introduced into the expression for the number densities of individual levels.
However, it is still useful to define a partition function for the internal energy of a single en-
ergy state in order to correctly evaluate the thermodynamics associated with each level. This
will become more clear when the thermodynamics associated with such models are developed in
Section 2.4.1. The partition function for a single energy state [ for species j is thus given by,

l l EJl
Q;(T) = ajexp ( - kBT)’ (2.16)
where the choice of T' is arbitrary.

With the advancement of computational resources, accurate STS collision cross sections and
reaction rates can now be computed with quasi-classical trajectory (QCT) methods using potential
energy surfaces (PESs) obtained from detailed ab initio quantum chemistry calculations [79]. For
example, Panesi et al. [78] have recently developed a rovibrational collisional (RVC) model for the
No('Z, ")~ N(*S,,) system based on STS rate coefficients developed at NASA Ames Research Center
[80-83]. The NASA Ames database provides consistent thermodynamic and kinetic data for 9390
rovibrational levels of the Ny ground electronic state. Such models allow us to study nonequilbrium
chemistry and energy exchange processes with an unprecedented level of detail and remove much
of the empiricism involved in the energy partitioning methods previously discussed. However,
because of the large number of unknowns, molecular STS models are currently relegated to 0D
reactors or simple 1D flows [76-78, 84-95]. In addition, when radiative heat transfer is considered,
the electronically excited states of molecules like No must also be accounted for, significantly
increasing the size and complexity of STS models.

2.2.5. Coarse-Grain and Energy Binning Models

The reduced nonequilibrium models presented thus far have all made use of the concept of separable
internal energy modes (e.g., Eq. (2.3)). However, these approaches do not have a physical basis
because energy modes are in fact coupled. Coarse-grained models [72, 75, 96, 97] provide an
alternative approach which attempts to decrease the resolution of STS models by grouping close
energy levels into bins. For a species j with energy levels I € £;, the levels are ordered and grouped
into bins labeled with index b € B;. We will denote the set of level indices belonging to bin b for
species j as Zp;. Each bin is then treated as a pseudo-species, requiring a mass conservation
equation to be solved for the population of the bin.

Various strategies have been proposed for which parameter to conserve [96], including the total
number density of all levels in each bin or the number density of the lowest level in the bin. The
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levels in each bin can then be populated according to a particular distribution function. In the
case of a uniform distribution, levels are populated according to

.~

iy, (2.17)

ke

where a; =), €1, aé and 7 are the bin degeneracy and number density, respectively. Levels may
also be populated using a Boltzmann distribution at the translational temperature of the heavy

particles. In that case,
l 1
a’; AFE,,
nb = =L exp < - jff) (2.18)
Q, Blh

where AEéj = Eé — Eb, E) is the energy of the lowest level in bin b, and the bin partition function
is

AE},

~int l _ i
Q, = Z aj exp ( kBTh)' (2.19)

The uniform distribution above does not retrieve equilibrium and thus a Boltzmann distribution
is typically preferred [72].

While still relatively young, coarse-grained models show a great deal of promise for the efficient
computation of nonequilibrium phenomena. For example, Munafo et al. [72, 97] have performed a
bin convergence study for the relaxation of shock-heated nitrogen using a Boltzmann rovibrational
collisional (BRVC) model based on the NASA Ames nitrogen STS database [80-83| and have
shown that accurate relaxation times and post-shock conditions are obtained with just 20 bins. In
that work, bins were formed using uniform energy discretizations of 9390 rovibrational levels of
the Ny ground electronic state. The resulting size of the system of conservation equations is on
par with the number of equations typically solved in the state-specific models. However, coarse-
grain models make no assumptions on the nature of the nonequilibrium phenomena, except for
the intrabin distribution, and can be generated to any level of resolution from detailed ab initio
STS data obtained from accurate quantum chemistry calculations.

2.3. Governing Equations

The nonequilibrium models presented in the previous sections provide relationships for individual
level populations as functions of independent mass and energy variables. Additional conservation
equations are required to relate these parameters to the flow field. Before proceeding with the
description of these equations, a few preliminary assumptions and notations are introduced, defin-
ing the framework around which general governing equations are written, valid for any energy
partitioning model. Following this setup, the necessary equations to model both thermochemical
equilibrium and nonequilibrium, hypersonic, plasma flows are presented.

2.3.1. Preliminaries

We begin by considering a partially ionized gas phase mixture composed of n° distinct chemical
species, including neutral and ionized atoms and molecules, and free electrons. The set of species
indices which enumerate each species in the mixture is denoted as S = {e} UH = {1,...,n5},
where the set of heavy species H has been defined for convenience and e represents the index of
free electrons. In addition, the set of chemical elements which combine to form the species set &
is denoted as & = {1, .. .,ng}, where n® < n° is the number of elements considered. Following
convention [65], £ contains the electron as well, in order to track the electric charge of each species.
An elemental stoichiometry matrix Bj; defines the number of atoms (or electrons) i € £ used to
form the species j € §. From purely stoichiometric arguments, the species masses and charges are
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then written as

m; =Y miB, Vj€S, (2.20)
ice
qj = —q.Bj., VjeS, (2.21)

where m; and m§ are the particle masses of species j and element i, while ¢; and g. are the
elemental charge of species j and free electrons, respectively.

Following the discussion of Section 2.2, each species is assigned an energy partitioning model,
requiring the definition of at least one pseudo-species per species in the mixture. The set of pseudo-
species indices which belong to a species j € S is denoted S; such that the set of all pseudo-species
in the mixture is given as §* = {e} UH" = UjesS; = {1, .. .,nS"}, where %" > nS is the total
number of pseudo-species defined by the species energy partitioning models. Pseudo-species, by
definition, share the same mass and charge as the physical species which they model. Thus, the

density of a species j € S is given as

pi= Y pk=m; Y ng (2.22)

keS; keS;

where pi and nj are the mass and number densities, respectively, of pseudo-species k € S;. Apart
from the pseudo-species themselves, species energy partitioning models also define the separation
of energy modes belonging to each pseudo-species. It is now assumed that each energy mode 4,
in the set of n)! separable modes M), belonging to each pseudo-species k € S*, represents an
energy bath with average specific energy ers = egs(Tks), characterized by suitable thermodynamic
relations in terms of a partition function Qi = Qi(Tk(;) and temperature Tys. Upon careful
review, it can be seen that this assumption encompasses all of the partitioning models described in
Section 2.2, except the generalized MT model of Jaffe which defines a multitemperature partition
function. The generalized MT model is convenient for approximating nonequilibrium molecular
energy level populations, necessary for the calculation of molecular radiative spectra [55]. However,
to the author’s knowledge, no rigorous theory for the conservation of energy in a multitemperature
thermal bath has yet been developed. Therefore, no penalty has been paid by this restriction in
terms of developing the necessary governing equations. Furthermore, from the separability of the
energy modes, the total energy of a pseudo-species k € 8* can be written as

ey = Z ers(Trs) + €ro, (2.23)
SEMy,

where ey is the zero-point energy of the species.

Finally, a set of global energy modes are now defined which represent collections of thermal
baths, in equilibrium with one another and characterized by a single temperature. The set of all
nM global energy modes is denoted M = {1,...,n™}. The set of separate energy modes belonging
to a pseudo-species k € 8* which are assigned to a global mode m € M is then defined as M},
such that My = Umem M. In addition, for each global mode m € M, a temperature 7T}, is also
defined, such that

Tk(;:Tm,V(SEMZL,mEM,kES*. (2.24)
Following these definitions, the total specific energy of the global mode m € M is given by
em = % > pred (Tm), (2.25)
keS*

where p = Zke s+ Pk is the total density of the mixture and the specific energy of pseudo-species
k € 8" associated with global mode m € M is

e (Tm) = Y exs(Tm). (2.26)

semp
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Note that the specific energy e;’ is defined per mass of pseudo-species k, while e is per mass
of the mixture. Furthermore, when the energy e for m € M and the mixture composition are
known, Eq. (2.25) represents an implicit relation for the solution of the temperature T,.

In summary, a full thermochemical model is described by the list of species considered (char-
acterized by Bf; for j € S and 1 € £), the species energy partitioning models (characterized by
ers(Tks) for § € My, k € S;, and j € §), and the global thermal nonequilibrium model (charac-
terized by Tys = Ty, for 6 € M, k € §*, and m € M). When nM = 1, thermal equilibrium is
enforced. Conversely, when n™ > 1, thermal nonequilibrium is envisaged in the thermochemical
model. With this framework in place, a generic set of governing equations may be written, valid
for all thermochemical models expressible with this notation. Two particular cases are considered:
1) multicomponent, partially ionized, plasma flows in thermochemical nonequilibrium (n™ > 1),
and 2) flows in local thermodynamic equilibrium (LTE) (n™ = 1). In both cases, the effects of an
electromagnetic field and thermal radiation are taken into account.

In principle, the governing equations should be derived from a suitable kinetic theory based
on a generalized Chapmann-Enskog perturbative solution of the Boltzmann equation [56, 98, 99]
accounting for 1) thermal nonequilibrium of translational energy, 2) the influence of the electro-
magnetic field, 3) excitation of internal energy modes through inelastic collisions and radiative
processes, 4) reactive collisions, and 5) photochemical processes. However, no such uniform theory,
incorporating all of these phenomena, currently exists. While significant progress has been made in
this direction [100-102], current state-of-the-art models rely instead on the principle of generalized
balancing to describe the evolution of extensive flow field quantities, namely the conservation of to-
tal or partial mass, momentum, and energy [65]. The resulting governing equations derived in this
way for the two cases considered here are presented in the next sections. Closure of the governing
equations in terms of thermodynamic, transport, and chemical properties, are then presented.

2.3.2. Thermochemical Nonequilibrium

This section presents the necessary equations to model flows in thermochemical nonequilibrium
using the general thermochemical model introduced in the previous section. In general, these con-
sist of n®" mass, 1 momentum, and n™ energy conservation equations. Chemical nonequilibrium
is described by a set of elementary chemical reactions involving the n®" pseudo-species in S*. For
convenience, it is assumed that heavy species translation thermalizes to the same temperature T},
and electrons thermalize to T., which may be different than 7}. In addition, the semi-classical
approach in which translational energy is treated as continuous while internal energy is discrete
according to quantum mechanics, is recalled from Section 2.2.

Pseudo-species mass conservation

Conservation of mass for each pseudo-species k is written as

0 . : ¥
a(ﬂk)ﬁLV'(Pku)ﬂLV'(Pka) =wp+¢p, VEES (2.27)

where u is the mass-averaged mixture velocity,

pu= Y pyur, (2.28)
keS*

and uy is the average velocity for the pseudo-species k. Diffusion velocities are defined as Vj, =
ur, — u and are linearly dependent, such that

> Vi =0. (2.29)
keS*

The source terms on the right-hand-side of Eq. (2.27) account for the mass production of species k
due to elementary homogeneous chemical reactions, wy, and radiative processes, ¢, respectively.
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Note that the species mass production due to ablation and pyrolysis has been entirely neglected
in Eq. (2.27), as only the flow and radiative fields are considered here, sufficiently far from the
thermal protection system. When modeling the flow near and inside a charring, porous ablator,
these terms must be taken into account. All chemical and photochemical processes satisfy element
and charge conservation, leading to

> dr=0, and (2.30)
keS*
> b =0 (2.31)
keS*

The evaluation of chemical production rates are detailed in Section 2.6.1, while photochemical
processes are discussed in Chapter 3.

Total mass continuity

Summing Eq. (2.27) over all species and energy levels and substituting in Egs. (2.28 - 2.31) yields
the total mass conservation, or continuity, equation,

2 (0)+ 9 (pu) =0 (2.32)
Note that Eq. (2.32) remains valid regardless of the thermochemical model employed and is a
direct consequence of conservation of mass. In practice two options are possible for the solution of
the nS" pseudo-species densities: 1) solution of nS" pseudo-species mass balance equations, or 2)
the solution of nS" — 1 pseudo-species mass balance equations supplied with the total continuity
equation. In the first option, the total density can be found from the sum of the pseudo-species
densities, while in the second, the missing pseudo-species density is found from the total density
minus the known species densities. In practice, this choice is generally a matter of preference.

Momentum conservation

Conservation of total momentum yields

%(pu)-l—v-(pu@u):—Vp-i-V-H—i—an’—i-ij, (2.33)
where n = ), _g. ny is the mixture number density, ¢ = ), . s+ Trqx is the mixture charge, x3, =
ni/n the mole fraction of pseudo-species k, j =), - jr is the mixture conduction current,
Jk = nrpqiVj is the conduction current for species k, E/ = E + u x B is the electric field in the
hydrodynamic velocity frame, E is the electric field, and B is the magnetic field. The terms on
the right-hand-side of Eq. (2.33) account for pressure, viscous, and electric forces, respectively. For
electrically neutral gas mixtures, the term ngE’ vanishes. The radiation pressure is neglected and
the static pressure is given by the combination of the perfect gas and Dalton’s laws,

p=>_ ppRiTh+ pReTe, (2.34)
keH*

where R, = kp /my is the specific gas constant for species k. The exact form of the viscous
stress tensor IT is determined by the type of energy partitioning model used and is discussed in
Section 2.5.1.

Total energy conservation

The total energy of the system is also conserved. Total energy conservation is written as

%(pE)JrV-(pHu):V~(1:Iu)7V-q+P+j-E’, (2.35)
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where the specific total energy of the gas F is the sum of mixture “internal" and kinetic energies,

1
E=e+ JU U, (2.36)

with the specific “internal” energy written as

e= % Z Prek = Z " (Tim)- (2.37)

keS* meM

The word “internal” is written in quotes here to indicate the conventional thermodynamic definition
of internal energy, including the translational modes. Likewise, the total specific enthalpy is given
as

H=E+"ZL. (2.38)

p

The four terms on the right-hand-side of Eq. (2.35) account for work done on the fluid due to
viscous forces, heating due to conduction and diffusion, energy emitted or absorbed through thermal
radiation, and the total Joule heating, respectively. The total heat flux vector q is described in
Section 2.5.3 while the calculation of the radiative power P is detailed in Chapter 3.

Free-electron energy conservation

Conservation of free electron energy is expressed as,

0 .
57 (Pece) + V- (peccutpou) = w-Vp, = V- g+ Q + je - E' + Pe. (2-39)
The second term in Eq. (2.39) accounts for the convection of the enthalpy of free electrons, while
the third term represents the work done on electrons by an electric field induced from an electron
pressure gradient. Typically, these two terms are combined, resulting in

%(peee) +V-(pecu)=-pV -u—-V-q . +Q+7j. E +Pe. (2.40)
Eq. (2.40) is usually preferred over Eq. (2.39) as it simplifies the resulting Eigen system for the
convective flux, necessary in various upwind schemes [26], when the non conservative term —p,V -u
is discretized as a source term. This pragmatic choice remains questionable at best, however the
correct treatment of the electron energy equation is beyond the scope of this thesis and will not be
addressed here. The last four terms in Eq. (2.40) account for conduction and diffusion of electron
energy, electron energy exchanged from other energy modes, Joule heating, and electron energy
absorbed or emitted through radiative processes. Note that electrons do not contribute to the
viscous shear stress due to their small mass compared to heavy particles, thus there is no work
done on electrons by viscous forces. The electron heat flux vector g, is detailed in Section 2.5.3.
The electron energy transfer source €2, is split into several components,

Q.= > Q"+, (2.41)
nem

where Q°" accounts for exchange between electrons and heavy particles due to elastic and inelastic
collisions while Q¢ accounts for energy provided to the free electron thermal bath through chemical
reactions. These terms are detailed in Section 2.7. Lastly, the radiative source term is discussed
in Chapter 3.
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Internal energy conservation

Finally, conservation of any purely internal energy mode m may be written as

%(Pem) + V- (pe™u)=—-V - -q"+ Q"+ Pp. (2.42)
The expression of the heat flux vector for an internal energy mode g™ is given in Section 2.5.3.
The remaining two source terms in Eq. (2.42) account for energy exchanged from another mode to
mode m through collisional and radiative processes, respectively. The collisional source term Q™
is generally written as
Qr= > am4om, (2.43)
im
where the first term accounts for relaxation with translation and internal energy modes through
elastic and inelastic collisions and Q™ accounts for energy gained (or lost) through reactive
collisions.
Conservation of mass and energy leads to the following constraints on the energy transfer terms,

> =, (2.44)

meM
QU+ QT =0, m,ne M. (2.45)

Two popular energy MT models are the so called two temperature (2T) and three temperature
(3T) models [26, 92]. The 3T model splits the energy into three groups, namely heavy translational-
rotational energy, vibrational energy, and electronic-electron energy. The 2T model combines the
vibrational energy and electronic-electron energy into a single thermal bath. In both cases, the
total energy conservation equation is solved in conjunction with two or one additional energy
equations. The corresponding energy equations for the 3T model are given as

B
5: (") + V- (petu) = =V - q" + QvT —QFV 1 %V 1 p,, (2.46)
0
5 (pe) + V- (peu) = —p,V-u -V " + Q" 4+ 0"V — 0l 4 7, (2.47)

QVT QEV

where accounts for vibration-translation energy exchange, accounts for energy exchange
between electronic-electron and vibrational modes, QCV accounts for vibrational energy gained
through chemical processes, QFT is the energy transferred from heavy particle to electron transla-
tional modes through elastic collisions, and Q! is the energy lost by the electron thermal bath due
to electron impact reactions (ionization, excitation, dissociation, etc.). Summing the two equations
above yields the 2T model internal energy equation,

3}
E(pe”e) + V- (peu) = —p,V -u—-V-q + QT+ QFT L QV ol 1 p,.. (2.48)

The treatment of the radiative source terms in the 3T and 2T models remains unclear. In practice,
for the 2T model, a practical choice is to neglect radiative energy transfer to the rotational mode
such that all radiant power is converted to vibration and electronic energy. See Chapter 3 for a
in-depth discussion of this topic.

2.3.3. Local Thermodynamic Equilibrium

So far, the main emphasis of this chapter was to establish the thermochemical nonequilibrium
models and conservation equations used to simulate hypersonic flows. Such models are necessary
when characteristic time scales of the flow match or fall below the kinetic time scales, causing
significant departures from equilibrium. However, it is often necessary to simulate flows relevant
to hypersonics which fall in the LTE regime, such that the thermochemical equilibrium can be
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assumed. Examples include flow field rebuilding of plasma torch test facilities [103] and Mars
return vehicle entry simulations [16].

Under LTE conditions, all energy states of every species are assumed to be in equilibrium at a
single mixture temperature 7' (n™! = 1). Species densities p; are an implicit function of elemental
densities p§ and the mixture energy,

p; = [f(p; Vie&; pe(T)), (2.49)

where the mass density of element 7 is given by

=Y B 'p]_, Viek. (2.50)

jES

The unspecified function f in Eq. (2.49) may represent the minimization of the system-wide Gibbs
free energy or equivalently, the simultaneous solution of nS formation reaction equations. The
reader is referred to Chapter 5 for an in-depth discussion on this topic.

Egs. (2.49) and (2.50) may be used to significantly reduce the number of conservation equations
required to simulate flows in LTE. The following subsections describe the conservation of mass,
momentum, and energy for LTE flows.

Elemental mass conservation

Summing Eq. (2.27) over all species and weighting by Bf;m{/m;, nf elemental mass conservation
equations are obtained, yielding

0
E(pf)-i—V-(pfu)—i—V-Jf:O VieE, (2.51)

where element mass diffusion fluxes are,

I =piVE=>Y B5—p,V; Viek. (2.52)

jJES

Element diffusion velocities are readily obtained from Eqgs. (2.50) and (2.52) and can be expressed
as

Ve =2t = x— > wBS Vi, > piVie =0, (2.53)

v jeS €€

where z§ is the elemental mole fraction for element i. The linear dependence of the element
diffusion velocities makes use of the relation m; = 3, BS;mg

Momentum and total energy conservation

Momentum and total energy conservation for equilibrium flows remains identical to Eq. (2.33) and
Eq. (2.35) shown for nonequilibrium flows.

2.4. Thermodynamics

The governing equations described in the previous section require the evaluation of mixture and
species thermodynamic properties. In particular, energy and enthalpy are explicitly necessitated
by the conservation of energy. As will be shown in the proceeding sections, other thermodynamic
properties are also required for the evaluation of the transport, chemistry, and energy transfer
terms. This section provides general descriptions of the necessary thermodynamic properties in
terms of the species partition functions detailed in Section 2.2.
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2.4.1. Thermodynamics of Pure Gases

Relations for the thermodynamic properties of pure gases are derived from statistical mechanics
[56]. Recall from Eq. (2.23) that the energy of a given species or pseudo-species k € S* is the
sum of the energy attributed from each separable energy mode (or thermal bath) § € My, where
the energy of each mode is a function of a separate temperature Tys. Following the semi-classical
approach described in Section 2.2, it is convenient to organize these modes into translational and
internal energy, such that

er = ert(Tht) + Z exs(Trs) + exo (2.54)

semint

where ey; is the translational energy of pseudo-species k and M}ft denotes the set of all other
energy modes which contribute to the internal energy, such that My = {t} U M. Furthermore,
the energy in each internal mode § € MM is split into a set of discrete energy levels | € £
according to quantum mechanics and the temperature describes the distribution of these level in
the Boltzmann limit,

1 1 .
ks A5 Eys )
L L S , 2.55
ne  Qrs(Ths) P ( kpTys (2.55)
El
_ 1 ks
Qrs = E 5 €XP ( — —kBTk(s)’ (2.56)
leL?

where afc s and E,lC s are the degeneracy and energy of level [ € Ei, respectively, and Qs is the
partition function for pseudo-species k¥ € S* and internal mode § € M. Note that all of the
energy partitioning models discussed in Section 2.2, except for the MT model of Jaffe, can be
described by Egs. (2.55) and (2.56). Recall that, in the case of the STS model, the partition
function is written for a single energy level only. It this case, Eq. (2.55) reduces to nfﬂs = ng as
expected. From these assumptions, the translational and internal energies are now readily given
as

3
€kt = iRkat’ (2.57)
1 1 il 5 0 int
= — FE.s = R,T7— (1 Vo m 2.58
€ks o E NpsLogs kdgs GTM( an&), € My, ( )

lel?

where Ty = Ty, k € H* and Ty = Te, k = e, according to the assumptions made in Section 2.3.2.
The first expression given in Eq. (2.58) is simply the definition of the average energy of a distribution
of energy states. The second expression is easily derived by substitution of Egs. (2.55) and (2.56).
The benefit of defining a STS partition function in Eq. (2.16) is now clear, since it allows the
inclusion of the STS model under the general notation of Eq. (2.58).

Pseudo-species enthalpies hi and entropies s, for k& € S* are likewise split into translational and
internal modes, such that

hie =l + Y i + exo, (2.59)
seMint

Sk = Skt + Z Ské s (2.60)
semint

where hrs = egs + Prs/ Pk, Drs, and sps are the enthalpy, pressure, and entropy associated with
each thermal bath § € My. The thermodynamic pressure is zero for all but the translational
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modes, permitting the enthalpies to be written as

hie = ext + R Tht, (2.61)
his = exs, V6 € Mt (2.62)

The translational and internal entropies for pseudo-species & € S* are found to be

skt = Ry, [g +1In th —1In nk] , (263)
0 int
Sks = Rg Tk(;—(ln Qké) +InQrs|, VIoe ML, (2.64)
OTys

where the volumetric translational partition function is evaluated as

ommupkpThe \ /2
th<%> . (2.65)

When computing the entropy of free electrons, it is important to take into account their spin. The
electron spin yields a degeneracy of 2 in the “internal” partition function such that Q** = 2 (zero
energy of electron “ground state” measured from zero point energy).

Species Gibbs free energies are necessary for the computation of equilibrium constants, as will
be shown in Section 2.6. The Gibbs energy for a pseudo-species k € S* is defined as

gk = Y ks, (2.66)

SEMy
Gks = his — ThoSks- (2.67)

In Section 2.3.1, a generic set of global energy modes, representing collections of thermal baths
in thermal equilibrium with one another, was also defined. It is necessary to derive the thermody-
namic properties of these global modes as well for the solution of the governing equations which
necessitates the formulation of the contribution of each species or pseudo-species to these proper-
ties. Since each of the modes § € My, are assumed to be separable for a pseudo-species k € S™,
the contribution of species k to any extensive thermodynamic property of the mixture o™ for the
global mode m € M is readily given by

ap = > aps(Tm). (2.68)

semp

Eq. (2.68) is a generalization of Eq. (2.26) to any extensive thermodynamic property of interest.

Finally, species specific heats are required for the evaluation of transport properties as well as in
the solution of temperatures from given energies. Using Eq. (2.68), pseudo-species specific heats
are defined per constant pressure and volume for each global energy mode m € M and species
ke S* as

m Ohy, ) dhis
ot = (— =) : (2.69)
oy /), serim dT,
8ek ) d€k§
Copt = ( = ) (2.70)

where his and eys are evaluated at the global temperature 7}, corresponding to § € Mj*.
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2.4.2. Formation Enthalpies

In general, it is not possible to calculate or measure species zero-point energies. Fortunately, they
are not necessary since only the change in enthalpy is important for modeling thermochemical
processes. In particular, the governing equations require the enthalpy gradient to be known and
chemical equilibrium constants are based on enthalpy changes across a reaction (see Section 2.6).
The heat of formation or formation enthalpy Ahy;(T) of any substance ¢ is the energy required
to create one mole of that substance from its elements in their standard conditions. The standard
condition of an element is the form in which it naturally exists at the standard state temperature
and pressure (298.15K and 1atm). For example, the formation enthalpy of carbon dioxide is the
change in enthalpy across the formation reaction

C(graphite) + Oy — COq,

where C(graphite) and Og are the natural forms of carbon and oxygen atoms at the standard state
conditions.

It is trivial to show that the change in formation enthalpies across any reaction is equal to the
change in zero-point energies across the same reaction [104]. Therefore, in practice, the zero-point
energies e in Eqs. (2.54) and (2.59) are replaced with species formation enthalpies at standard
state conditions computed relative to reference species with defined formation enthalpies of zero.
Reference species are chosen based on the elements in their natural state at standard conditions
(i.e.,; Ng, Og, C(graphite), Hoa, Ar, etc.). Note that this is a practical convention used in much
of the literature, however using a different convention would not change the underlying equations
governing the transport of mass, momentum, and energy.

2.4.3. Mixture Thermodynamic Properties

Mixture thermodynamic quantities are derived from pure species quantities through mixing rules.
For a perfect gas, mixture thermodynamic properties are simply the sum of pure species properties
weighted by the composition of the mixture. Thus, mixture energies, enthalpy, entropy, and specific
heats are given as

1
€= ; Z PKEk, (271)

keS*
1
em = - Z pren, YmeM, (2.72)
keS*
1
h = P Z i, (2.73)
keS*
1
5= - Z pr(sk — Rk Inxy), (2.74)
keS*
1
g= p Z pr(gr — Rk Inxy), (2.75)
keS*
1
== Z PrCpl; ¥ m €M, (2.76)
keS*
1
o == Z pkCo, Yme M, (2.77)
P keS*

where the — Ry Inxy, term in Eqgs. (2.74) and (2.75) accounts for the entropy of mixing.

For flows in LTE, the mixture composition is a function of a single temperature T, pressure p, and
elemental mole fractions. Under these conditions, the composition’s dependence on temperature
must be taken into account in the formulation of specific heats. The equilibrium specific heat at
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constant pressure is thus

Oh 0
Cpeq = (8_T) = Z [ykcpk + hi (%) }, (2.78)
P P

keS*

where y = pi/p is the mass fraction of species k, evaluated at equilibrium. The first term in
the sum of Eq. (2.78) is call the “frozen” specific heat since it matches the specific heat of a non-
LTE mixture in which the composition is taken as constant or frozen. The second term is called
the “reactive” specific heat as it accounts for chemical reactions in equilibrium. The equilibrium
specific heat at constant volume is similarly written as

[ Oe Yk
Cy,eq = <6_T)V = Z |:ka1;]€ + €k<a—T>V:| (279)

keS*
—oe[5-(5),(5).) ()
p,eq p2 ap . ap T oT pv

where the second relation in terms of ¢, oq is provided for convenience. Note that for an ideal gas,
p = pMunix/(R,T), and thus at equilibrium

Idp P Ox; p
£ M=+ £ 2.80
Op  Muix 25 Op P (280)

The equilibrium mole and mass fraction derivatives in Egs. (2.78) and (2.80) may be easily obtained
from the solution of the equilibrium mole fractions. See Chapter 5 for more details.

2.5. Transport

Closure of the transport fluxes is achieved through a multiscale Chapman-Enskog perturbative
solution of the Boltzmann equation [98, 105]. Graille et al. [100] have derived a rigorous kinetic
model for multicomponent plasmas accounting for the influence of the electromagnetic field and
thermal nonequilibrium between free electrons and heavy particles. They showed through a dimen-
sional analysis that the correct scaling of the Boltzmann equation is obtained by using a scaling
parameter equal to the square-root of the ratio between the electron mass and a characteristic
heavy-particle mass. Magin et al. [106] have provided explicit expressions for the transport co-
efficients in terms of binary collision integrals based on the approach in [107] for weakly ionized
and unmagnetized plasmas. These works have neglected the treatment of internal energy in the
transport systems. Treatment of internal energy is presented in the book of Giovangigli [99]. In
addition, Nagnibeda and Kustova [101] have proposed a transport theory accounting for internal
energy and thermal nonequilibrium effects. In this work, the transport of internal energy is treated
simply by neglecting inelastic collisions.

2.5.1. Stress Tensor

The viscous stress tensor in Eq. (2.33) is defined as
_ 2 _ = -
M =7n|Vu+ (Vu)’ - §V . uI} + sV - ul — p'*°l. (2.81)

where 7 and k are the dynamic (shear) and bulk (volume) mixture viscosities and p*®° is called the
chemical pressure. For STS models, the bulk viscosity is zero. Bruno and Giovangigli [108] provide
an important discussion of the various effects contributing to the bulk viscosity in nonequilibrium
plasmas. This term is nearly always neglected in hypersonic flow calculations under the assumption
that k/n <« 1. However, Giovangigli et al. [109] have shown that this assumption is not always
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valid for larger polyatomic gases. The chemical pressure is given by

P =" 0%, (2.82)

rTeER

where 1y, and R, are the chemical pressure coefficient and the net rate of progress for reaction
r, respectively. For gases in the Maxwellian regime, the chemical pressure term vanishes in the
viscous stress tensor and is generally thought to be small in comparison to the other terms. In this
work, both bulk viscosity and chemical pressure effects are neglected.

The dynamic viscosity 7 is obtained from the first Laguerre-Sonine polynomial approximation
of the Chapman-Enskog expansion. The resulting expression requires the solution of the linear

system
n= ) ol
ieH*
Z G?ja? =x; VieH",

JEH*

(2.83)

where G?j is the viscosity transport matrix depending on the species mole fractions and binary
collision integrals, detailed in Appendix A. Notice that electrons do not contribute to mixture
viscosity due to the mass disparity with heavy particles.

2.5.2. Diffusion Fluxes
Species diffusion velocities can be obtained from the multicomponent diffusion coefficient matrix
Dij by
Vi=—=> Dy (dj+x}VInT, +x;VInT,), (2.84)
JES*
where d; are the species specific driving forces defined as
Vb, Y;Pp

d; = — Vinp -k, E 2.85
J nkBTh nk:BTh np i ( )

with r; = x5q;/(kpTh) — yjq/(kBTh), ¢ = Y ;cs Tiqi is the mixture charge, and E is the electric
field. The species diffusion fluxes, J; = p;V;, satisfy the mass conservation constraint, such that
> ics+Ji = 0. Furthermore, the driving forces and x; values are linearly dependent, namely
Yics-di=0and Y, 5. m; = 0.

An equivalent formulation of the species diffusion velocities are found from the solution of the
generalized Stefan-Maxwell equations [110],

S GV = -d+KE, VieH, (2.86)
jES*

5
> GLV; =~ (d + k. B) o (2.87)
jes* ‘

where the modified driving forces are

d - ij __Yyp
J nkBTh nkBTh

Vinp+xiVInT, + x5V InT.. (2.88)
The multicomponent diffusion coefficient matrix D;; and the diffusion transport system matrix
G}g are functions of the species binary collision integrals and compositions. The exact expressions
for these matrices are given in Appendix A.
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2.5.3. Heat Flux

The heat flux vector in Eq. (2.35) accounts for the energy transferred through diffusion, thermal
diffusion, and conduction, such that

qa=>_ pehVi+nksTh > O+ xD)Ve— >, An VT, (2.89)
keS* keS* meM

where XZ and xf, are heavy particle thermal diffusion ratios for pseudo-species k € S* and A, =
AL+ At s the effective thermal conductivity of the global energy mode m € M which can be
split into translational A, and internal A" components. From the assumption in Section 2.3.2
that heavy particles thermalize at temperature T3, and electrons at 7., the translational thermal
conductivities can be written as

Ao=al Ny 4 a8\, (2.90)

where )\, and )\, are the thermal conductivities associated with translation of heavy particles and
electrons, respectively, and the constants o’ and ¢, indicate whether or not the global mode
m € M includes translational energy of heavy particles and electrons, respectively. Thus, o’ =1
when heavy particle translational energy is included in the thermal bath m, and o, = 0 otherwise.
Likewise, af, = 1 when free-electron translational energy is included in the thermal bath m, and
ay, = 0 otherwise.

The electron heat flux from Egs. (2.39) and (2.40) and internal energy heat flux from Eq. (2.42)
are given as,

q. = peheVe+nkpTh > Xi Vi — A VT, (2.91)
keS*
keS*

where the flux q,,, in Eq. (2.92) is valid only for purely internal energy modes (o, = a¢, = 0).
The heavy particle translational thermal conductivity is obtained from the second order Laguerre-
Sonine polynomial approximation of the Chapman-Enskog expansion. The resulting expression

requires the solution of the linear system similar to that of the dynamic viscosity,

(2.93)
> GYar=x Vien

VAR
JEH*

The transport matrix Gf‘jh is given in Appendix A and is a function of species mole fractions and
binary collision integrals.
Heavy particle thermal diffusion ratios may then be computed via

5 R
i = 3 > Alar, VieH (2.94)
JEH*

where A?jl is another transport matrix based on binary collision integrals and a™* is obtained from
the solution of the linear system in Eq. (2.93). Heavy particle thermal diffusion ratios satisfy the
expression » ;g X» = 0. Note that free electrons do not contribute to the mixture viscosity,
heavy particle thermal conductivity, or the heavy particle thermal diffusion ratios.

Expressions for the electron thermal conductivity, A., and thermal diffusion ratios, x§, may be
obtained from second or third order Laguerre-Sonine approximations (denoted by (2) or (3)) and
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are given by

T
Ae(2) = 7 (2.96)
2A22
Ae(3) = ——me (2.97)
AwAg_(Ag)
and
ST, AR
X (2) = §T—h1'e ALL ViesS 5 (298)
5T, AOLA22 _ AO2712
XE(3) = iefhee ~ e Ree o o, (2.99)

2T, " ALAZ — (A12)?

The A* and A’ matrices are complex functions of the binary collision integrals for heavy-
electron and electron-electron interactions. The electron thermal diffusion ratios satisfy the relation
Yicnr X§ +XeTe/Th = 0. Magin et al. [106] have studied the convergence of the A\, and x§ due to
the Laguerre-Sonine order and found that differences can exist in the levels of approximation even
in plasmas with relatively low degrees of ionization. Therefore, the third order expressions should
be used in practice.

Finally, the thermal conductivity associated with the internal energy of mode m € M, is given
by the so called Euken corrections, such that
piciy ™

)\int —
)
P SN

(2.100)

where Z;; is the binary diffusion coefficient for pseudo-species k and j, defined in Appendix A,
and the internal specific heat for mode m has been defined as

™m,int ké
“pk (ajkzi)p’ ( )

,int
semMpm

where /\/l;cn’int = M7 ﬂM'}ft indicates the intersection of sets M and /\/lik“t. It can be shown
that the Euken corrections are exact when the internal energy modes are separable and inelastic
collisions are neglected [107].

2.6. Chemical Kinetics

Chemistry plays a major role in the accurate description of hypersonic flows. This section details
the important chemical kinetic models relevant to hypersonics and how they fit into the governing
equations described in Section 2.3. In the first subsection, a description of the species production
rates for flows in thermal equilibrium is presented. The effects of thermal nonequilibrium are then
discussed. Finally, the relevant models used to simulate heterogeneous chemistry at the surface of
an ablating heat shield are briefly introduced.

2.6.1. Homogeneous Chemistry (Gas Phase)

The chemical production source term found in Eq. (2.27) accounts for the production and destruc-
tion of individual species through elementary chemical reactions. Every elementary (single-step)
chemical reaction 7, in the set of reactions R, can be described through the general formula,

’ "
E Vi A = E Vi, Ak,

keS* keS*
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! " . . . . . . .
where v, and v, are the forward and reverse stoichiometric coefficients for species Ay, in reaction
r. As an example, for the water-gas shift reaction,

CO + H, O — CO4 + Ho,

the forward stoichiometric coefficients of CO and HoO and the reverse stoichiometric coefficients
of COy and Hs are all equal to unity, while all other stoichiometric coefficients are zero. For
elementary reactions, the overall order of a reaction is the sum of the reactant stoichiometric
coefficients.
A rigorous derivation of the chemical production rate from kinetic theory yields an expression
of the form,
. .0 .1

where @ is the zero-order Maxwellian production rate and wj is a first-order perturbation [111].
The structure of the first-order term has been studied by Giovangigli [99] for general reacting
mixtures in the strong reaction regime and is found to be a sum of quadratics in the forward and
backward rates of progress for each reaction plus a linear term in the rates of progress multiplied by
the velocity divergence. Estimates for several simplified cases has shown &}, to be small compared to
the zero-order term [112-116] and it is typically neglected in CFD calculations. In the Maxwellian
regime, wé is exactly zero.

Law of Mass Action

Zero-order production rates are compatible with the Law of Mass Action which states that the rate
of production of a reaction product is proportional to the product of the reactant densities raised
to their stoichiometric coefficients [117]. For example, the rate of change of the number density of
carbon dioxide in the water-gas shift reaction, may be written as

g(ncoz) = k¢ nco NH,0,

where the proportionality constant k; is called the reaction rate coefficient and is not a function
of the reactant densities. The subscript f denotes that the rate coefficient is for the “forward”
process.

In general, reactions are reversible and the reverse process must be taken into account. The
molar rate-of-progress for any homogeneous reaction r is given as

R, =ksr H p;lim — k. H P, (2.103)
JES* jES*

which represents the net rate of moles of reactants which are destroyed to form products with units
of mol/m3s. p; = p;/M; is the molar density or concentration of species j and ky, - represents the
backward reaction rate coefficient for reaction r. At equilibrium, the rate-of-progress of all reactions
is zero, which yields the following relationship between the forward and backward rate coefficients,

kg e (v o)
s _ i, = TT (5050, 2101
byr jes*

where Kqq » is called the equilibrium constant for reaction r and the superscript * on the species
concentrations is used to denote equilibrium quantities. The equilibrium constant is related to the
change in Gibbs free energy across a reaction AG; by

Av,
pO kel AG”OA
Keq,r = <—R T) exp ( = T), (2.105)

!/ . . . . .
where Av, = > . s.(vj, — v;,) is the difference in reaction orders in the forward and reverse
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directions and AG? =" jes (V;/T — V;T)G;? is the change in Gibbs energy across the reaction, where
G5 is the standard state molar Gibbs energy of species j, and R, is the universal gas constant.
The left-hand-side of Eq. (2.104) is only a function of temperature while the right-hand-side is only
a function species concentrations. Therefore, Eq. (2.104) remains valid under all conditions, not
just at chemical equilibrium.
Using Eq. (2.103), the total mass production rate for a species k due to all reactions considered
is readily given by
bk =My Y (g — Vi) Re, kES™. (2.106)
reER

The difference in backward and forward stoichiometry coefficients in Eq. (2.106) relates the number
of moles of species k created or destroyed by the reaction r to the molar rate-of-progress for that
reaction.

Rate coefficients

For second- and third-order reactions, the rate coefficient depends on
1. the frequency of collisions between reactants,
2. the fraction of such collisions with sufficient energy for the reaction, and
3. the fraction of those collisions which actually react.

First-order reactions, such as predissociation (for example No —— 2N), do not depend on the
collision rate as these reactions occur spontaneously. Instead, the rate coefficients depend on
the energy of the reactant above some threshold energy. For example, predissociation occurs
when a molecule in a quasi-bound vibrational energy state, above the dissociation energy level,
spontaneously dissociates.

For the majority of reactions of interest in hypersonics, the reaction rate coefficients may be
expressed as

—ATB _ L
k¢(T) = AT* exp < RuT>’ (2.107)
where the pre-exponential term represents the temperature dependence of the collision frequency
and the exponential term, called the Boltzmann factor, specifies the fraction of collisions with
energy greater than the activation energy of the reaction, F,. Eq. (2.107) is called the (modified)
Arrhenius rate law after the Swedish physicist Svante Arrhenius who originally proposed the de-
pendence of the reaction rate on the activation energy of the reaction. While the formula has some
theoretical basis, the rate constants A, 3, and F, are usually determined experimentally as their
theoretical values often do not provide sufficient accuracy. This is largely due to the difficulty in
describing the third dependency of the rate coefficient listed above, namely the fraction of collisions
with sufficient energy that actually cause a reaction (embedded in the constant A). This fraction
is called the steric factor and depends on the collision dynamics and relative orientation of the
reacting species.

A promising alternative to the experimentally determined rate coefficients are those integrated
from effective reaction cross sections, based on QCT calculations using accurate PESs from quan-
tum mechanics. For example, statistical mechanics provides the following expression for the state-
to-state rate coeflicient ky for a reaction going from initial state ¢ to final state j [79],

1 3 _1 [ E;
kf (Th) = —(2RuTh)2 (‘LMT) 2 / O0ij (Ez)Ez exp ( - ! ) dEZ, (2108)
3 0 R, T},
where o;; is the effective cross section of reaction as a function of the translational energy of the
initial state F;. Rate coeflicients computed in this way could be tabulated versus temperature or
fitted to an Arrhenius form for efficient use in hypersonic CFD codes.
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Third-body reactions

Some reactions require an additional species to provide or remove energy from the reactants,
though the species remains inert. Consider, for example, the heavy-particle impact dissociation of
the nitrogen molecule by collisions with N and O atoms,

Ny +Ne==N+N+N\,
Ny +0 == N+N+O.

In this case, N and O are called third bodies and provide the necessary energy for Ny to overcome
its dissociation energy and dissociate. Likewise, in the reverse direction, the third-body species
remove sufficient energy from the two N atoms and allow them to recombine. It is common to
denote a generic third-body species in a chemical reaction with the letter M, such that

No+M=—=N+N+M

represents all heavy-particle impact nitrogen dissociation reactions.

Each third body considered in a third-body reaction represents a unique elementary chemical
pathway. However, the activation energy required in a given third-body reaction is the same,
regardless of which third-body provides that energy. It is therefore common to assume that the
rate coefficients associated with the reactions of different third bodies differ only by a constant
factor. Upon simple review of Egs. (2.103) and (2.104), this allows the net rate-of-progress for a
third-body reaction, considering all third bodies, to be written as

R, = [kf,r 1 7" = ke I ﬁj"fr} S iy (2.109)

JjES™* jES™* JES™

where the stoichiometric coefficients are only assigned to non third-body species. The constant o,
parameters are called third-body efficiency factors and represent the ratio of the forward reaction
rate coefficient associated with the third body j to the reference rate coefficient k¢ ,. Evaluating
the rates-of-progress for third-body reactions in this way can significantly decrease the size of a
given reaction mechanism as well as the time necessary to compute the species chemical production
rates.

2.6.2. Effect of thermal nonequilibrium on reaction rates

For strong nonequilibrium flows, the distribution of internal energy states can play an important
role in the description of kinetic rates. The most accurate method for treating nonequilibrium
rates is with a full STS model, like those described in Section 2.2.4. However, since such models
remain prohibitively expensive from a computational standpoint, most hypersonic CFD codes rely
on MT models. For this reason, an extensive literature exists on the study of nonequilibrium
reaction kinetics and many models have been proposed, in particular for the dissociation of oxygen
and nitrogen molecules (i.e., [58, 60, 90, 91, 118-127]).
In general, nonequilibrium models multiply the equilibrium rate coefficient by a nonequilibrium
factor &,
k¢ (Tfa Ting) = k;q(Tf) (I)(Tfa Tint)a (2'110)

where k;q(Tf) represents the forward rate coefficient in thermal equilibrium as discussed in the
previous section, evaluated at the heat-bath temperature Ty, and ® is a function of 7y and an
internal temperature Tiy. At thermal equilibrium, ® = 1. Classically, the temperature T’y repre-
sents the temperature of the thermal bath which provides the energy for the reaction to proceed.
For third-body reactions, the translational energy of the inert particle is typically chosen as the
thermal bath. Thus, for heavy-particle impact reactions, generally Ty = T}, while for electron-
impact reactions the convention is Ty = T,. For some reactions, the choice of T remains an active
area of research. The dependence of Eq. (2.110) on an internal temperature Tiy relies on the type
of reaction considered and in some cases, Ti,; may represent more than one temperature.
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Table 2.1.: Summary of important homogeneous chemical processes occurring in hypersonics. Re-
action formulas represent general processes. State-specific reactions include indices in parentheses
to indicate electronic/rovibronic states. The associated forward and backward temperatures used to
evaluate reaction rates for each gemeral process are also given.

Reaction Ty Ty
Associative ionization and dissociative recombination

A+B=AB" +e Ty, T,
Charge exchange

AT +Be=—A+ B' T3 T3
FElectron impact dissociation and recombination

AB+e =A+B+te T. T.
Electron impact excitation and de-excitation

A(l)+e =A(j) +e, j>i T. T.
FElectron impact ionization and ion recombination

Ate =—A"te fe T, T,
Electronic attachment and detachment

A+e +M=—A +M T, Th
Ezchange

AB+CD — AC+BD T} Ty

Heavy particle impact dissociation and recombination
AB+M=A+B+M TiT; =9 Ty

Heavy particle impact excitation and de-excitation
AD+M=—AG +M, j>i Ty Th

Heavy particle impact ionization and ion recombination
A+-M==A"+e +M Th, Th,

The nonequilibrium backward rate coefficient is typically evaluated using the equilibrium con-

stant from Eq. (2.104), such that
kS(Ty)
ky(Ty) = —L——~ 2.111

where T} is the temperature describing the thermal bath for the reverse process. A summary of
important reaction types and the choice of temperatures used in this work for 7 and T} are shown
in Table 2.1. Some of the commonly used models for the nonequilibrium factor for several reactions
are presented in the following subsections.

Dissociation and recombination

Molecules with a higher vibrational state require less translational energy to dissociate than those
at lower lying vibrational energy levels. Thus, the distribution of vibrational energy states of a
molecule can have a large impact on the average rate at which the molecule dissociates. Disso-
ciation models are typically split into two groups: preferential and non-preferential dissociation.
Preferential dissociation assumes that molecules at high vibrational states are more likely to disso-
ciate than those at lower states. Thus, molecules at low lying vibrational states must “ladder-climb”
to higher vibrational states through excitation processes before being allowed to dissociate. Pref-
erential dissociation models result in an incubation period behind strong shock waves in which the
vibrational energy builds up before molecules can dissociate. In effect, this serves to lengthen the
nonequilibrium zone and shock stand-off distances. Conversely, non-preferential models impose
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the same likelihood that a molecule will dissociate from all vibrational levels. Three important
nonequilibrium models for dissociation and recombination are presented here.

Marrone and Treanor [119], building on the work on Hammerling et al. [118] for non-preferential
dissociation, derived an expression for the nonequilibrium factor assuming that higher vibrational
energy levels were more likely to dissociate. The resulting expression may be written as

_Qj(Th) QY(TF)
- QYT Qy(-U)’

11 11
e (2.113)

(T, To) (2.112)

where U is a fictitious temperature used to adjust the probability of dissociation from a given
vibrational energy level and is usually taken to be U = D/3kp and D is the dissociation energy
of the molecule. Under thermal equilibrium, T,, = T}, and Tp = —U such that ®(7T},,T,) = 1 as
expected. When U = oo, the non-preferential model of Hammerling is obtained. (7 represents
the partition function for a truncated harmonic-oscillator. According to Marrone and Treanor,
the negative value —U represents the “vibrational temperature” at which molecules are formed by
recombination.

Park [58, 60] developed a simple phenomenological model to describe the nonequilibrium dis-
sociation of nitrogen which remains widely used today. When applied to the Arrhenius rate law,
Eq. (2.107), Park’s model is given as

(2.114)

E, E,
(T, T)) TfThf’exp< >

R.Tn R.T,

where T, = T3,97, 7%, for 0 < ¢ < 1, is an “average” temperature. Park originally suggested to use
a geometric mean such that ¢ = 0.5, though this was later improved by Sharma [120] to ¢ = 0.7 in
order to better match experimental data. Typically, this model is implemented by treating ® = 1
and simply evaluating the equilibrium rate coefficient with Ty = T,. It is well known that Park’s
model substantially under predicts dissociation rates when 7T, < T}, however it remains a popular
choice in hypersonic CFD codes because of its simplicity.

Finally, Macheret [123, 124, 127] derived a model based on the assumption of impulsive collisions
and rigid-rotor harmonic oscillators. The resulting expression for the nonequilibrium factor may
be written as

1
STy, T, Ty) = <o | ki(Th, T, Ty, kn(Ty) |, 2.115
(T, T,. 1) qu(Th)[x T ) + (T3 (215)
D, (1 1
kl(Th,TT,Tv) X exp |: Ta + 6 D(T_a — T_h):|7 (2116)
D
kn(T,) o exp ( ?), (2.117)

where k; and kj, represent the contribution of low and high vibrational energy levels of the dissoci-
ating molecule to the dissociation rate coefficient, T,, = oT,+(1—a)T} is an “average” temperature,
T = (Ty, + v/aT,) /(1 + y/a) is the “kinetic” temperature, and « is a simple factor related to the
masses of the colliding species. The proportionality factors which complete the expressions for the
low and high rate coefficients depend on the type of collision partners involved (diatom-diatom
or diatom-atom) and are described in detail in [124]. Macheret’s model has been shown to accu-
rately describe nitrogen dissociation rates under nonequilibrium conditions as compared to those
obtained to detailed STS rates [128]. Furthermore, the model does not require any tuned or empir-
ically derived parameters, which represents a major advantage to the models of Park and Treanor
and Marrone.
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Other reactions

The effect of internal energy on nonequilibrium reaction rates is typically modeled for dissociation
reactions only due to the important role they play behind strong shock waves. However, models
also exist for other types of reactions as well. For example, Knab et al. [122, 125] have developed
expressions similar to those described above for dissociation reactions which model the nonequi-
librium factor for exchange, associative ionization, and electron impact ionization and dissociation
reactions. These expressions are not given here for the sake of brevity.

2.6.3. Heterogeneous Chemistry (Gas-Surface Interaction)

As with homogeneous chemistry mechanisms, heterogeneous chemistry plays an important role in
the description of the thermochemical environment surrounding hypersonic vehicles. In particular,
an accurate prediction of the heat flux to the surface of a vehicle may depend strongly on the
correct solution of catalysis and ablation processes occurring at the gas-surface interface, known
in general as gas-surface interactions (GSI). These processes may strongly affect the composition
of the boundary layer, which in turn may alter the convective or radiative heating at or near the
vehicle surface. For Martian entries, these effects have also been shown to be important down
stream as ablated species radiate and increase the radiative flux to the back-shell of the vehicle.
Typically, GSI models are implemented as boundary conditions along the vehicle surface. In
this section, the relevant heterogeneous chemical processes and the corresponding models used to
simulate them are reviewed.

For non-ablating thermal protection systems, catalysis may play an important role in the heating
to the surface of the TPS. In particular, for Earth entries, catalytic recombination of the Na, Oq,
and NO at the surface,

N+N == Ny,
0+ 0 = O,
N+ O = NO,

are well known. Catalytic reactions do not participate in the surface mass balance but can promote
substantial heat transfer. As an example, the reactions shown above release approximately 950,
500, and 630kJ per mole of product, respectively [129].

Surface participating reactions involve both heat and mass transfer between the surface and
surrounding gas. As such, these reactions always include reactants originating from the TPS
material. Examples include the nitridation or oxidation of solid carbon C(s),

C(s) + N == CN,
C(s) + O = CO,
C(S) +OQ S COQ,

the passive and active oxidation of silicon carbide,

SiC (s) + 2 0y = SiO4(s) + CO»,
SiC(s) + 30 = SiOy(s) 4 CO,
SiC (s) + Oy = SiO + CO,
SiC(s) + 20 = SiO + CO,

and the sublimation of solid carbon to form C, Cy, or C3. In general, there are two types of models
which are used to describe surface chemistry and these are discussed below.
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Specified reaction efficiency models

Perhaps the most widely used GSI model in hypersonics is the Specified Reaction Efficiency
(SRE) model. These models describe the mass production rate of a species at the surface as
the product of the mass flux of the reactant impinging on the surface I'; and a reaction efficiency
v, which takes a value between 0 and 1. For example, the surface mass production rate of O and
O (in kg/ms) as a result of the catalytic recombination reaction O + O — Oa is given as

. o [8kgT]
wo = —ol'o = *70%\/ —Zh (2.118)
T™mo

w
o, = — =2 (2.119)
2
Note that the production rate of O3 is half the destruction rate of O since two O atoms are required
to form a single O5 molecule. SRE models are often called “gamma’” models because the symbol ~
is the typical choice for the reaction efficiency. The surface heat flux associated with the oxygen

recombination reaction above is then computed as
4o, = Wo, ESS, (2.120)

where Egijs is the dissociation energy O in J/kg.

For sublimation, there is no reactant which impinges on the surface. Therefore, the reverse
process must be taken into account leading to the following expression for the production rate of
C3 due to the sublimation reaction Cs(s) = Cs,

i . Yo, | 8kBTh,
X = — pC. —_— 2.121
Wey (p03 PCJ,) 4 Tme, ; ( )

where p¢,, is the equilibrium surface density of C3. Park et al. [69] provide the following expression
for the equilibrium Cj3 density,

59410
pC, = Mc,1.9 x 10T, Y exp ( — ),

2.122
. (2122)

where T, is the wall temperature.

SRE models are widely used in the hypersonics community because of their ease of use and
small data requirements. However there are a number of significant drawbacks to such models.
For starters, the laws of thermodynamics are not satisfied because most reactions are assumed
to be irreversible. With no alternative, these models assume that all of the heat produced (or
consumed) by a reaction at the surface is entirely absorbed or provided by the surface itself. In
addition, SRE models remain simple to implement for a single reaction, however when multiple
reactions are considered which contain the same reactants, care must be taken to ensure that
the reaction efficiencies associated with a single reactant do not sum to a value greater than 1.
Finally, SRE models do not accurately describe the underlying physics occurring during gas-surface
interactions which is discussed in following section. In spite of these issues, the SRE model has
been used in this work due to its simplicity (see Chapter 6). To provide contrast to the SRE model
however, a higher fidelity class of GSI models is briefly described in the next section.

Finite-rate models

The SRE model presented above assumes that gas-surface reactions occur in a single step, however
in reality these reactions are the result of multiple processes which occur at finite rates. In general,
surface reactions are only allowed at a finite number of “active sites” on the surface. These active
sites are highly dependent on the topology and chemical structure of the surface and are reaction
dependent. Fig. (2.2) describes some important GSI elementary processes that may occur. When
gaseous species collide with the surface, they may be adsorbed by an available active site. Con-



40 Chapter 2. Governing Equations for Hypersonic Flows

O

Desorption Langmuir- Eley-Rideal
) Hinshelwood
Adsorption
Q Diffusion Q Q Q

Surface

Figure 2.2.: Idealized gas-surface interactions.

versely, atoms may desorb from occupied sites to form gaseous species. Adsorbed species may also
diffuse along the surface between active sites. A Langmuir-Hinshelwood reaction occurs between
two adsorbed species or atoms in the bulk phase which combine and are released as a gaseous
molecule. Recombination may also occur through an Eley-Rideal mechanism in which a gaseous
species reacts with an adsorbed or bulk species, which is then released from the surface.
Finite-rate surface chemistry models describe the net surface reactions as a series of the ele-
mentary processes shown in Fig. (2.2). For example, Marschall et al. [129] describe the catalytic
recombination of oxygen atoms on a silica surface through the following elementary processes,

O+ (s) == O(s),

O2 + (s) == O2(s),

O+ 0O(s) == Ox(s),

O+ 0(s) = O3 + (s),

O + Oa(s) == 02+ O(s),

where (s), O(s), and Oz(s) represent active sites in the bulk phase and absorbed oxygen atom
and molecule, respectively. The first two reactions account for the adsorption of oxygen atoms
and molecules onto the bulk surface. Each reaction converts an active site in the bulk phase to
active sites on adsorbed oxygen atoms. The third reaction represents adsorption of an oxygen
atom onto an active O site to form an O, site. Finally, the last two reactions represent the
Eley-Rideal recombination of oxygen. Each of these processes may occur at different temperature
dependent rates. Furthermore, the reverse processes are related to the forward reaction through an
equilibrium constant. The heat flux to the surface of a material is then related to the rate of change
in the density of active sites. Thus, a finite-rate surface chemistry model ensures the conservation
of mass and energy at the surface. However, as can be seen by this simple example, finite-rate
models require significantly more data than that required in the SRE models. In addition, the
initial distribution of active sites on a surface remains a difficult parameter to determine for most
applications. Some finite-rate models assume that the active site density follows a steady-state
solution, allowing for this parameter to be determined analytically. A detailed analysis of finite-
rate surface chemistry models is beyond the scope of this thesis and thus only this simple discussion
is provided.

2.7. Energy Transfer Mechanisms

As previously discussed, nonequilibrium kinetics are most accurately described by full ST'S models.
However, as these models are extremely costly, most CFD codes resort to the use of MT models
instead. For such models, the energy transferred between different energy modes is not explicitly
determined through the reaction mechanism and must therefore be modeled by the various energy
transfer source terms presented in Section 2.3.2. In general, energy transfer mechanisms fall into
two categories: energy relaxation processes and chemical energy exchange processes. Both are
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described in detail in the following subsections.

2.7.1. Energy relaxation processes

Energy relaxation is the process in which two distributions of energy states exchange energy through
elastic and inelastic collisions and “relax” to a final equilibrium distribution. For the MT models,
relaxation processes describe the exchange of energy between different energy modes with Boltz-
mann distributions described by separate temperatures. In general, we are interested in how the
average or total energy of one mode equilibrates with another.

Vibration-translation energy exchange

Vibration-translation energy exchange plays a major role in the relaxation behind strong shock
waves. We first consider a harmonic-oscillator interacting with a single heat bath of translational
energy. The rate of change for this harmonic-oscillator’s vibrational energy, measured from the
ground state, is written

a
5 (Pi€5) = hv Zlat ) (2.123)

where v; represents the characteristic frequency of vibration for species j and 8n§- /Ot is the rate
of change of the number density of vibrational level i due to (de)excitation processes.

For weak binary interactions [56], transitions may be assumed to occur only between neighboring
vibrational states. Under these conditions, the following rate equation is then easily derived,

%(nz) _ 7k;,i+l N szrl N ;-}-1 kz 1—1 3 + k;'fl,i né—l, (2124)
where k}l’b represents the rate coefficient for the transition from vibrational state a to b for species
j. The rate coefficients depend primarily on a) the number of collisions between oscillators and
molecules of the heat bath with sufficient energy to cause transition and b) the probability that such
a collision results in a transition. For harmonic-oscillators, the rate coefficients are proportional to
the vibrational quantum number, k;-’z_l = ikjl-’o [30]. Thus, using detailed balancing to relate the
excitation and deexcitation rate coefficients, Eq. (2.124) may be rewritten as

9, 1,0 i 4 . i i
a(nj):kf {zn +@E+1)n JrlJrexp <Th — (i + 1)nf +in’ Y (2.125)
where 07 = hy; /kp is the characteristic vibrational temperature for species j.

Substituting Eq. (2.125) in Eq. (2.123) and simplifying the summation over states yields the
Landau-Teller form [130] for vibrational energy relaxation,

o ed*(Th) — €

&(Pjey) = ij_]yiT,

(2.126)

where e*(T},) denotes the vibrational energy for a Boltzmann distribution at temperature 7}, and
; T = [k}’o(l —exp(—0Y/Ty)] " is the relaxation time. Physically, the relaxation time represents
the time in seconds required for the difference (e3*(7},) —eY) to fall to 1/e of its original magnitude
in a constant heat bath. Eq. (2.126) shows that the Vlbratlonal energy tends to equilibrate with
the translational heat bath at a linear rate which is proportional to the degree of nonequilibrium.
It is important to note that no assumptions were made on the distribution of vibrational states
in the derivation of Eq. (2.126) or the degree of nonequilibrium. However, the assumption of
harmonic-oscillators is only valid for low vibrational states, limiting the validity of the formulation
to small departures from equilibrium and relatively low vibrational temperatures.
The theoretical treatment of the relaxation time present in Eq. (2.126) is very difficult. Millikan
and White [131] have shown that many diatomic collision systems can be described by the simple
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phenomenological formula at low temperatures (< 8000K),

(1- xe)pTJMW[atm s| = Z x5 €Xp [ajs(Tfé — bjs) — 18.42] (2.127)
sEH

where a;; = 1.16 x 1073 uji 9}’%, bjs = 0.015 ui, and pi;s is the reduced molecular weight of the
vibrator j and heat bath species s. At high temperatures, the Millikan and White model under-
predicts the relaxation time because it does not take into account the limiting of excitation rates
due to the finiteness of elastic collision cross-sections. Park [67] proposed the simple formula for
the relaxation time at high temperatures,

8kpTh
T =

-1
v

T = o O'j> , (2.128)
where ¢V is an effective cross-section for vibrational relaxation. In addition, at high temperatures,
the kinetic energy of the gas becomes much greater than the vibrational energy gap between excited
vibrational levels. In this regime, vibrational excitation and deexcitation behave classically and the
vibrational energy may be treated as continuously distributed, leading to a diffusion-like equation
for the rate of change in the density of a vibrational state [30]. In order to combine the diffusion
and Landau-Teller models, Park [60] has suggested a correction to the relaxation time for shock

heated flows, such that
s—1

Ts - Tvs
, (2.129)

Ts - ij

T = (V4 o)

where Ts and T, are the heavy-particle translational and vibrational temperatures immediately
behind the normal shock wave. The parameter s = 3.5 exp(—5000/T}) acts as a bridging function
between the high and low temperature regimes. For one-dimensional problems, the high tempera-
ture correction is straight forward to implement. For two- and three-dimensional flows, the shock
wave location should be based on a streamwise trace from the local point to the shock front, though
in practice the average post shock temperature is typically used instead [26].

When separate vibrational temperatures are used to describe the vibrational energy distributions
of each vibrating molecule, the resulting energy transfer terms for each vibrator j are easily derived
from Eq. (2.126), such that
e?(Th) — e¥(Tw;)

vT ?
7j

/T =p; (2.130)
where the superscript * has been dropped because the vibrational energy is assumed to follow a
Boltzmann distribution. If all vibrators have the same vibrational temperature, then the source
term is simply the net energy transfer due to each molecule,

e¥(Ty) — e¥(Ty)
Q=) oyt = ij%. (2.131)
jev jevy J

The Landau-Teller form for vibration-translation energy exchange has several limitations, which
may severely limit its accuracy. For example, anharmonicity, rovibration coupling effects, and
real collision dynamics are not taken into account. Nikitin and Troe [132] provide a historical
review of energy transfer models developed since the landmark paper of Landau and Teller in 1936
[130]. In general, these models build on the original Landau-Teller formulation by incorporating a
more detailed Master equation than Eq. (2.124) and using higher fidelity collision dynamics such
as those obtained through QCT calculations. Despite the many advances, Egs. (2.127 - 2.131)
remain widely used in the field of hypersonics due to their ease of implementation and small data
requirements.
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Free electron-vibration energy exchange

Electron-impact vibrational (de)excitation processes play an important role in the energy exchange
between electrons and molecules. In particular, the resonant electron impact nitrogen excitation
reaction

No(X'Z,Fiv) +em —= No (M) — No(X'Z, T w) +e7, w>w

is known to be very efficient. Electron impact excitation reactions for other air molecules are
negligible [27]. Studies of electron-vibration energy exchange for nitrogen plasmas suggest that
this process may be modeled with a Landau-Teller rate equation [133-135], where

J

(2.132)

Laporta and Bruno [135] have developed analytical expressions for the relaxation time T]EV based
on STS calculations using accurate theoretical cross sections.
Vibration-vibration energy exchange

When separate vibrational energy equations are attributed to each vibrating molecule, the vibra-
tional energy exchanged between each of these vibrators should be taken into account. Knab et
[122] have proposed the following consistent model for vibrational energy exchange,

(T
QVV Na /8R Th ZJJSPJSM pj[ ET:;GZ(TM) —ei(Tus) |, (2.133)

seV

where P;s is the exchange probability, taken to be 0.01 [122]. Panesi [128] has shown vibration-
vibration energy exchange to be of secondary importance for nonequilibrium air flows.

Elastic energy exchange between free electrons and heavy particles

Elastic energy exchange between free electrons and heavy particles has been studied in-depth for
partially ionized nonequilibrium plasmas based on kinetic theory [100, 107]. This energy exchange
follows the Landau-Teller form, such that

QET ee(Th) — ee(Te) 3 Ty — T

= pe? = _peReT' (2134)

T 2 T

The average relaxation time is derived directly from kinetic theory as

1 o 8me SkBT (1,1)
BT = 23, Qeza

. _ ; (2.135)
i€EH

where QS’D is the reduced collision integral for the electron-heavy interaction.

2.7.2. Chemical energy exchange processes

Chemical energy exchange processes result from reactive collisions between particles in which en-
ergy is transferred in order to promote the reaction. Important coupling mechanisms are described
below.

Electron-impact ionization

Electron-impact ionization reactions result in a lowering of the overall electron translational energy
since the free-electrons provide the energy necessary to ionize the heavy particle. It is important
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to take this energy transfer mechanism into account, in particular to accurately describe electron
avalanche. The amount of energy lost from the electron bath is modeled as

O'=>"AnR,, (2.136)

rel

where 7 is the set of electron impact ionization reactions and Ah, and R, are the molar reaction
enthalpy and rate of progress for the ionization reaction r. The reaction enthalpy represents the
average energy required to ionize the heavy particle in reaction r and the rate of progress is equal
to the rate of electron impact ionization reactions. Note that this model assumes that all the
energy required to ionize a given species comes from the free-electrons which may overestimate the
rate of electron energy loss.

Vibration-chemistry-vibration coupling

When molecules are created or destroyed through chemical reactions, vibrational energy is added
or removed from the gas. This creates an important coupling mechanism between the vibrational
energy distribution of a given molecule and the rate of creation or destruction of that molecule,
which in turn effects the net vibrational energy exchange of the gas. Vibration-chemistry-vibration
coupling is strongly related to the vibrational chemical nonequilibrium model in use. As such, the
models are split again into preferential and non-preferential dissociation categories.

Preferential dissociation leads to the following general expression for the vibration-chemistry
energy transfer source term,

S = M, I, [V;G;'m el (2.137)
reR

where G;m and G:m are the average vibrational energy gained or lost per mass of molecule m
associated with the forward and reverse process of reaction r. The actual form of these parameters
must be consistent with the vibration-chemistry model being employed. For example, in the case
of the Treanor and Marrone model [119] discussed in Section 2.6.2, these average energies become

/ R,,0? R, 00

o - min O, 2.138
" exp(—0y,/U)—1  exp(—60F/U)—1" ( )
. R, R

— — 2.1
Crm = p(0%,/Tr) —1  exp(02/T7) 1" (2.139)

where 62 is the dissociation energy of molecule m (associated with the dissociation reaction r) and
Tr and U were defined in Eq. (2.113).

Non-preferential models assign equal probability to a molecule dissociating from any vibrational
energy state. Therefore, the average vibrational energy lost or gained by a molecule which dissoci-
ates or recombines is equal to the average vibrational energy of the molecule itself, e¥, (regardless
of energy distribution). Therefore, for non-preferential dissociation Eq. (2.137) readily assumes
the form proposed by Candler and MacCormack [27],

QY = cre’ i, (2.140)

where the factor ¢; is introduced as a preferential dissociation factor. For ¢; = 1, Eq. (2.140)
represents a non-preferential dissociation model while for ¢; > 1, a simple preferential model is
obtained.
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2.8. Concluding Remarks

The goal of this chapter was to present the general governing equations for hypersonic, atmospheric
entry flows. Hypersonic flows are characterized by flow time scales on the order of chemical and
relaxation time scales which result in significant thermal and chemical nonequilibrium phenomena.
Thermal nonequilibrium is treated through the use of so-called energy partitioning models in which
assumptions are made on the relative distribution of populated energy states for each component
of the flow. Various energy partitioning models have been reviewed in this chapter and their role in
the governing fluid equations has been detailed. In particular, both thermochemical nonequilibrium
and LTE flows have been considered.

Closure models for the thermodynamic, transport, and chemistry properties, whose evaluation is
required to solve the governing equations, have also been presented. In general, all properties have
been shown to be functions of the local state of the fluid. General relations for thermodynamic
properties were provided, based on the a statistical mechanics description of individual species
energy partitioning models and associated partition functions. Transport properties were presented
based on a perturbative Chapmann-Enskog solution of the scaled Boltzmann equation, which
results in linear transport systems defined in terms of temperature dependent collision integrals
and species concentrations. Chemical production rates were formulated in terms of the Law of Mass
Action. The effect of thermal nonequilibrium was also considered and several common models for
nonequilibrium rate coefficients were presented. In addition, several important energy transfer
models were discussed in the context of a MT approach.

Radiation was largely ignored in this chapter, except in the presentation of the governing equa-
tions. The computation of radiative source terms represents a significant numerical and theoretical
effort. In addition, the treatment of radiation in the governing equations alters the general nature
of the equations from differential to integro-differential. For these reasons, the discussion of radi-
ation has been postponed until Chapter 3. Finally, it is worth noting that this chapter presented
the governing equations in a general manner. The specific models and data used in this work are
presented in Chapter 4.






CHAPTER 3

Radiative Transfer for Atmospheric Entry

3.1. Introduction

The radiative heat flux, energy source, and photochemical source terms required to couple radiative
transfer to the fluid dynamic conservation equations, were presented in Chapter 2. As will be
evident from the following sections, the accurate calculation of these quantities involves a significant
modeling and numerical effort. This chapter is broken into three distinct sections. Section 3.2
provides an introduction to radiation for atmospheric entry applications. Section 3.3 details the
HTGR database, used in this work to compute high resolution emission and absorption spectra.
Finally, Section 3.4 derives the so-called hybrid statistical narrow band model, used in this work
to significantly improve the performance of radiative transfer calculations.

3.2. Radiative Transfer in Participating Media

This section provides a short introduction to the basics of modeling radiative transfer in partici-
pating media, in particular, gases. The various radiative processes which occur in gases are first
outlined, followed by a description of the governing equations for radiation transport including
the radiative boundary conditions typically used for atmospheric entry applications. Finally, the
radiative surface heat flux, energy source, and species mass production rates due to photochemical
processes are detailed.

3.2.1. Radiative Processes in Gases

Radiative processes in gaseous media can be grouped into three categories, namely bound-bound,
bound-free or free-bound, and free-free processes. Each one is discussed below.

Bound-bound

Bound-bound processes are radiative transitions between bound electronic states of atoms or rovi-
bronic states of molecules. Bound-bound transitions can occur through absorption,

A(l) + hco — A(u),

spontaneous emission,

A(u) —> A(1) + heo,

and induced emission,
A(u) + hco — A(1) + 2hco.

Each process is depicted graphically in Fig. (3.1). Spontaneous emission occurs when an atom or
molecule at an upper energy state u with energy FE, spontaneously emits a photon with energy
hco and falls to a lower energy state [ with energy E; = E, — hco. Absorption is the opposite
process, in which a photon with energy hco is absorbed to raise the energy from Ej to E,. Apart
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hco
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" hco ' heo E hco
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E, < E, < E, .
Spontaneous Emission Induced Emission Absorption

Figure 3.1.: Types of atomic bound-bound transitions between arbitrary upper and lower energy
states.

from spontaneous emission, atoms and molecules may also emit a photon in the presence of an-
other passing photon. This process is called induced or stimulated emission. Induced emission is
sometimes referred to as negative absorption.

As electronic and rovibronic levels are quantized, bound-bound transitions result in discrete
spectral lines corresponding to emission and absorption of specific photon energies, centered around
the wavelength of the transition energy. Several factors contribute to the broadening of these
spectral lines. These details are discussed in Section 3.3.1.

Bound-free and free-bound

Bound-free processes are radiative transitions between a bound and unbound energy states. Bound-
free processes included photoionization

A+4+hco — AT e,

photodissociation
AB + hco — A+ B,

dissociative photoionization
AB+hco — A+ BT +e7,

and photodetachment processes
A" +hco— A+e .

Each bound-free process absorbs a photon at a high enough energy to fully dissociate or ionize the
absorbing species into two or three separate particles. Free-bound processes represent the opposite
transitions, in which two or three particles recombine, emitting the excess energy as a photon.
The energy of the dissociation products are essentially not quantized, thanks to the translational
energy of the particles. Therefore, bound-free processes result in a near continuous emission and
absorption spectrum above the ionization or dissociation energy of the bound state.

Free-Free

A free electron may interact with the electric field of an atom or molecule, causing the electron to
decelerate and the resulting energy lost by deceleration is emitted as a photon

A+e” — A+ e +heo.

This mechanism is called Bremsstrahlung radiation after the German word for brake radiation
because the free electron is slowed in the process. The reverse process is known as inverse
Bremsstrahlung radiation. Because the translational energy of the free electron is essentially con-
tinuous, the resulting Bremmstrahlung spectrum is also continuous.
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3.2.2. The Radiative Transport Equation

Each radiative mechanism discussed in the previous section contributes to the net emission and
absorption of photons. The energy carried by a photon at wavenumber o is given hco. Therefore,
emission and absorption of photons results in a net energy transfer between points in the flow field,
or from the flow field to the vehicle surface.

The radiant intensity I, (x, §) is defined as the photon energy flux per unit area, per elementary
solid angle, per wavenumber, in the direction § at wavenumber ¢ and position x. In the absence
of scattering, the steady Radiative Transport Equation (RTE) describes the variation of spectral
intensity I, along a ray with length parameter s as

% =5- VIa'(é) =To — Hald(g)a (31)

where 7, and k., are the local emission and absorption coefficients at point s along the ray.

Photons may be emitted in any direction. Therefore, the spectral emission coefficient is inde-
pendent of direction and represents the total photon energy emitted per volume, per time, per
wavenumber, and per elementary solid angle. The absorption coefficient represents the fraction of
photon energy absorbed by the gas over a unit distance, and is independent of direction as well.
In general, these coefficients are functions of the local energy level populations of the participating
gaseous species. They will be described in more detail in Section 3.3.

Under radiative equilibrium conditions, the intensity follows Planck’s law such that

I, = I’ = 2hc*0® [eXp (:BC;) - 1} - (3.2)

and the emission and absorption coefficients are related through Kirchhoff’s law by 1, = I2k,.
This relation is also satisfied for flows in thermo-chemical equilibrium.
The formal solution of Eq. (3.1) may be written as

I,(s) = 1,(0)7,(0, s) + /OS N, (8" )76 (s", s)ds’, (3.3)

where the spectral transmissivity 7, between points s’ and s is given by Beer’s law,

S

7,(s',8) = exp ( - / Ko (s") ds"). (3.4)
s/
The integral inside the exponential is called the optical thickness of the gas. When the optical
thickness is large, the transmissivity approaches zero, indicating that no radiation is transmitted
through the gas. Conversely, for optically thin media, the transmissivity approaches unity and all
radiation is transmitted.

3.2.3. Boundary Conditions

Eq. (3.3) represents an integral equation for the solution of the radiant intensity at a given point
in space, in the direction defined by the ray. This equation may be solved by integrating along the
ray from a known boundary condition, I,(0). Two types of boundaries will be considered in this
work.

Diffuse surfaces

Vehicle surfaces are assumed to be diffuse, and opaque, such that

Ia(mw,é)zeglg(Tw)—i-p—U/ L(2w, ) |- 8] dY, #-5>0, (3.5)
T Jn-8'<0
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where €, and p, are the local spectral emittance and reflectance of the surface and 7 is the outward
facing surface normal. Emittance represents the fraction of black body radiation emitted by the
surface, while reflectance represents the fraction of incoming intensity that is reflected away from
the wall. For an opaque surface, the reflectance is related to the absorptance a, of the surface by

pe =1 — ay, (3.6)

where the absorptance represents the fraction of incoming energy absorbed by the material at the
surface. Also, for a diffuse surface, the emittance and absorptance are independent of direction,
leading to €, = o, .

The integral in Eq. (3.5) represents the spectral irradiation, or incoming spectral flux, onto the
surface. For partially reflecting boundaries (¢ < 1), the reflective term in Eq. (3.5) imposes a
coupling between the incoming and outgoing intensities at the boundaries.

Free-stream boundaries

It is assumed that free-stream boundaries are sufficiently far from the shock layer to ensure that all
temperatures associated with the flow field are equal and relatively low. Under these assumptions,
the domain boundaries may be treated as black walls at the local temperature, such that

Lo (%o, 8) = I5(T), (3.7)

where the subscript co represents the free-stream quantity.

3.2.4. Coupling to Fluid Dynamics

Once the intensity field is known, the solution must be coupled back to the mass and energy
transport equations derived in Chapter 2 via the radiative surface heat flux, power, and species
mass production rates due to photochemical processes.

Heat flux and its divergence

The total radiative flux at any location in the flow field is given by the integral of intensity over
all wavenumbers and directions,

q" = /OOO AW 1,(3) & d do. (3.8)

We may also construct the total radiative energy fluxes going into and out of a wall with surface
normal n, respectively as

o :/ / L (2, 8) |72 - 8| d92 do, (3.9)
0 Ja-s<0
0 :/ / L (2, 8) 72 - 8] dO do. (3.10)
0 Ja-5>0
Using Eq. (3.5), the total radiative heat flux on a gray, diffuse, and opaque surface is then given as

q:;v = qgut - Qirn = 6(O-TV\;%/ - qrn) (311)

Finally, the heat flux itself is not a particularly useful parameter within the flow field. Instead,
the radiative power, defined by the negative divergence of the heat flux is required to determine
the amount of radiant energy being deposited or emitted at any given point. Using Egs. (3.1) and
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(3.8), the radiative power may be written as

—V-q":—V-/ /Ia(é)édﬂda
0 4am

(3.12)
:/ koG — 41, do,
0
where G, is called the spectral incident radiation,
G, z/ 1,(8) dQ. (3.13)
47

Photochemical source terms

The bound-bound and bound-free processes described in Section 3.2.1 alter the chemical compo-
sition of the gas through emission or absorption of photons and are known collectively as pho-
tochemical processes. The net rate of production of photons at wavenumber ¢ from a reversible
photochemical process is equal to the net photon energy emitted by that process, divided by the
energy of a single photon, hco. Using the definition of the emission and absorption coefficients for
a single photochemical process, it is then plain to see that the net production rate of a species (or
pseudo-species) j is given as

. m; 1

¢ =0 Ep ij/o - /M (55 1o —n) d do
_my *© KPGy — 4P
= E Ep I/pj/o 7 dO'7

where the sum over p represents the sum over all photochemical processes and v,,; is the stoichiom-
etry difference of species j across process p.

(3.14)

3.3. High Temperature Gas Radiation Database

The emission and absorption coefficients required in the solution of the RTE presented in the
previous section are taken from the HT'GR spectroscopic database [36, 37, 39, 40]. An overview of
the database is presented in this section. In addition, new mechanisms which have been added in
this work are highlighted. Contributions to the emission and absorption coefficients are split into
bound-bound transitions and bound-free and free-free continua. Total emission and absorption
coefficients are obtained by summing each contribution. All radiative mechanisms included in the
database are summarized in Table 3.1.

3.3.1. Bound-Bound Transitions

Radiative transitions between bound energy levels of an arbitrary species A follow the general
form,

A(l) + heo = A(u), B < E,. (3.15)

The emission and absorption coefficients for all such transitions are given by
N, = g nu@hca vi(o—ou) (3.16)
(o2 l 4ﬂ' u
U

Ky = Z {nlBlufjlb(o — oul) — Ny Bui fﬁ(a — O’ul):| ho (3.17)

ul
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Table 3.1.: A summary of the radiative mechanisms included in the HTGR database and used
in this work. The first reference corresponds to the spectroscopic data while the second reference

corresponds to the SNB parameters (when applicable).

Species  Process / Upper - Lower Spectral Range Ref.
Band System Electronic States  [1000 cm ']

C Lines [39]
Bremsstrahlung 1-200 [39], [137]
Photoionization 1- 200 [39], [137]

ct Lines [39]
Bremsstrahlung 1- 200 [39], [137]
Photoionization 1- 200 [39]

(o Photodetachment 1-200 [39], [137]

Cs Balik-Ramsay RO A U 1-48 [39], [137]
Deslandres-d’Azambuja ~ C'S, — A'II, 1-42 [39], [137]
Fox-Herzberg 3%, — I, 5- 51 [39], [137]
Mulliken D'z — xixt 28 - 77 [39], [137]
Phillips Ay, - x's 1-49 [39], [137]
Swan d*s, — a®1l, 1-43 [39], [137]
Photoionization 1-200 [39], [137]

Cs Swings A, - X'yt 20 - 35 [138], here
uv Iyt xixt 30 - 74 [139], here

CH AX A%A — X210 1-37 [40], [40]
BX B?y~ — X 1-27 [40], [40]
CX c?yt - X1 1-40 [40], [40]
Infrared X211 — X211 1-27 [40], [40]
Photoionization 85 - 193 [140], here

CN LeBlanc Bzt — A%, 1-54 [39], [137]
Red AT - X2t 1-58 [39], [137]
Violet Byt — x%xt 4 - 62 [39], [137]
Photoionization 1-200 [39], [137]

coO Third positive b¥’ri — ol 13 - 43 [39], [137]
Fourth positive Al — X'yt 11 - 90 [39], [137]
Hopfield-Birge Byt — x'st 14 - 91 [39], [137]
Infrared Xint — xint 1-77 [39], [137]
Photoionization 1-200 [39], [137]

co™ Baldet-Johnson B2yt — A%, [39], [137]
Comet-tail A%I; — X235t [39], [137]
First negative Byt — x%yt [39], [137]

CO- Infrared x'sf -x'st 0.25 - 8.3 [141], [142]

H Lines here
Photoionization here

H- Lyman By — X's 60 - 120 [143], here
Werner c'ln - x's 60 - 120 [143], here
Photoionization [144], here

N Lines 1 - 200 [37]
Photoionization 1- 200 1371, [55]
Bremsstrahlung 1-200 [37], [55]

NT Lines 1 - 200 [37]
Bremsstrahlung 1- 200 1371, [55]

N~ Photodetachment 1-200 [37], [55]

N, First positive B3, — A3SF 1-42 [36], [55]
Second positive c?1, — B, 1-40 [36], [55]
Birge-Hopfield 1 b, — X'5f 55 - 117 [36], [55]
Birge-Hopfield 2 Vint — x'st 36 - 124 [36], [55]
Caroll-Yoshino elint - X'zt 54 - 123 [36], [55]
Worley o3Il — X'5F 71 - 121 [36], [55]

Continued on next page
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Table 3.1 — Continued from previous page

Species  Process / Upper - Lower Spectral Range Ref.
Band System Electronic States  [1000 cm ']
Worley-Jenkins eI, — XlEgr 67 - 116 [36], [55]
Photoionization 1- 200 1371, [55]
Bremsstrahlung 1-200 [37], [55]

No ™ First negative B’y — x*vf 1- 42 [36], [55]
Second negative c?’yl — x?yr 26 - 77 [36], [55]
Meinel AT, — XP%) 1-49 [36], [55]

NO 11000 A D2yt — A2yt 1-22 [36], [55]
el B2%M, — X°I1, 7- 74 [36], [55]

’ ’
B B2A — X?II, 22 - 69 [36], [55]
5 C?1, — X*11,. 15 - 75 [36], [55]
€ Dyt — X?11, 16 - 68 [36], [55]
~ A%yt — X211, 7-66 [36], [55]
’
~ E*xt — X211, 23 - 73 [36], [55]
Infrared X210, — X211, 1-37 [36], [55]
Photoionization 1-200 [37], [55]

0 Lines 1 - 200 [37]
Photoionization 1- 200 1371, [55]
Bremsstrahlung 1-200 [37], [55]

ot Lines 1 - 200 [37]
Bremsstrahlung 1- 200 1371, [55]

(O Photodetachment 1 - 200 [37], [55]

O- Schumann-Runge By, — x%%7 14 - 60 [36], [55]
Photoionization 1-200 [37], [55]
Photodissociation 1-200 [37], [55]
(Schumann-Runge)

Bremsstrahlung 1-200 [37], [55]

where the summation over ul denotes summation over all bound-bound transitions from an upper
energy level u to a lower energy level I and Ay , Biy, Bu, and f7, 3}3, and f:fl correspond to
Einstein coefficients and spectral line profiles for spontaneous emission, absorption, and induced
emission, respectively [136]. Line centers are given by hcoy = E, — Ej, for each transition v — [.
Detailed balancing under thermal equilibrium yields the following relationships for the Einstein

coefficients and line shapes [136],

Bufiilo = ow) = gz Aufii(o = ow), (3.18)
1 Gy he(o — ou)
Bu ab — o, :714“ se g [7} 1
l ful (U o l) S1heod Ul (J o l) a exp kT (3 9)

In addition, the spontaneous emission Einstein coefficient is related to the oscillator strength of a
particular line via
2102,¢% a
Ay = Tuide 2y (3.20)

€0MeC Ay

Line shapes

Various line broadening mechanisms contribute to the line shape of an individual line. Doppler
broadening results from the relative motion of a radiating particle to the observer. A pure Doppler
profile can be derived from kinetic theory assuming a Maxwellian velocity distribution [145], such
that

1 /In2 (0 —ow)?
D U
(o — o) =—51/ — exp {—11&27}, (3.21)
Ta Vo (7a1)?

where 75 is the half-width at half-maximum (HWHM) of the Doppler line shape, given by

22 kTl
Y = Ou\| 5 (3.22)
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Figure 3.2.: Description of the Voigt line profile and comparison with Doppler and Lorentz shapes.

with m, the mass of the radiating particle. As can be seen from the equation, Doppler broadening
is proportional to o+/T}.

Pressure broadening occurs when a radiating particle interacts with a charged (Stark) or neutral
(Resonance, van der Waals, etc.) particle through collisions. The resulting line shape under the
impact approximation is Lorentzian. A pure Lorentz profile is given by

)

1
Jh(o —ou) = =
(=) = L CE (o=
where 75[ is the Lorentz HWHM. Lorentz half-widths are proportional to the average collision
frequency of the gas (e.g., for hard-spheres, v% oc p/v/T}).
When both Doppler and Lorentz broadening are important, the combined line shape follows
from a convolution of the two profiles, yielding the so-called Voigt profile,

1 In2 0 — Oyl 5
o —ow) = — —K(\/1n2(7[)),\/1n27—[§),
v m Yl Yl

ul

y [ e €
Kz,y) = %/,m CETIIER Tt

(3.24)

Unfortunately, no analytical expression exists for the Voigt profile. Several numerical approaches
have been developed to compute the Voigt profile accurately and quickly, typically relying on ratio-
nal function approximations [146-149]. In this work, the method of Drayson [146] has been used,
modified by moving the outer loop over wavenumbers into the function evaluation as suggested by
Schreier [149].

Fig. (3.2) shows a comparison of the Doppler, Lorentz, and Voigt profiles, normalized by their
respective HWHM. The “exact” value of the Voigt HWHM, vV, has been computed through a
simple Newton procedure using the Drayson Voigt approximation [146]. Two common approxima-
tions to the Voigt half-width are also shown. The first approximation in Fig. (3.2b) was originally
developed by Whiting [150] and is found to be accurate to about 1 %.
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Atomic lines

It is convenient to express electronic energy level populations of atoms in terms of Boltzmann
populations at an electronic temperature T;. Introducing a non-Boltzmann parameter 9}? =ny/ nkB
for an arbitrary electronic level k of atom A, the number density of level k can be expressed as

na EA
ne =08 ———apex (— k ), 3.25
k k ta (Tel) k p szTel ( )

where nkB represents the Boltzmann number density of level k£ and na is the total number density

for the atom. Qifgt (Te;) is the atomic internal (electronic) partition function evaluated at Ty;.
Inserting Eq. (3.25) along with Eqgs. (3.18 - 3.20) into Egs. (3.16) and (3.17), the emission and

absorption coefficients associated with a single transition u — [ for an atom A are given as

hoq2 nA —E2
A e nB u 2
9B A o ( )a wOa [3%(0 — ow), 3.26
No ul Q€0 u th exp kpTy lfl ul ul( l) ( )
1 68 hco
A l A
l = -y - 1} . .2
o,ul 2h02 3 |:95 exp (k Tel) na,ul (3 7)

The total emission and absorption coefficients associated with atomic lines are obtained by summing
Egs. (3.26) and (3.27) over all considered atoms and transitions. Note that in equilibrium, the non-
Boltzmann parameters are equal to unity and Eq. (3.27) is simply a statement of Kirchhoff’s law.

Previous compilations of the necessary line data (a; fi.,, E{j, and o) for N, O,N*, 0" [37] as well
as C and C™ [39] have been made using the NIST atomic line database [41]. Line shapes associated
with spontaneous emission are assumed to be Voigt to account for Doppler and neutral collisional
broadening at a temperature 7 and Stark broadening at temperature T,. Stark broadening
parameters for these lines are computed based on a semi-classical approach using line oscillator
strengths of The Opacity Project atomic database (TOPBASE) [42] and compiled in [37, 39, 151].

H transitions have also been added in this work using the NIST database for line positions and
strengths. The simple approximation of Zoby et al. [152] is retained for Stark broadening, based
on [153], expressing the Lorentz half-width of hydrogen lines as

L [eV] =1.05 x 1071° (n? —m?) n (3.28)

e

1 otherwise

where n and m are the principle quantum numbers of the upper and lower electronic states and
m = n+ 1 indicates the first line in each series. The hydrogen electronic partition function is given
simply as

int _ 2 2 Ry 1
B (Ta) = Y 2k exp [kBTez (ﬁ - 1)} (3.29)
k=1

where the level cutoff of 40 has been used in order to match the maximum level retained in the
NIST line database. R, is the Rydberg constant, defined as the ionization energy of the hydrogen
ground state.

Mbolecular electronic systems

The HTGR database contains the necessary line information for several air and carbonaceous
molecules. Chauveau et al. [36] have included 19 electronic systems of Ny, No ™, NO, and Oy for
high temperature air radiation calculations for atmospheric reentry and electric arc applications.
Babou et al. [39] extended the database to include 16 electronic systems of Cy, CN, CO, and CO™.
In addition, 4 electronic systems of CH have been presented by Soufiani et al. [40]. COs infrared
transitions have been included based on the CDSD-4000 spectroscopic database [141]. Prasanna et
al. [143] have recently compiled line data for the Hy Lyman and Werner bands based on the work
of Abgrall et al. [154] and Dabrowski et al. [155].
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Finally, averaged C3 absorption cross-sections for the Swings (A'Il, — X'¥7) [138] and UV
(s — Xt ¥ F) [139] systems have been added in this work for the calculatlon of SNB parameters
presented in Sectlon 3.4, however high-resolution line data has not been included due to lack of
data in the literature.

3.3.2. Bound-Free Processes

Bound-free processes, such as photoionization (e.g., N + hco == N + e ) or photodissociation
(e.g., O2 + hco == O + 0O), follow the general formula

AB(i) + heo = A(j) + B(k), (3.30)

where A (j) and B (k) represent dissociation products at energy levels j and k respectively from the
dissociation of an arbitrary species AB(i) at level i through absorption of a photon with energy
hco. Lamet et al. [43] have presented a formal approach to calculate absorption and emission
coefficients for all such mechanisms, which is summarized here.

The relative velocity g of the dissociation products is obtained from conservation of energy as

%,qu = hco + E?B — E? — E],?, (3.31)
where p is the reduced mass of species A and B and Ef( represents the energy of species X at
level i, with all energies relative to a common reference energy. Introducing effective cross-sections
relative to spontaneous emission &3 ;, induced emission &ie J.i» and absorption Gab for bound-
free processes which are analogous to the Einstein coefﬁ(:lents for bound-bound tran51t10ns the
emission and absorption coefficients are given by

d
nl =Y ninf heo g &35 (o) dmg® f(9) 7. (3.32)
ijk
bf _ {AB abs dma? 0 dg
K —Z n;w 6% (0 )—” ny g 6%, (o) dng® f (9)% ho, (3.33)
ijk

where f°(g) represents the distribution function of the relative velocity between the dissociation
products A and B. The summation over ijk represents the summation over all transitions corre-
sponding to Eq. (3.30). At equilibrium, the intensity satisfies Planck’s law. Therefore, substituting
Egs. (3.32) and (3.33) into Eq. (3.1) yields the following relationships for bound-free cross-sections
143],

55.i(0) = 2heo® &5 (o), (3.34)
ie h? aq abs
jhil0) = &5 (o). (3.35)

drp?g2c ajay

Assuming the relative velocity distribution function is Maxwellian at a temperature T} and sub-
stituting the above relations into Eqs. (3.32) and (3.33), the following expressions are obtained for
the bound-free emission and absorption coefficients,

A, B A B AB
E+FE; —FE —hco
bf = op2c%q* Oy MG G2bs ex ( J ki ), 3.36
K z_]zk 5#( rel) Ak gk P kBTrel ( )
A B A B AB

; . E+E,—FE." —hco
bf —h Gabs [ nyng ai ( J k L )} 3.37
UZ bk fu(Trel) ajay P kpTrel ’ (8:37)

ijk
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where the volumetric translational partition function is given as

2 ke Ther \ 3/2
M) ) (3.38)

§u(Trel) = ( 12

Atomic photoionization

Atomic photoionization absorption cross-sections G2P5 have been taken from TOPBASE [42] for
N, N, O, and O" [37] as well as C and C" [39]. Additional cross-sections for H have been added
to the database in this work. These cross-sections are related to the effective cross-sections in
Egs. (3.36) and (3.37) by

& (0) = ho Y &% (0), (3.39)
jk

where the summation over jk represents the sum over all electronic levels of the ion and the
unique electron energy level with a degeneracy of 2. Fig. (3.3) shows the computed equilibrium
absorption cross-sections at various temperatures for H as obtained from TOPBASE. Equilibrium
cross-sections are obtained by averaging the level cross-sections, weighted by the Boltzmann distri-
bution at the given temperature. Starting with the general formulation in Egs. (3.36) and (3.37)
and assuming the electronic energy levels of the ion are populated according to a Boltzmann dis-
tribution at T; and that T.e) = Te;, the emission and absorption coefficients associated with the
photoionization of an atom A at level 7 are given by

hco \ n EA

AbE _ 9he203 ex ( — )—A "€, ex ( — —1)6@5 o 3.40
N Pl o) 0. X A (o), (3.40)

1 0B hco
Abf _ [ i ( ) _ 1} Abf 3.41
HG',Z 2h020_3 Xneq eXp kBTel 770,7, ) ( : )

where the non-equilibrium factor is given by
A

neq _ TAtTle Qa ex ( Eion ) 3.42
X na 2§me (Te)QA+ P kBTel ( )

In the above expressions we have used the non-Boltzmann parameter of Eq. (3.25) to account
for possible nonequilibrium in the neutral atom electronic energy levels. E{gn is the ionization
energy of the atom corrected by the Debye ionization lowering, Qa and QA+ are the atom and
ion partition functions, and na, na+, and ne are the total number densities of the atom, ion, and
free electrons respectively. Summing Egs. (3.40) and (3.41) over all electronic levels for each atom
yields the total emission and absorption coefficients associated with atomic photoionization. Note
that in LTE, 67 and x"°? are both unity, and Kirchhoff’s law is recovered in Eq. (3.41) as for the

bound-bound case.

Molecular photoionization

Photoionization absorption cross-sections for molecules are typically only provided at room tem-
perature. Therefore, the following pragmatic approach is used to compute emission and absorption
coefficients [55],

h
Ne = 2hc*a® exp ( - )nmolxnquabs(J), (3.43)
kpT,
1 1 hco
L= - 1} . 44
" 2hc2o3 [X“eq P (kBTe) g (3.44)

where

Xneq __ MNionMe Qmol(Te, Te, Te) <Eir(r)1§l ) .

T hmol 2em. (T0)Qion(T2) © P \kpT, (3.45)
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The database includes appropriate molecular photoionization absorption cross-sections for Co, CN,
CO, Ng, NO, and Os [37, 39]. The cross-sections for N2, NO, and O3 actually correspond to global
absorption cross-sections, including dissociative photoionization, however these contributions are
at least an order of magnitude less than photoionization [37] and are therefore treated as pure
photoionization in this work. In addition, photoionization of CH and Hs have been added in this
work using absorption cross-sections taken from [140] and [144, 156], respectively, and are plotted
in Fig. (3.3). The sharp drop-offs in the CH and Hj cross-sections correspond to the ionization
energy of those molecules. For example, the ionization energy of Hs is approximately 15.6eV or
about 126 000cm™!. Therefore, only photons with at least that much energy can ionize H.

An example hydrogen absorption spectrum is shown in Fig. (3.4) for a pure hydrogen plasma in
LTE, at a temperature and pressure of 6000 K and 0.3 bar respectively. Under these conditions, Hy
accounts for just 0.1 % of the mixture by volume, however the Lyman and Werner bands dominate
the absorption spectrum. Photoionization of Hy is the dominate contribution to the absorption
spectrum for wavenumbers above the ionization energy.
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Figure 3.3.: Equilibrium photoionization absorption cross-sections of CH, H, and Hy, used in this
work. Data for each species has been taken from [140], [42], and [144, 156], respectively.

Other bound-free mechanisms

The HTGR databse includes photodetachment of the C™, N, and O~ anions [37, 39]. In general,
these processes are not well understood. The database relies on simple absorption cross-sections
related to the most dominate contributions to the photodetachment of each species. Typically,
these species are not included in CFD calculations for atmospheric entry flows. In this case, the
populations of the negative ions are computed assuming a Saha equilibrium at 7.

Schumann-Runge photodissociation of Os is also considered, using LTE absorption cross-sections
compiled in [37]. The extension to a MT approach is presented by Lamet et al. [43].
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Figure 3.4.: LTFE hydrogen absorption spectrum at T = 6000 K and p = 0.3 bar.

3.3.3. Free-Free Processes

Free-free transitions, known as Bremsstrahlung radiation, occur when an electron emits a photon
after passing through the electric field of a neutral or ionic species. Bremsstrahlung radiation of
the atomic ions C*, N, and O™ is considered using Kramers’ formula [157] corrected by a Gaunt
factor [37, 39]. Inverse Bremsstrahlung radiation of C [39], and N, O, Ng, and O2 [37] is also
included through estimated absorption cross-sections obtained from the literature.

3.4. The Hybrid Statistical Narrow Band Model

It is evident from the previous sections that the accurate solution of the radiant intensity field
requires a massive computational undertaking. To solidify this fact, recall that the RTE must
be integrated along lines of sight passing through each point in the flow field, in every direction,
and at every wavenumber. The emission and absorption coefficients, required to solve the RTE,
are dependent on the local energy level populations of each species which may change rapidly
throughout the flow field, thanks to the strong thermochemical nonequilibrium that is characteristic
of hypersonic flows. In addition, because of the quantized nature of bound-bound transitions, the
emission and absorption coefficients have strong spectral variations, requiring millions of spectral
points to accurately resolve the spectral intensity for typical atmospheric entry problems. The
computational complexity is further increased when coupled solutions are needed, as a new intensity
field is required for each update of the radiative source terms.

In this section, the HSNB model is described which significantly reduces the computational com-
plexity of computing the radiative intensity by decreasing spectral detail of the resulting solution.
To begin, we recall that contributions of each radiative mechanism to the spectral emission and
absorption coefficients are additive, allowing Eq. (3.3) to be rewritten as

I,(s) = 1,(0) H 75(0, 5) + Z /OS n*(s") H 5 (s, s) ds’, (3.46)

kER kER kK'ER
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where R is the set of all considered radiative mechanisms (atomic lines, molecular systems, and con-
tinuum processes) and the superscripts k and &’ represent contributions to the emission coefficient
and transmissivities of an individual radiative mechanism.

Using XAU to denote the band-averaged quantity

e 1 [
X = A_/ X do, (3.47)
g o1

for a spectral narrow-band Ao, ranging from o; to o3, integration of Eq. (3.46) over a narrow-band
yields

L) =L [ O+ TG (3.48)
keER keR

where the band-averaged intensity associated with contribution k is given as

—Ao [ ——Ac
G = [ [ E s (3.49)
0 K eR
K #k
The following assumptions have been made to arrive at Eqgs. (3.48) and (3.49):

1. absorption is statistically uncorrelated from the band-averaged boundary intensity over a
narrow-band, and

2. only self absorption is correlated with emission for a narrow-band.

The first assumption is generally valid because only highly emissive boundaries are considered in
this work, and thus

L0) "~ (Do) - (3.50)
The second assumption is more subtle, but is likely valid as there are no physical reasons for the
absorption of one mechanism to be significantly correlated to the emission of another.

Lamet et al. [55] have proposed to separate the set of radiative mechanisms into three groups: 1)
optically thick molecular systems, 2) optically thin molecular systems and continua, and 3) atomic
lines. The band-averaged quantities required in Eq. (3.48) can then be computed using a specific
model, depending on which of the three groups the contribution belongs. This allows the total
intensity to be split according to

—Ao o —Ao —Ao —Ao
IUA — I(tT)ouncP + I,t;hwk + ]};OX + ]gt , (351)

where Ig"““dAa , W‘AU , F‘AG , and EtAU correspond to the band-averaged intensities from
the boundaries and the three groups listed above, respectively. Optically thick systems are treated
using a statistical narrow band approach, detailed in Section 3.4.1, while thin systems and continua
are treated with a simple box model presented in Section 3.4.2. Due to the relatively small number
of lines associated with electronic transitions of atoms, atomic lines are treated using a full line-
by-line (LBL) approach, discussed in Section 3.4.3. When the groups are coupled together, the
resulting method is called the Hybrid Statistical Narrow Band model [55].

3.4.1. Optically Thick Molecular Systems

The molecular systems presented in Section 3.3 are considered thick if the optical depth of the
system max, (k¥1) is greater than 0.1 for a homogeneous slab of pure gas in thermal equilibrium
at T = 8000K, p = 2atm, and [ = 10cm. This criterion represents a conservative estimate for
typical atmospheric entry conditions.
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For optically thick systems, the self absorption term in Eq. (3.49) is approximated as

" 7 Ao TN o Ao
nfj(s’)T(’f(s’,s)A =0 (s i7"“(5’,5) ~ Mo (') 9 TkA (s, 8). (3.52)

kk(s") ds’ ¢ kE(s)  0s'

~—

~—

Under thermal equilibrium conditions, this approximation is valid because the emission and ab-
sorption coefficients satisfy Kirchhoff’s law, and thus the ratio is equal to the Planck function,
Eq. (3.2), and is uncorrelated over a narrow band to the transmissivity of the system. Lamet et
al. [55] have shown that Eq. (3.52) also remains valid in thermal nonequilibrium for the range of
conditions representative of atmospheric entry flows. For example, it was shown that for an ex-
treme temperature ratio of T,./T,, = 2, the maximum error introduced by the splitting in Eq. (3.52)
for the No Birge-Hopfield 2 system was less than 10 % and in general, far less than 1 %.

We now consider the intensity along a discretized ray with constant thermochemical properties
between points s; such that ¢,(s) = ¢o(s;) for s; < s < s;41, where ¢, represents any spectral
radiative property. Inserting Eq. (3.52) into Eq. (3.49), the band-averaged intensity associated
with a thick molecular system £ at point s; along such a ray may be expressed as

j—1 k—AO’
—Ao Ao Ao 1), an
TEGs) =Y [ Givnsg) —hGsns) | 2(s) [ Gross) s (3.53)
i=1 7 K'eR
k' #k

where the mean equivalent point s} has been introduced, such that

— Ao Ao Ao
Hra) . =) ) (3.54)

in order to simplify the spatial integration in Eq. (3.49). The introduction of s} is a pragmatic
choice with little impact on the solution (e.g., see [71]).

The band-averaged emission to absorption coefficient ratio is only a function of the local state
of the gas, and thus can be easily tabulated. What remains is to define how to compute the mean
transmissivity which depends on integration along the ray.

Uniform path

The SNB model assumes that individual lines are randomly located within a narrow band and that
the strengths of the lines follow a given probability distribution. We first consider a homogeneous
path of length I. Meyer and Goody [136] have shown that the mean transmissivity of a narrow
band along this path will be

Tl = exp ( - ?) (3.55)

where § = Ao /N is the average line spacing for the N lines in the spectral band and W is the
mean black equivalent line width of the band, defined as

N o ptoo
W = % Z;/Oo [1— exp(—k.1)]do, (3.56)

with k! representing the contribution of the i*® line to the spectral absorption coefficient.

Table 3.2 provides a summary of analytical expressions for the mean black equivalent line width,
assuming Lorentz or Doppler line shapes with unique half widths v¢ and 7§’ in the band, for three
common line strength probability distribution functions. It is clear from the table that W1 /& and
Wo /9 depend on only three parameters, k, B 1, and B8 D, regardless of the line intensity distribution
function. % is the mean absorption coefficient per partial pressure of the absorbing species, while
B characterizes the degree of line overlap for Lorentz or Doppler line shapes.

Unfortunately, there is no analytical expression for the mean black equivalent line width in the
Voigt regime. The approximate expression of Ludwig et al. [158] has been retained in this work
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Table 3.2.: Summary of analytical relationships for mean black equivalent line widths for a uniform path of length I, corresponding to different
probability distribution functions P(S) of line strength S. k is the mean absorption coefficient per partial pressure p, of species a.

P(S5) k Lorentz profile Doppler profile
B WL/s Bp Wn/s
Uniform
5(S — So) So & — palk \@ W — palk\?
) 5 WLL(ML) 5\ Iz BoD( 5 )
Goody exponential
1 5 So % palk W [ = (Dl
So eXp( So) Kl S N 5 \in2 ﬂDE( 5 )
tis
Malkmus tail inverse-exponential
Sm e — & ™ — palkd
exp(—si)—exp(—gs) —_— — palk ——/— ﬂDH(_—)
m m 5lnR lnR 2 1+_——1 dlnR In2
SInR . br ( B, ) Pp
‘L(z) == _'T[Io( )+ Lz )] e
"Dla) = e J%,[1— exp(—ae < )Jde

‘E(x) :\/—foon = d

H(z) = \/_f In(1 + ze™ 2)df
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for computing the Voigt width as

% =p lkV1—Q-1/2,

1 Wa\2172 1 W,\22
o[- - R
pulk 0 polk O
The Ludwig formula has the advantage that the correct solution is obtained in a pure Lorentzian
or Doppler regime.

(3.57)

Non-uniform path

Both the classical Curtis-Godson and Lindquist-Simmons approaches [159] are considered for com-
puting W/§ along a non-uniform path. The Curtis-Godson method assumes that non-uniform
paths may be treated the same as a uniform path, using path-averaged properties. The pressure
path length u, mean absorption coefficient k per partial pressure p, of the absorbing species, and
mean overlap parameter B* are defined as

u= / Pa(s")ds”, (3.58)

’

E = % /S, P, (s k(s")ds", (3.59)
B = % /; P (s"Vk(s")B(s")ds". (3.60)

The expressions given in Table 3.2 and Eq. (3.57) can then be reused along a non-homogeneous
path by replacing p,l with u, k with E*, and BL, p with Bz p- The resulting expressions for the
Lorentz and Doppler mean black equivalent line widths are given in Table 3.3 for the line strength
distributions of interest in this work and Eq. (3.57) is updated accordingly,

% =uk V11— 0-1/2

oo (T -

The Lindquist-Simmons approach consists in finding a suitable expression for the local spa-
tial derivative of the mean black equivalent width in the Lorentz and Doppler regimes and then
computing W /4 through numerical integration,

(3.61)

— .
%(s’, s)=— // gaif’W(SN’S)dS”’ (3.62)

where the derivative W /ds” is a function of both local and averaged parameters. Table 3.3
provides the expressions necessary to compute the mean black equivalent width derivatives for both
Lorentz and Doppler regimes [160]. The Voigt mean black equivalent widths are then obtained
using Eq. (3.61) as in the Curtis-Godson approximation.

3.4.2. Optically Thin Molecular Systems and Continua
The band-averaged intensity associated with optically thin systems and continua may be expressed

as
Jj—1

Ao . Ao
mh(s) [[ 78 (s5os) (3.63)

—Ao —
Ik(sj) =
=1 k'eRr
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Table 3.3.: Summary of analytical relationships for mean black equivalent line widths for a non-
uniform path using the Curtis-Godson and Lindquist-Simmons approximations.

Line shape Curtis-Godson Lindquist-Simmons
P(S5) w ., 1 0 — - -
= (5',5) —5 557 W ("9) [pals")R(s")|

Lorentz: @ = uk /2Br ", p= Br(s")/Br"

Malkmus 281 (V14 2z — 1) 2zp + (1 — p*)V/1+ 22
(1—p%2+4+22)V/1+ 2z

Doppler: z = UE*/ﬁ_D*7 p= ﬁ_D(SN)/ﬂ_D*

Goody Bp E(x)" / exp(—¢£?)
VT ) o Itz exp(— 252)]2

Malkmus Bp H(z)* 1 [T exp(—¢&?)
ﬁ/_m 1+xexp(792£2)d6

“E(x) and H (z)are defined in Table 3.2.

where self absorption is assumed to be uncorrelated to the emission of the mechanism k. This is
valid for optically thin systems because the spectral transmissivity is nearly unity over the entire
band. In the case of continuum contributions, Eq. (3.63) is also valid due to the low spectral
variability of continuum absorption and emission coefficients. For example, the photoionization
absorption cross-sections shown in Fig. (3.3) may be assumed to be constant over a narrow spectral
band.

The band averaged transmissivity for optically thin systems and continua are computed using
the simple Box model [145], such that

S

T (s, S)AU = exp ( - / n’;(s”)Ag ds”). (3.64)

In practice, the use of the Box model allows us to reduce all optically thin systems and continua
into a single pseudo mechanism which we denote with super script “box” notation. Denoting the
set of optically thin and continua contributions as Ryex, Eq. (3.49) may be summed over all such
contributions to yield

— Ao — Ao
2ox(s;) = Y Th(sy)
kGRbox
, (3.65)

AO’
— § bOX bOX II k
77 1 ; S 7 S )S]

k' ER,

box

where R/box denotes all contributions not belonging to Rpex, and the pseudo mean transmissivity
for all Box model contributions simplifies to,

— Ao
TPoX(s¥,5;) =
(Si41 — 8i) ————A0 —A
exp [ - P TR S (s — s ) |- (360
2 k=i+1

based on Eqgs. (3.54) and (3.64) for the discretized ray discussed in Section 3.4.1. The pseudo mean
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Figure 3.5.: Absorption coefficient spectrum of N, O, N*, and O lines for the wavenumber range
1000cm ™! to 100000cm ™" at 1bar and 15000K. Mole fractions for N, O, N*, O" are 0.67, 0.183,
0.08, and 0.02 respectively.

absorption and emission coefficients are given simply by the sum over all contributions in Rpex,

Ao —Ao
Kbox(s) = Z kk(s)  ,and (3.67)
kERbox
— Ao —Ao
mx(s) = > mh(s) . (3.68)
kERbox

The use of Eq. (3.66) can greatly reduce the number of exponential and square-root evaluations
required to compute the transmissivity of all thin and continua contributions, especially when a
large number of spatial points or radiative mechanisms are required for accurate radiative heat
transfer calculations.

3.4.3. Atomic Lines

Unfortunately, the SNB and Box models are not suitable for atomic spectra due to the weak
spectral density of atomic lines [55]. Therefore, the contribution of atomic lines to the band-
averaged intensity is taken to be

j—1 Ao
—FAo nat 7*AO'
() =) [Té?t(swrhsj) - Tgt(susj)} —ar (8i) T 7EGsrsi) (3.69)
i=1 g kER
k#at

where [72%(s;41, 55) — T2%(ss, sj)]ngt/ngt(si)Aa is obtained exactly from a LBL calculation. Han-
dling atomic spectra in this way is not too penalizing because the typical number of atomic lines
is relatively minimal (on the order of one thousand) compared to that of molecular systems which
may contain millions of individual lines. A notable example is the COq infrared spectrum which
contains over 600 million lines [141].

In addition to the significantly smaller line count, the spacing between atomic lines allows for a
highly reduced spectral mesh size when only atoms are considered. Fig. (3.5) shows an example
atomic absorption spectrum obtained with the HTGR database, relevant to atmospheric reentry, in
which significant spacing is present between many of the lines. A notable contribution of this work,
first presented in [161], was to develop a spectral mesh adaptation algorithm which minimizes the
number of spectral points required to compute the band-averaged product in Eq. (3.69).
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Fixed point adaptive mesh

Da Silva [162] has developed fixed, 5, 7, 9, and 11 point stencils for approximating the Voigt line
shape based on the estimated line center, line wing, and far wing regions of each line. For a given
line, the estimated distance from the line center, to the line wing, Aoy, and far wing, Aopw,
boundaries are computed by

Aoc=2(1+) v+ Bp. (3.70)

For Aoy, the values of the {¢, 3} constants are taken to be {1,1.8}, while for Aoy, they are
chosen as {2.6,5.8} based on an analysis of Lorentz and Doppler line profiles by Lino da Silva.
The 11 point line stencil, which will be used in this work, is then taken to be oy, 0y £ A where
A is the 5 point half-stencil

A= {fyv, 3w, Aow, Aopw, Zyv } .

W = /7% + 7% is the estimated Voigt half-width. For each atomic line, the 11 points above are
added to the overall spectral mesh. It was shown that such a mesh provides a reasonably accurate
resolution of line intensities for low pressure atmospheric entry conditions due to the low degree
of line broadening in that regime [162]. This method will therefore be used as a benchmark for a
slightly more detailed algorithm presented in the next section.

Augmenting with bisection

The fixed point method above is likely to work well in spectral regions with a high number of
electronic transitions and with a large degree of line overlap because the majority of the points
are distributed around the line centers. For areas in which there are large distances between
neighboring line centers, the method is likely to provide poor estimates of spectral quantities due
to the large error in interpolating the spectral values in the far line wing regions.

For this reason, the 11 point stencil in the previous section has been modified to ensure the far
line wing regions are correctly handled. To begin, the complete line list for all atoms considered
is first ordered by ascending line center values. Then, each region between two consecutive lines
is considered. It is assumed that consecutive lines have little overlap, and thus the regions around
each line center can be assumed to be well approximated by the line shape corresponding to
that line alone, and not by other lines in the same vicinity. For each consecutive line pair, an
adaptive mesh is then created based on the two corresponding line shapes. We will denote the
left line shape properties with the superscript L, and the right properties with an R. First, the
approximate “center" point between each line is defined simply as orr = (¢ + o)/2. Next the
following set of points are added to the mesh based on the 11 point stencil above, but ensuring
that points added for each line do not overlap one another.

ok + A, VALY <opr -0k
R R R R
oy — A%, VAT <o, —oLr

For lines which are sufficiently close, the above procedure will prevent unnecessary points from
being added to the spectral grid. Note that it may easily be adapted to any other fixed point
stencil based on line shape widths.

For lines which are very far apart in comparison to their line widths, the region around o
will likely be poorly resolved. Therefore, the above set of points are augmented by adding points
recursively to the center region by successively bisecting the two intervals closest to the last points
added by the stencil above until the spacing between the outermost two stencil points for each line
is at least half the size of the spacing between the outermost stencil point and the next point. In
other words, two bisection fronts are propagated towards the line centers until the spacing between
points matches that of the two outermost stencil points of each line.

Fig. (3.6) and Fig. (3.7) show both the absorption spectra and band averaged curves of growth
for two spectral regions from Fig. (3.5) as obtained using the adaptive meshes compared to high
resolution spectra. In the small wavenumber range 10000 cm ™! to 12000 cm~! shown in Fig. (3.6),
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Figure 3.6.: Atomic absorption coefficients and curves of growth using adaptive spectral grids,
compared to a high-resolution mesh, for the spectral range 10000cm™! to 12000cm™'. Same

conditions as in Fig. (3.5).
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Figure 3.7.: Atomic absorption coefficients and curves of growth using adaptive spectral grids,
compared to a high-resolution mesh, for the spectral range 75000cm™! to 77000cm™'. Same

conditions as in Fig. (3.5).

both adaptive methods work well. This is largely due to the fact that there are many spectral
lines close to one another, and while some of them are very weak, they still contribute grid points
in the wing regions of stronger lines. The differences become much more apparent in the larger
wavenumber range 75000cm~! to 77000cm~! as in Fig. (3.7). Here, the atomic lines are far
enough apart such that the 11 point stencil is not wide enough to encompass the far wing regions
of some lines. Therefore, large interpolation errors are clearly visible in the absorption spectrum
using only these points, while the points augmented with the bisection algorithm represent the
true spectrum well. The affect this interpolation error has on the computed curves of growth is
also clearly visible, with a significant error shown even at a column length of 1 mm for both band
regions.

Conditions for line width calculations

A careful reader will note that the conditions for calculating the line widths in the previous sub-
sections were not specified. In general, the spectral mesh should remain constant for all points in
the flow field in order to integrate along each ray. However, the above mesh adaptation scheme
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would generate different spectral meshes for each spatial location thanks to the variation in mixture
temperatures and pressure.

In practice, the spectral mesh is computed using a “representative” spatial point from the flow
field calculation. Using the temperatures and species number densities at this point, line widths
are computed for each atomic line and the adaptive mesh is generated according to the procedure
detailed in the previous subsections. The choice of this point is somewhat arbitrary. A pragmatic
choice was made in this work to use the point with the maximum translational temperature as the
representative point when generating the atomic spectral mesh. In order to investigate the utility
of this choice, the adaptive spectral mesh size and error in the wall radiative heat flux relative to
a high resolution mesh, associated with all locations in a typical flow field, are given in Fig. (3.8).
From the figure, it is clear that the mesh size is loosely correlated with the combination of pressure
and temperature, following the scaling of the line half widths discussed in Section 3.3.1. However,
it is important to note that atomic line radiation is only one component of the total radiative
heat flux and the errors shown in Fig. (3.8) are not indicative of the error on the total heat flux,
when all contributions are included. A more thorough investigation of the impact the choice of
representative flow field point has on the overall accuracy and efficiency of the HSNB method could
be made in the future.

3.4.4. Putting It All Together: The HSNB Database

SNB parameters have been generated using the spectroscopic data from the HTGR database
described in Section 3.3. SNB parameters for air systems were computed by Lamet et al. [55] while
the majority of the parameters for contributions from carbonaceous species have been computed by
Depraz et al. [137]. An SNB model for carbon dioxide was recently developed by Riviére et al. [142,
160] based on the extensive CDSD-4000 spectroscopic database [141]. Lastly, SNB parameters for
the C3 Swings and UV band systems, Hy Lyman and Werner bands, as well as CH, H, and
H> photoionization have been computed in this work based on the data presented in Section 3.3.
Table 3.4 summarizes the parameters stored in the SNB database for the different types of radiative
contributions.

Optically thick molecular systems

The SNB model is used to treat optically thick molecular systems. The SNB parameters, k, 7,
n/k, Bp, and B, have been tabulated for narrow bands of 1000cm ™! ranging from 1000cm™!
to 200000cm ™! assuming a two-temperature model (ie: Tp, = Ty, Ty = Ty = Te). Air systems
are treated with a temperature grid of 500 < 7, < 50000K and 500 < T;, < 25000K [55] while
carhonaceons svetems nse a orid of RN < T. < 26 000K and 00 < T.. < 160NN K [137] Fxtensinns
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Figure 3.8.: Ezample Fire II flow field (left) and adaptive spectral mesh characteristics obtained
using each point in the flow field as the reference condition for line half widths (right) for lines of
N, N*, O, and O". Errors in wall heat flux are relative to that obtained using a high resolution
spectral mesh.



Table 3.4.: Relationship between stored database quantities and SNB parameters required for each radiative contribution. Barred symbols in the table
body represent stored quantities. p, pa, and p. are the mirture static pressure, partial pressure of the species on the absorption side of each process,

and free-electron pressure, respectively, in Pa.
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Figure 3.9.: Comparison of band-averaged transmissivities between full LBL and SNB models for
the Hy Werner system at 1 atm.

of the expressions in Table 3.4 to account for cases when the electronic levels are not populated
according to a Boltzmann distribution at T, (ie: electronic specific CR or Boltzmann at T; # T,)
have been previously reported by Lamet et al. [55].

The parameters k, 77, and 1/ have been computed by averaging LBL spectra for each temper-
ature condition and are stored per partial pressure of the absorbing species.

The mean overlap parameters, 3, and 3;, have been adjusted using a non-linear least squares
procedure to best match band-averaged curves of growth computed using LBL calculations in pure
Doppler and Lorentz regimes (resp.). It was found that a Malkmus distribution best matched
LBL results for the Lorentz overlapping parameter for all systems [55, 137]. Since Lorentz broad-
ening is proportional to pressure, 3; is tabulated at a total pressure of 1bar and the actual value
is retrieved by multiplying by p in bar. When predissociative broadening is taken into account,
two parameters, a and b, are tabulated to account for the constant offset, as shown in Table 3.4.
Which group each species belongs to is shown graphically in Fig. (3.10).

For the Doppler overlap parameter, it was found that the Goody distribution gave the best
results for air systems, while the Malkmus worked best for carbonaceous systems. A similar study
was conducted in this work during the development of SNB parameters for the Hy Lyman and
Werner systems. Mean transmissivities for both systems using adjusted values of 3, assuming
both Goody and Malkmus distributions have been systematically compared to LBL results for
various temperature and pressure combinations. Example mean transmissivities for the H, Werner
system at 1atm are shown in Fig. (3.9). Based on this analysis, it was determined the Malkmus
distribution was best suited for computing 3 D, in agreement with other non-air systems.
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Optically thin molecular systems

Optically thin molecular systems are treated using the Box model as shown in Section 3.4.2. The
required averaged quantities, & and 7, have been tabulated using the same procedure as for the
thick systems. Which systems are considered thick or thin is shown in Fig. (3.10).

Continua

Continua are also treated using the Box model. However, for each continuum process detailed in
Sections. (3.3.2) and (3.3.3), the band-averaged parameters are only functions of a single tempera-
ture. Therefore, parameters for all continuum processes are tabulated using a single temperature.
Nonequilibrium values can then be retrieved using the expressions in Table 3.4.

3.5. Concluding Remarks

In this chapter, the necessary ingredients for coupling radiation with the fluid conservation equa-
tions have been detailed. In particular the radiative heat flux, power, and photochemical mass
production terms were given as integral functions of the radiant intensity field. The solution of
the RTE for the intensity was also given, including appropriate boundary conditions typical of
atmospheric entry problems.

The various bound-bound, bound-free, and free-free radiative mechanisms which contribute to
the spectral emission and absorption coefficients of the gas have been summarized. These coeffi-
cients are computed with the HTGR database which has also been summarized in this chapter.
In particular, a focus was placed on the implementation of nonequilibrium spectral emission and
absorption coefficients for each type of radiative mechanism. The data required and their sources
for each mechanism have been carefully enumerated, including mechanisms added to the database
in this work. The new contributions include hydrogen lines, C3 Swings and UV systems, as well
as the photoionization of H, Hs, and CH.

The HSNB model has been described in detail, which combines the statistical narrow band, box,
and adaptive line-by-line models as an efficient and accurate alternative to the full line-by-line
solution of the intensity field. The narrow band parameters required for the model implementa-
tion have been thoroughly presented for each radiative mechanism. SNB parameters have been
computed in this work for the He Lyman and Werner systems, by adjusting the Doppler and
Lorentz overlap parameters to fit curves of growth for each narrow band. Comparisons with band-
averaged transmissivities computed with the line-by-line approach show excellent agreement with
the resulting SNB parameters for these systems.

Lastly, a new adaptive mesh algorithm tailored to the spectra of atomic lines has also been
presented in this work. The algorithm combines a simple fixed point stencil designed to accurately
capture line centers with an adaptive bisection algorithm for the placement of spectral points in
the far line wing regions of atomic lines. The computational benefits of this method as compared
to conventional line-by-line approaches will be demonstrated in Chapter 7.
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CHAPTER 4

Development of MUTATION"

“The best computer is a man, and it’s the only one that can be mass-produced by unskilled
labor. "

— Wernher von Braun

4.1. Introduction

As was shown in Chapter 2, several different thermochemical models can be used for hypersonic
flows depending on the problem of interest and the level of fidelity required in the solution. The
thermochemical model used has a direct effect on the evaluation of physicochemical properties
necessary to solve the governing equations. These include thermodynamic and transport properties,
chemical production rates, and energy transfer rates. The evaluation of each of these properties
further depends on the selection of a variety of specialized algorithms and physicochemical data
including species partition functions, transport collision integrals, and reaction rate coefficients.
The implementation, testing, and maintenance of all of the physicochemical models, algorithms,
and data required to simulate hypersonic flows represent a significant cost in terms of human
resources and time necessary to develop a hypersonic CFD tool. Furthermore, as newer models,
algorithms, or data become available, a significant amount of work is typically needed to update
existing CFD codes when the thermochemical model is embedded directly in the code.

These observations have led to the desire to reduce the work necessary to implement new models
and algorithms and centralize their development into a single software library which may be used
by multiple CFD codes to maximize code reuse and testing. As a result, one outcome of this
thesis was the development of a new software library called “MUlticomponent Thermodynamic
And Transport properties for IONized gases, written in C++7 (MUTATIONTT). The library was
designed with several goals in mind, including

1. provide accurate thermodynamic, transport, and chemical kinetic properties for multicom-
ponent, partially ionized gases,

2. ensure the efficient evaluation of these properties using state-of-the-art algorithms and data
structures,

3. be easily extendable to incorporate new data or algorithms as they become available,
4. interface to any CFD tool through a consistent and logical interface,

5. use self-documenting database formats to decrease data transcription errors and increase
readability, and

6. be open source to promote code and data sharing among different research groups.

Solutions to the first three goals have been previously developed by Bottin et al. [103] in the
PEGASE library and more recently by Magin [163] in the MUTATION library. These predecessors
were developed in the procedural Fortran programming language and were primarily aimed at the
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accurate and efficient evaluation of thermodynamic and transport properties for a few mixtures
relevant to atmospheric entry. MUTATIONT™ builds on these works, using the C++ language and
advanced Object-Oriented Programming (OOP) programming techniques. In particular, starting
from about 50 species in MUTATION, this work extends the reach of the thermodynamic data
to over 1200 species through the incorporation of new databases. An advanced equilibrium solver
has also been developed as part of the library for computing linearly constrained, multiphase
equilibria. This algorithm is presented in Chapter 5. A new collision integral database has also
been developed which accepts user-defined collision integral formats and provides an extensible
way to manage the default behavior for missing data. In addition, the library successfully provides
a level of abstraction between any generic CFD tool and the thermochemical models employed by
exploiting the structure of generalized governing equations for hypersonic flows, combined with
modern OOP techniques.

It is worth noting that some of the features in MUTATION™ already exist in other libraries, such
as Cantera [164], Chemkin [165], CEA [166], and EGlib [167]. However, these libraries tend to
focus either on combustion related problems in thermal equilibrium or are specialized in providing
only certain types of properties. The MUTATIONTT library is designed from the ground up with
hypersonic plasma flows and nonequilibrium effects in mind.

In the context of this thesis, the library has been coupled with the numerical tools described
in Chapter 6 to provide the solutions obtained in Chapter 7. This chapter presents the object-
oriented design and validation of MUTATIONT'. In the next section, a short introduction to
OOP concepts in C++ is presented in order to define the vocabulary used throughout the rest
of the chapter. Section 4.3 gives a brief overview of the design of the library including how it
interfaces with a generic CFD code. The next three sections provide a more detailed discussion
of the thermodynamic, transport, and chemical kinetics data and algorithms used. Finally, some
concluding remarks are presented in Section 4.7.

4.2. Object Oriented Software Design in C-++

C—+-+ is a general-purpose programming language, supporting (among others) procedural, objected-
oriented, and generic programming paradigms [168]. Procedural languages such as C or Fortran
rely on blocks of code, known as procedures (also known as functions or subroutines), which are
run in serial to complete a task. In contrast, OOP languages break the description of a task into a
collection of objects which each have specific attributes and functionality. The task is then solved
through the interaction of different objects. In C++, the definition of a type of object is called a
class. Classes represent the prototypes from which objects are created and describe the attributes
a type of object has and what methods the objects can perform to modify those attributes (known
as member variables in C++). For example, a class could be used to describe a person. The person
class will be denoted as Person. A Person has attributes such as their name and gender and
can perform actions such as walking or talking. Several Person objects can then be created to
model a collection of people.

A brief review of a few important C+-+ concepts used in the design and implementation of
MUTATIONTT is presented below. This is by no means a complete or thorough review of the topic.
For more detailed information, the reader is referred to dedicated works on the C+-+ language
such as [168-170].

Data encapsulation

Data encapsulation is a central feature of OOP in which data about specific objects are encapsulated
in those objects. From a design standpoint, data encapsulation allows users of a class to ignore
the implementation of the class and instead focus on how it should be used.
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Polymorphism and abstraction

Polymorphism allows classes to inherit or extend the attributes and functionality of another class
or classes. A class which extends another class is called the child class or subclass and the class
which is extended is called the parent or base class. Base classes can also be abstract, meaning
that they do not fully implement all of their methods, instead forcing child classes to provide the
appropriate implementation. Polymorphism and abstraction are very important components in
OOP. They provide the ability to have a collection of objects which share the same interface but
may have different behaviors.

Templates and metaprogramming

C—++ supports generic programming through templates. A templated class or method is a generic
program unit which acts on a general type. A simple example would be an Array type which
consists of an ordered collection of numbers. In C++, a “number” can be represented by a variety
of different types such as integers or floating point decimal numbers. Instead of creating multiple
classes which provide exactly the same behavior for each numeric type, such as IntegerArray
and FloatArray, a templated class could be used to write a generic array type. The templated
version is written as Array<T>, where <T> denotes the Array class excepts a generic template
parameter T. Then, in order to create an array of integers, one simply writes Array<int>.

Templates are evaluated at compile-time, meaning that all generic template classes in C++ be-
come specific classes when compiled. For example, the compiler will actually create two separate
array classes when it sees Array<int> and Array<float>. Compile-time template evaluation
provides an extremely powerful programming technique to be used in C++, known as metapro-
gramming. Template metaprogramming allows certain methods or algorithms to be evaluated at
compile-time, which can provide significant performance improvements over conventional program-
ming techniques.

Self registration

Self registration is a programming pattern in which concrete child classes can be instantiated as
a base class using a given name represented as a string. In short, self registration allows a user
to select a particular implementation of a base class, without needing to know how to create
that specific type of object. As will be shown in this chapter, self registration has been used in
MUTATIONTT to enable a variety of interchangeable models and algorithms to be selected by a user
through a string loaded from an input file. For a more detailed discussion of the self registration
pattern, see the work of Lani [171].

Class diagrams

Finally, the remainder of the chapter makes use of a diagram style, known as a class diagram,
in order to convey certain aspects of the design of the MUTATION'T library. Class diagrams are
part of the Unified Modeling Language (UML) which provides structural and behavior diagram
formats for representing object-oriented software designs. In particular, they represent the static
relationship between individual classes which form a software solution. Fig. (4.1) provides a generic
example of a UML class diagram, depicting the format used here for representing class attributes
and methods, composition, aggregation, abstract classes, inheritance, templated classes, and the
self registration pattern.

4.3. Overview of the Library

This section provides a general overview of the MUTATION™ library. To begin, a general set of
governing equations is presented, encompassing all of the energy partitioning and thermochemical
nonequilibrium models discussed in Chapter 2. A separation between the solution of the governing
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Figure 4.1.: Example UML class diagram.
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equations and the evaluation of the physicochemical properties is then illustrated and used to
define the high-level design of MUTATIONT T,

4.3.1. Generalized System of Governing Equations

The governing equations presented in Chapter 2 for hypersonic flows can be described generally

by the equation,
0

aU+V-FG+V-Fd:S’€+ST, (4.1)
where the conservative variable and convective and diffusive flux vectors are
pj pju J;
U= Zg , Fo=|P" ?H“u}r PIV  and P = q__Hﬁ , (4.2)
pe™ peu” an,
and the kinetic and radiative source term vectors are written as
wj %)
Sk — 8 Cand §T= [0, (4.3)
Q" — .V - u P

where the tilde on top of the mass and internal energy variables indicates that these parameters
expand to fit the size of the energy partitioning model being used. For example, when a thermo-
chemical nonequilibrium model is used, p; = p;, V j € S*. If instead, chemical equilibrium with
elemental demixing is assumed, then p; = p§, V j € €. If the mixture is frozen or in equilibrium
without elemental demixing, then only the total continuity equation is needed and p; = p. The
diffusive fluxes, internal energies, and source terms scale in the same way. The 1/3m in the kinetic
source term vector is unity if the internal energy mode m contains the electron energy and zero
otherwise.
Regardless of which model is used, the total density, energy, and enthalpy are given as

p= Z pj(ﬁ)a (4.4)

jES*
~ 1
pE = Z (pe); (U) + FPu U, and (4.5)
jES*
pH = pE +p(U), (4.6)

where U = [ﬁj, pe, pe™]T is the thermochemical state-vector. The exact functional dependence
each thermochemical property has on the state vector depends on the model being used.
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Figure 4.3.: Overview of the MUTATION™ library.

4.3.2. The State Model

The mapping U U which converts the conservative variable vector to the thermochemical state
vector, introduced in the previous section, is independent on the thermochemical model employed,
since the static energy density can always be constructed from conserved quantities. Therefore,
from the point-of-view of a CFD code, the numerical method used to solve Eq. (4.1) is independent
of the thermochemical model, since the form of the governing equations does not change. This
observation leads to a clear separation between the CFD solver and the physicochemical modeling
used for a given problem and provides the foundation of the MUTATIONTT library.

The relational dependence between a CFD solver and MUTATIONTY is given in Fig. (4.2). The
CFED code is responsible for the solution of the governing equations. This includes the selection
of the geometry, coordinate system, numerical solution methods, and boundary conditions. Con-
versely, MUTATIONT* handles the evaluation of thermodynamic and transport properties, chemical
production and energy transfer rates, depending on the desired physicochemical model and given a
generic state vector from the CFD code. The link between CFD and MUTATIONT has been called
a state model in this work. A state model represents a specific thermochemical model, interprets
the state vector given by the CFD tool, and provides state-dependent properties back. For ex-
ample, an equilibrium state model would interpret the state vector as element densities and total
static energy and know that the thermal conductivity is a combination of heavy, electron, internal,
and reactive terms. Using this state model concept allows different physicochemical models to be
interchanged in a single CFD code and maximizes the reuse of data and algorithms necessary for
computing thermochemical properties.

4.3.3. High-level Design

Fig. (4.3) provides an overview of the design of the MUTATION™T library. The library is split
into three main modules - thermodynamics, transport, and kinetics - which are implemented as
classes. A Mixture class inherits the methods of each module in order to provide all of the
functionality in a single class. Organizing the library in this way promotes data encapsulation
and extendability. The Thermodynamics class owns a StateModel which implements the state
model concept described in the previous subsection. The StateModel is self registering, allowing
a user to change the model being used at any time using a simple string. In the following sections,
each of the modules presented in Fig. (4.3) are discussed in further detail.
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4.4. Thermodynamics

This section details the design of the thermodynamics module in MUTATIONTT. Two thermody-
namic database formats have been considered: a simple Rigid-Rotor Harmonic-Oscillator (RRHO)
model, and a database of polynomial curve-fits developed at NASA Glenn Research Center. Both
models are described in the following sections, followed by an overview of the object-oriented design
of the thermodynamics module.

4.4.1. The Rigid-Rotor and Harmonic Oscillator Model

Under the RRHO approximation, the internal energy of a molecule i is partitioned into separate
rotation, vibration, and electronic contributions, allowing the internal partition function to be
written as

Q™ = Qi(T:) QY (Tv) Q5 (Ter), (4.7)

according to the discussion presented in Section 2.2.2. In order to compute the rotational contri-
bution, the molecule is treated as a rigid-rotor and characterized by a constant moment of inertia
I;. The vibrational contribution is determined by assuming that each vibrational mode k of the
molecule may be treated as a harmonic-oscillator with frequency vy;. Under these assumptions,
the rotational, vibrational, and electronic partition functions may be expressed as [172]

L;

1 /T \?
T =—|=| |, 4.8
1) == (F) (4.9

oy \1 "
(T,) = 1— — ki 4.9
QT H[ e (- )] (1.9
QNT.) Zak exp< 9’”) (4.10)
' el ,

where ] = h2/(87r211-k3) is a characteristic temperature for rotation, 6}, = hvy;/kp are char-
acteristic temperatures for each vibrational mode k, and 9211 E,’il/ k:B are the charactensmc

temperatures associated with the electronic level k, having energy E 4w and degeneracy ag Z. Con-
stants o; and L; describe the symmetry and linearity of the molecule. For linear molecules, the
steric (or symmetry) factor, o;, is defined as 1 for unsymmetric molecules (CO, NO, etc.) and 2 for
symmetric ones (N2, Og, COq, etc.). For nonlinear polyatomic molecules, the value of o; depends
on the molecule geometry. Finally, L; is 2 for linear molecules and 3 for nonlinear molecules. These
basic data are typically determined through quantum mechanics calculations requiring accurate
force potentials between each interacting particle in a molecule. Data for many species relevant to
atmospheric entry, have been collected in the works of Gurvich et al. [172-177].

Substitution of Eqs. (4.7 - 4.10) into Egs. (2.58 - 2.66) yields relations for the pure species
thermodynamic properties obtained with the RRHO model (translation is treated classically).
Expressions for species energy, enthalpy, and entropy are summarized in Table 4.1 and the resulting
contributions to the enthalpies of Ny and COs are shown in Fig. (4.4) as example.

4.4.2. NASA Thermodynamic Polynomials

One of the more commonly used data sources are the National Aeronautics and Space Adminis-
tration (NASA)thermodynamic polynomial databases of Gordon and McBride [178-181] provided
with the NASA Chemical Equilibrium with Applications (CEA) program [166, 182]. The data for
the majority of the species are provided by calculations made at NASA Glenn Research Center
by Gordon and McBride. The remainder of the species data is taken from several other sources,
namely the thermodynamic tables of Gurvich et al. [183], the National Institute for Standards and
Technology (NIST) Thermochemical Research Center (TRC) tables [184], and the NIST-JANAF
thermochemical tables [185, 186]. The NASA polynomials come in either 7- or 9-coefficient forms.
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Table 4.1.: Rotational, vibrational, and electronic contributions to pure species thermodynamic
properties based on the RRHO model.
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Figure 4.4.: Contributions to species enthalpies using the rigid-rotor and harmonic-oscillator
model.

Species thermodynamic properties are computed as

4+4q ]
Cpi = R1 Z aijTj_q, hz = /CpidT + bilRiT, S; — %dT + bigRi, (411)
7=0

where ¢ = 0 for the 7-coefficient format or ¢ = 2 for the 9-coefficient format and the a and b
parameters are provided by the database, typically for multiple temperature ranges.

While the CEA database is used extensively, several drawbacks may decrease the overall accu-
racy of computations made using its dataset. For example, the database has been constructed
using a range of computational methods and experimental results, without regard to the consis-
tency of species enthalpies of formation. Ruscic et al. [187, 188| introduced the concept of the
Thermochemical Network (TN) which relates the species enthalpy of formation to one another
through thermochemically relevant data from literature. A TN can be used to develop a statisti-
cally correlated set of formation enthalpies across all of the species in the database. This ensures
consistency in the formation enthalpy for each species and improves the estimated accuracy of
each value. Furthermore, a TN allows new data to be processed easily and provides insight into
which experimental or numerical investigations can most readily impact and expand the currently
available set of thermochemical information. The Argonne National Laboratory (ANL) maintains
an updated TN published in the Active Thermochemical Tables (ATcT) [189] which is considered
the most accurate and self consistent source for species formation enthalpies.

While the ATcT provides a set of consistent formation enthalpies for many species, it does not
provide the additional thermodynamic data required to build a useful database. However, Burcat
et al. [190] currently maintain a vast thermodynamic database which is linked to the formation
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enthalpies provided by the ATcT. In total, it consists of 1031 species with the desired elements,
of which, 249 have been linked to the ATcT. The majority of the species thermodynamic data in
Burcat’s database were selected from a range of sources including CEA and journal articles. A
significant number of species have been updated based on quantum mechanical calculations using
the so called G3B3 methodology [190].

Blanquart et al. [191-194] have computed thermodynamic properties for large Polycyclic Aro-
matic Hydrocarbons (PAH) for the study of soot formation. The database currently includes 64
PAH species ranging from benzene (CgHg) to coronenen (Co4Hi2). Optimized geometric structures
of each molecule were obtained using the B3LYP/6-31++G(d,p) method. Enthalpies of formation
were determined using the G3MP2//B3 method with group corrections to account for systematic
inaccuracies and are consistent with ATcT.

Finally, Goldsmith et al. [195] have recently computed highly accurate thermochemical data
for 219 small hydrocarbon species using the RQCISD(T)/cc-PVooQZ//B3LYP/6-3314++G(d,bp)
method to compute electronic energies. Consistency with the ATcT was also ensured by using a
bond additivity correction method which removed systematic errors in the enthalpy of formation
of each species.

In a parallel work to this thesis, a composite database valid for carbon-phenolic mixtures relevant
to ablation has been developed based on a critical review of the above data sources. Special care
was taken to identify like-species, shared between multiple sources, and to maximize the consistency
of formation enthalpies with the ATcT. The resulting database includes more than 1200 neutral
and ionized species containing C, H, O, and N and is included in the MUTATIONT library in the
NASA 9-coefficient format. The details of this database have been published in [196].

A comparison of mixture thermodynamic properties computed for equilibrium air is provided in
Fig. (4.5) using both the RRHO model presented above and the NASA 9-coefficient polynomial
database. Where possible, comparisons with the equilibrium air curve-fits of D’Angola et al. [197]
are also shown. In general, agreement is excellent between all three databases. The largest differ-
ences occur in the values of the frozen specific heat ratios at 1atm between the RRHO model and
the NASA polynomials above 12500 K. However, this translates into negligible differences in the
computed speeds of sound as is shown in Fig. (4.5d).

4.4.3. Object-Oriented Design

A simplified class diagram, describing the structure of the thermodynamics module in MUTATION T,
is given in Fig. (4.6). The Thermodynamics class is responsible for providing pure species
and mixture thermodynamic functions to the Mixture class. Thermodynamics contains the
StateModel, ThermoDB, and MultiPhaseEquilSolver objects. The equilibrium solver is
responsible for computing equilibrium compositions at fixed temperature, pressure, and element
fractions. A robust equilibrium solution algorithm has been developed in this work for linearly
constrained, multiphase equilibria, and is presented in Chapter 5.

A StateModel is a self registering object representing which state model is being used to de-
scribe the state of the mixture as discussed in Section 4.3.2. Three concrete StateModel types
have been implemented in this work. The EquilStateModel represents a mixture in thermo-
chemical equilibrium including the effect of elemental demixing. The ChemNonEgStateModel
and ChemNonEqTTvStateModel represent mixtures in chemical and thermochemical nonequi-
librium, respectively.

ThermoDB provides an interface for computing pure species (or pseudo-species) thermodynamic
properties. It is also responsible for managing the loaded Species and Elements in the mixture.
The type of thermodynamic database being used is selected by the user through the self registration
of the ThermoDB type. A special eXtensible Markup Language (XML) format has been created
in the development of the library for representing the RRHO model and can be loaded with the
RrhoDB type. The format is human readable, extensible, and self-documenting. In addition, both
the NASA-7 and -9 thermodynamic polynomial formats have been implemented.

The simple architecture shown in Fig. (4.6) provides an extensible framework for introducing new
state models or thermodynamic database types in MUTATIONT T, without the need for extensive
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Figure 4.5.: Mizture thermodynamic properties of equilibrium air at various pressures.

coding or redesign. In addition, users can easily change state models at runtime, which may be
beneficial in some applications. Lastly, by hiding the thermodynamic database and state model
selections from the rest of the library, the approach forces the other modules to be written in a

more general and extensible way.
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Figure 4.6.: UML diagram of MUTATION™T thermodynamics module.

4.5. Transport Fluxes

This section describes the transport module in MUTATIONTT. In particular, the constraints on
and design of the collision integral database, necessary for computing transport coefficients, is
described. Transport algorithms are reviewed, and a selection of transport properties are also
compared with literature results for several mixtures.

4.5.1. Collision Integrals

The solution of transport coefficients is based on the evaluation of the collision integrals which are
weighted averages over the Maxwellian distribution of collision cross-sections for each pair of species
considered in a given mixture [98, 198]. The weighting depends on the Sonine polynomial order
(1, s) used in the spectral method to solve the integro-differential kinetic equation resulting from
the Chapman-Enskog solution procedure [199]. For mixtures in thermal nonequilbrium, collision
integrals of order (I, s) for the interaction of two colliding species (i, j) may be written compactly
as,
ToNE oo
07 (13) = (BE2 Y [™ explo?) 12045 Q) (1.12)
T i 0

where T;; is the temperature associated with the interaction (¢, ), fi;; is a modified reduced mass of
the colliding system, v is the ratio of kinetic and thermal energy, v* = f1;;9%/(2kpT;;), g is the rel-
ative collision velocity, and QE? is the generalized collision cross-section. For neutral or neutral-ion
interactions between heavy species, T;; = T},, while T;; = T, for collisions between a free electron
and another species. As will be shown, charged interactions have an additional temperature de-
pendence from the introduction of the Debye length in the screened Coulomb interaction potential.
The modified reduced mass is evaluated as fi;; = fij, flij = Me, and fi;; = m./2 for heavy-heavy,
electron-heavy, and electron-electron interactions, respectively. Collision cross-sections are defined
as

Qgé) = 27r/ (1 — cos! Xij) b db, (4.13)
0

where x and b are the deflection angle and impact parameter describing a binary collision (see for
example [98]). The deflection angle is given from classical mechanics as

e dr/r?
Xij =7 —2b , (4.14)
! /rm \/1 —b2/r2 = ¢i5(r)/ (31i59°)

where r is the distance between particles, 7, the distance of closest approach, and ¢;;(r) is the
spherical interaction potential.
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It is convenient to express collision integrals in terms of dimensional, reduced collision integrals
ls [200] defined as

QU = mode "

ij
[+1 0o .
N (s+ 1)![2(1 + 1)_ (=1 /0 exp(—7?) 13 Qz(é) dr,

(4.15)

where Qgé’s)* are the standard reduced collision integrals normalized by the corresponding hard-
sphere values [198] and modg is the hard-sphere cross-section. Reduced collision integrals represent
the deviation from the rigid-sphere values and are often used since they have a weaker dependence
on temperature than Eq. (4.12), making them easier to represent with curve-fits. Notice that the
hard-sphere cross-section is not actually needed to evaluate the reduced collision integrals. The
following ratios also occur frequently enough in the calculation of transport properties, that they
are explicitly defined as

A = Q57 Q" (4.16)
Bj; = (55 - Q(l Q5. (4.17)
Cy = Q452 /Q45Y, (4.18)
B = (2 210457, (4.19)
Ff= QZ(.?’B)/Q.,’ : (4.20)
Gy =Q4u" Q5. (4.21)

Tables A.1 and A.2 provide practical expressions for the linear transport systems in terms of
reduced collision integrals and ratios based on the derivation of Magin and Degrez [107] for par-
tially ionized and unmagnetized plasmas. The derivation is based on a modified Chapman-Enskog
perturbative solution of the scaled Boltzmann equation, using the electron to heavy particle mass
ratio as the scaling parameter. The effects of chemistry and internal energy on the transport sys-
tems are neglected. Instead, the Euken corrections for internal energy have been used. Only one
non-vanishing Sonine polynomial order is retained for heavy-heavy interactions. Two non-vanishing
orders are retained for interactions involving electrons. A summary of the required collision in-
tegral data necessary to compute each transport coefficient based the expressions of Magin and
Degrez is provided in Table 4.2. As is shown by last row in the table, the total number of collision
integrals required to compute all of the transport coefficients scales with the number of species
squared, since all collision pairs must be taken into account. As an example, the 11-species air
mixture, consisting of 5 neutrals (N, O, Ny, O3, and NO) and their first ions and free electrons,
has 66 unique collision pairs and requires the evaluation of 273 collision integrals, based on Ta-
ble 4.2. Thus, the data requirements for transport properties grows significantly faster than for
thermodynamics, which grows linearly with the number of species.

The preferred method to computed collision integrals is to numerically integrate from accurate
ab initio potential energy surfaces. Such data is available for several important collision systems.
Recent reviews of available collision integral data for neutral-neutral interactions are provided
by Wright et al. [201, 202] for air, Mars, and Venus mixtures and collision integrals have been
tabulated versus temperature up to 20000K. The review of Bruno et al. [203] has been used
for Jupiter mixtures and provides accurate curve-fits suitable for collision integral calculations
up to 50000K. When potential energy surfaces are not available, collision integrals are typically
integrated from model interaction potentials. The evaluation of these potentials is typically split
into four groups: neutral-neutral, ion-neutral, electron-neutral, and charged interactions. The
following subsections review commonly used potentials for each type of interaction and present the
data sources for collision integrals required in this work.
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Table 4.2.: Summary of required collision integral data for each transport coefficient u(€) with
Sonine polynomial order &, including number of unique collision integrals which must be evaluated
for each coefficient. Note that some integrals are required by several coefficients.

w(§)  Collision Integrals Number*

n(1)  QUY, QY n*(n* 4+ 1)

An(2) Qz(';"lig)anz) 2n*t(n 4+ 1)

Aint ngll) nt(n +1)/2

A2 QT QR ac(3n™ + 1)

AB) QTR a®(5n + 3)

X Qg n#(n* 4 1)

@ QuY.Q? a®(3n* 4 1)

X3 QuTY.Qr a*(5n™ + 3)

vi(1) Qe R (M 4 1)/2 4 acn
Vi2) QLY TY,Q5P.Q%Y  anM M 4 1) + (30 + 1)
oe(1) QLY a‘n™

0.(2) QWY QEY ac(3n™ +1)

AL QUTYQRY QT QR M 1 1) 4 at(5n™ + 3)

*

a® is 1 if free electrons are present in the mixture, 0 if not

Neutral-neutral interactions

A wide range of potential functions have been developed in the literature to model neutral-neutral
interactions [198]. The Lennard-Jones (12-6) and Stockmayer potentials have been used extensively
to model non-polar and polar gases. The Stockmayer potential superimposes the Lennard-Jones
potential and a dipole-dipole interaction, such that [204]

o(r) = 40, [((’”)m— (“—)6+5(“—)3] (4.22)

Where ¢ is function of the dipole moments and angular dependence of the dipole-dipole interaction,

¢; is the maximum energy of attraction (potential well depth), and oy; satisfies ¢i;(0i;) = 0
for 6 = 0 (non-polar case). When either species is non-polar, § = 0 and Eq. (4.22) reduces to
the Lennard-Jones (112 6) potentlal The Stockmayer potential permits the use of pre tabulated
collision integrals Q )(T* 6)/07; as a function of reduced temperature 7% = k BTh /&) ﬁjz and spec1es
dipole moments. Monchick and Mason [204] provide accurate tables for Qij , Qw A%, By,
Cz*j, F;, and G;‘j. The Lennard-Jones potential parameters and dipole moments are avallable
for many interactions in the literature. For interactions not found in the literature, the Lorentz
and Berthelot combination rules may be used to approximate the potential parameters from pure
species interaction data, namely

ij

1
b~ 5 b+ @Y;),  and (4.23)
Oij = \/0ii0jj-. (424)

Other combination rules may also be used (see for example [205]).
The Lennard-Jones (12-6) potential provides a reasonably accurate description of the long range
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interaction for many collision pairs. At higher temperatures, the short range interaction dominates
and more accurate potentials are necessary. The Born-Mayer type potential,

¢ij (T) = aij exp(fbijr), (425)

parameterized by the parameters a;; and b;;, can be fit to a more complicated potential or exper-
imental data [206] to provide accurate short-range interactions. Sokolova and Magin [207] have
developed a “sewing” method for combining the Born-Mayer and Lennard-Jones potentials into a
potential which is accurate at short and long separation distances. Bellemans and Magin [208]
have computed curve-fits of the form,

QZ(-;-’S) (.’L‘ =1In T) = eXp(Aijx3 + Bij.’L'2 + Cij.’L' + Dij); (426)
for several collision pairs relevant to carbon-phenolic ablation mixtures based on numerical inte-
gration of the sewn potential.

Other potentials have also been developed to model short and long range interactions in a
consistent way. For example, the Tang-Toennies potential, described in the next section, combines
both Born-Mayer and Lennard-Jones-like terms for the short and long range interactions. Pirani
[209-211] has developed the phenomenalogical potential

wo-al= () B e

. and 7, are the maximum depth and location of the potential well, n(x) =

where x = /1y, &;;
B+42%, B is a model parameter ranging from 6 to 10 based on the hardness of the of the interacting
electronic distribution densities, and m depends on the type of interaction (m = 6 for neutral-
neutral, m = 4 for ion induced dipole, m = 2 for ion permanent dipole, and m = 1 for ion-ion
collisions). Correlation formulas provide estimates of the potential features qﬁ?j, Tm, and 3 based on
fundamental physical properties of colliding species (polarizability, charge, and number of electrons
effective in polarization). Laricchiuta et al. [212] have fitted reduced collision integrals over a wide
range of reduced temperatures in the form

- 0 ao exp{[x — a3]/a4}
. (Ql(é,s)) _ l[a1 + a2 ]exp{[x —as]/as} + exp{laz — x| /as} (4.28)
TORs exp{[z — a¢]/az} '

+as )
exp{[z — ag]/ar} + exp{[as — z]/ar}
2
a; = Z Cijﬁj, (429)
§=0
where 2 = InkpT/¢{j and the equivalent rigid-sphere radius is given as opgs = &;8%7,, and

(&1,&2) = (0.8002,0.049256) for neutral-neutral interactions and (0.7564,0.064605) for ion-neutral

interactions.

Ion-neutral interactions

The Langevin (polarization) potential has been used extensively for modeling ion-neutral interac-
tions and represents a special case of the inverse power potential,

bi(r) = 5 (4.30)

for § = 4 and d = z7q2c; /87eo, where ; is the dipole polarizability of the neutral species and z;
represents the elementary charge of the ion. The inverse power potential permits a closed form
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Table 4.3.: Ratios of Q%’S)/Qg;’l) for the Langevin potential.

l,s | 2 3 4 5
1 | 0.833 0.729 0.656 0.602
2 | 0.870 0.761 0.685
3 0.842
solution of the collision integrals, such that
~(1,s) 47T(l + 1) A(l) S dd 2
) — r 2— = 4.31
G ey cngt NWentEti=5) (431)

where A1) (4) = 0.5523, A®)(4) = 0.3846, A®)(4) = 0.6377, and T is the gamma function for real
numbers. Using the parameters for the Langevin potential, the diffusion integral is given as,

QY = 424.4432;7, [ 2L (4.32)
ij Th

Other integrals are constant ratios of the above. These ratios are given in Table 4.3 for the
necessary integrals. The Langevin potential is useful when no data is available for a given collision
as it only requires the polarizability of the neutral species, which may be found easily for most gases.
Polarizabilities for neutral species considered in this work are provided in Appendix D. Levin and
Wright [213] have compared this potential with accurate collision data for some important ion-
neutral collisions in air and found the accuracy to be about 40 % over the temperature range of
interest. Capitelli [214] has shown that this error can be as high as 100% for the K™-Ne and
K" -Xe collisions, suggesting that care should be taken when using this potential.

Levin and Wright [213] have proposed to use an effective Tang-Toennies potential for ion-neutral
collisions,

00 2n r k o
05) = Sy expl-1/9) = 3 |1 s/ Y- T G, (4.39)
n=2 k=0

which combines an exponential repulsion term, dominate at short-range, with damped dispersion
and polarization terms for the long-range interaction. For n > 5, the dispersion coefficients Cs,,
are given by the recursive relation

C‘2n-i-4 = CQn—Q(CQn-‘,-Q/CQn)B- (434)

The lower order dispersion coefficients and the short-range coeflicients ¢y and 5 may be estimated
given Cg and the dipole, quadrupole, and octopole polarizabilities of the ion and neutral species
as discussed in [213].

For collisions between ions and their parent neutral, resonant charge transfer can significantly
increase the momentum-transfer cross-section and should be taken into account for collision in-
tegrals with odd [. Charge transfer does not affect the viscosity cross-section due to symmetry.
Typically, resonant charge transfer is considered through the simple mixing rule [215], such that

QL =/(@QE) + (@, oddl, (4.35)

where ngz( and Qgg? are the collision integrals computed with pure charge transfer and elastic
momentum-transfer cross-sections, respectively.

Collision integral data for ion-neutral collisions have been taken from several sources. Levin
and Wright [213] provide tabulated diffusion and viscosity integrals for air interactions based on
integrated Tang-Toennies potentials. In addition, Wright et al. [201] suggest that constant values

of 1.2 and 0.85 are sufficient for the ratios B* and C* which has been used as a default for all
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ion-neutral interactions when no other data is available. In a second work, Wright et al. [202]
have also computed ion-neutral integrals for Mars and Venus mixtures, based on a combination of
Langevin and Tang-Toennies models. Bruno et al. [203] provide accurate collision integral data
for Jupiter species as well. Finally, the Langevin potential has been used for all other ion-neutral
interactions required in this work.

Electron-neutral interactions

Unfortunately, it is difficult to use engineering approximations when computing electron-neutral
collision integrals, due to the complexity of the interactions. Often these data are assembled from
elastic or momentum cross sections as functions of energy, as determined from beam scattering
or swarm measurements [201]. The most accurate method for computing collision integrals for
electron-neutral interactions is through numerical integration of the differential elastic cross sec-
tions, do/dQ. Differential cross sections can be integrated over all scattering angles to provide
integral cross sections versus energy,

T d
Q(eli) (E) = 27r/0 d_g(l — cos' x) sin xdx. (4.36)

The resulting cross sections can then be integrated over energy, assuming a Boltzmann energy
distribution, to determine the required collision integrals versus temperature.

Wright et al. [201, 202] provide tables for Air, Mars, and Venus, electron-neutral collision
integrals based on integrated differential cross sections, obtained from a careful review of the
literature. A selection of these integrals are plotted in Fig. (4.7).

Charged interactions

Collisions between charged particles can be accurately modeled using the screened Coulomb po-
tential shielded by the Debye length (Debye-Hiickel potential),

Gij(r) = 222 e exp ( - L), (4.37)
AD

r 4meg

where z; and z; are the elementary charges of colliding species. The Debye length (radius) rep-
resents the characteristic length over which charged particles in a plasma are shielded from other
charged particles. When both electrons and ions are considered in the shielding, the Debye length
is given as
eokn/q?
2 = : . 4.38

D e T. + dien #ini/Th (4.38)
It is not clear whether ions should be included in the shielding or not. When they are neglected,
the sum in the denominator should be removed. For neutral plasmas with T, = T}, the Debye
length simplifies to

60]€BT6

A2 = .
2¢2n,

(4.39)

Mason, Munn, and Smith [216] have accurately integrated the Coulomb potential and provide
tabulated attractive and repulsive diffusion and viscosity integrals, as well as the ratios A*, B*,
C*, E*, F*, and G* versus a reduced temperature,

ApkpT

T = ——— | 4.40
2/ (areo) (4.40)
1,5)

Devoto [200] later extended these tabulations to include QZ(-;A), QEJ , and ng which are neces-
sary for the third-order electron transport coefficients, as shown in Table 4.2. From Eq. (4.40), the
reduced temperature is a function of the electron temperature and number density through the de-

pendence on the Debye length. The tables provided by Devoto are valid for reduced temperatures
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Figure 4.7.: Selected reduced collision integrals for various types of interactions.

ranging from 0.1 to 10000, which is a stricter limit than those provided by Mason, Munn, and
Smith. Fig. (4.8) shows T versus T for equilibrium air and Jupiter mixtures as well as a fictitious
fully ionized gas (x. = 0.5) over a large pressure range representative of atmospheric entry. At
high temperatures, all the curves coincide with the fully ionized gas, as expected. At temperatures
lower than 5000 K, ionization is negligible and thus Coulomb interactions are unimportant. It is
therefore clear from the figure that the range of T* provided by Devoto is sufficient to describe all
conditions of interest for atmospheric entry applications.

Fig. (4.9) provides an example of the attractive and repulsive Coulomb collision integrals for
equilibrium air at 1 atm. When compared to the neutral interactions shown in Fig. (4.7), Coulomb
collision integrals are orders of magnitude larger. This is due to the fact that the Coulomb forces
acting on colliding ions is much stronger than those acting on non-charged interactions.
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Recurrence relations

Differentiating Eq. (4.15) yields the following recurrence relation,

(1,s)
TJ dQU

(I,s+1) (l s)
Q7 =7 + dT;

(4.41)

This expression provides a method for computing any collision integral with order (I, s+ 1) from
the integral (I, s) and its first derivative. Applying the recurrence relation for successive orders
yields a more general expression,

l N n Q(l )
Z T —i, (4.42)
ij
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for any integer n > 0. The coefficients a} satisfy the recurrence relationship (s + 2)ay = (s +2 +
k)ay '+ a} "} with af = 1 and a? = (s +2)~". It is easily verified that Eq. (4.41) is retrieved
for n = 1. In principle, Eq. (4.42) could be used to compute all necessary collision integrals in
Table 4.2 given only the integrals corresponding to an (I,s) — order of (1,1) and (2,2) and their
derivatives (up to fourth order for [ = 1 and second order for [ = 2). In practice, however, it is
difficult to evaluate higher order derivatives from the data generally given in the literature.

Fig. (4.10) shows a typical example using the QSS) integrals for the (e, Hz) collision pair for
1 < s < 5. In the figure, solid lines represent the original curve-fits provided by Bruno et al. [203].
Dashed lines represent the same integrals computed using the general recurrence expression in
Eq. (4.42) from order (1,1) while the symbols represent recurrence from the original data at one
order lower. All derivatives were computed using a simple first order finite-difference scheme. From
the figure, we can see that the error in the recurrence relation increases as the level of recurrence
increases. This is due to error in the derivative approximations as well as errors in the original
curve-fits which get propagated through each level of recurrence. However, using only one level
of recurrence yields a reasonable approximation to the original data. The recurrence results for
(1,4) and (1,5) are in excellent agreement, suggesting that Bruno et al. probably used Eq. (4.41)
to compute these integrals in the first place.

4.5.2. Transport Algorithms

The solution of the transport fluxes typically represents a significant portion of the required CPU
time for many CFD applications. In principle, the computation of transport coefficients can be split
into two steps: 1) calculation of the necessary collision integrals and 2) formation and solution of
the linear transport systems. Several solution methodologies have been proposed in the literature
for reducing the necessary CPU cost of one or both of these steps. A review of transport algorithms
has been given by Magin and Degrez [106]. Some key points are discussed here.
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Figure 4.11.: Comparison of shear viscosity of air at 1atm and the relative CPU time required
for different solution algorithms.

Heat flux and stress tensor

Viscosity, heavy-particle thermal conductivity, and thermal diffusion ratios all require the solution
of a linear system of the form
p= Y ot

1EH*
Z Glot =x; VieH",

ijg
JEH*

(4.43)

as shown in Section 2.5 where p is ) or Ap,. Classical approaches [198] to solve these systems either
use a determinant method whereby u = {n, A\x} is computed via

Gt «x
2T 0

p=— /|GH|, (4.44)

or simplified mixture rules such as those developed by Gupta and Yos [217] or Wilke [218]. Ern and
Giovangigli [219, 220] propose instead to formulate symmetric positive definite transport systems
allowing the linear systems to be solved quickly using a direct method such as the Cholesky
(LDLT) decomposition or with iterative methods such as the Conjugate-Gradient (CG) method.
Solution via LD LT requires a computational cost which scales with O(n?/6) while the CG method
is O(mn?), where m is the number of iterations performed. It is therefore obvious that iterative
methods are competitive when the number of iterations does not exceed n/6.

Fig. (4.11) shows the performance comparison of the Wilke, Gupta-Yos, CG, and LDLT methods.
Three CG solutions are presented in the figure: the first iterated until convergence was reached to
machine precision, the second and third cases represent using only 1 and 2 iterations respectively.
Fig. (4.11a) provides the computed shear viscosity for equilibrium air (11 species) at 1 atm obtained
with each method. Fig. (4.11b) shows the required CPU time to compute the viscosity versus the
number of heavy species, relative to the maximum time. From the figure it is clear that the
Gupta-Yos method can be competitive below about 9000 K, however at higher temperatures the
accuracy decreases significantly. The CG method converges to the exact LDL” solution after only
2 iterations and is slightly faster, as expected. In practice however, the direct method should
be prefered when finite-differences are used to compute the Jacobians necessary in implicit time
integration schemes since the iterative procedures may introduce small oscillations in the result.
These results are consistent with those obtained by Magin and Degrez [106] who studied the
performance of these methods for equilibrium air.
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Diffusion velocities

Diffusion velocities can be computed using multicomponent diffusion coefficients or, equivalently,
a generalized Stefan-Maxwell equation as shown in Section 2.5.2. When internal energy is ne-
glected, the multicomponent diffusion coefficients require the solution of n° linear systems of size
&nS | where nS is the number of species and ¢ is the Sonine polynomial order [219]. Ern and
Giovangigli [221] have developed iterative algorithms to compute the multicomponent diffusion
coefficient matrix which have been shown to be competitive with direct solvers.

In this work, the generalized Stefan-Maxwell system of Eqgs. (2.86) and (2.87) is preferred over
the transport systems for the multicomponent diffusion matrix. The Stefan-Maxwell system can
be written as,

Y GLEOV() =-dY +K7E, €S (4.45)
JES*

for Sonine polynomial order £ and with the mass constraint

A ZEL] (4.46)

JjES*
where £ = 1;0;, d®’ = d}0; and ©; = T}, /T;. The matrix GV € R”SX"S, given in Appendix A,
is symmetric positive semi-definite. Magin and Degrez [106] have shown that G can be replaced
with the non-singular form, GV + ayy”, where « is a constant with the same order as the GV,
such as 1/ max;; 2;;. For a known electric field, Eq. (4.45) can be solved using the CG algorithm
for constrained systems, with projector P = I — RVy”/(yTRY), where RY = 1,i € H* and
RY =T,/T),. Alternatively, the non-singular form can be solved using the LDLT decomposition.
When the electric field is ambipolar, the Stefan-Maxwell system is supplied with the ambipolar

constraint, » jes Kj V; =0, and the electric field is solved along with the diffusion velocities,

S - 15) i

where s = ||k|| is a scaling factor used to improve numerical robustness. This system is indefinite
and non-symmetric. A nonsingular form can be created using the mass constraint as above and
solved using standard Gaussian elimination with pivoting. The singular form can be solved with
the Krylov iterative technique, such as the Generalized minimum residual (GMRES) algorithm
[222] with projector P. Both the known electric field and ambipolar cases of the Stefan-Maxwell
equations retain the same form at any Sonine polynomial order.

Approximations to the Stefan-Maxwell equations can also be obtained for partially ionized plas-
mas. For an ambipolar electric field, a generalization of Ramshaw and Chang’s diffusion model
[106] leads to the solution of heavy species diffusion velocities via the linear system

> GHEOV,(€) = ~di +d, (4.48)
JEH* e

under the mass constraint

>y Vi©) =0, (4.49)

JEH™

where GV is given in Appendix A. The electron diffusion velocity and ambipolar electric field
are then obtained from z.q.V, = Zje?—t* zjq;V; and E = d. /K., respectively. The matrix GV is
symmetric and singular. A non-singular form is again introduced as GV + ayy”, where ¢ is the
vector of heavy-species mass fractions. As with the full Stefan-Maxwell system, the non-singular
form of Eq. (4.48) can be solved using the Cholesky factorization or the singular form can be solved
using the CG algorithm with an appropriate projector. Magin and Degrez [106] have shown that
Ramshaw’s model provides reasonably accurate diffusion velocities for a significantly reduced cost
as compared to solving the full generalized Stefan-Maxwell system. In addition, it was shown that
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Figure 4.12.: Simplified UML diagram for the design of the transport module.
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only first order Sonine polynomial terms are required for convergence.

4.5.3. Object-Oriented Design

A simplified class diagram of the transport module is given in Fig. (4.12). The module is respon-
sible for providing all functions relevant to the computation of transport fluxes in MUTATIONT .
Transport algorithms are implemented through the use of self registering algorithm classes. For
example, the abstract class ThermalConductivityAlgorithm provides the necessary interface
that all thermal conductivity algorithms must include, namely functions for computing the thermal
conductivity and thermal diffusion ratios. Specific algorithms are then implemented by creating
a concrete class which implements the interface. For thermal conductivity, four algorithms have
been implemented in this work: the Wilke and GuptaYos mixture rules and the solution of the
Chapman-Enskog linear transport system, solved either with the Cholesky decomposition (LDLT)
or with iterative CG method. This pattern has also been used for the calculation of the multicom-
ponent diffusion matrix and shear viscosity. Collision integral data is fed to each algorithm via the
CollisionDB class which manages the efficient computation of the necessary collision integrals.

Collision integral database

An overview of the collision integral database is provided in Fig. (4.13). The design of the collision
integral database has several important features, including

1. Collision integrals are only loaded when needed. This prevents the unnecessary errors from
not finding data which isn’t actually used and ensures that certain algorithms only compute
the desired collision integrals. For example, the Wilke algorithm only requires integrals of
collisions between the same species.

2. The database is self documenting. The XML format allows references to be included with the
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Figure 4.13.: Simplified UML diagram for the design of the collision integral database.

data and by providing the data in the same format as the data source, there is no guesswork
in determining exactly what data is being used.

3. Users can easily add new data formats without having to recompile the library. This is
enabled through the self registration of the collision integral types.

4. The default behavior used when data is missing can be easily configured inside the input file.
For example, when a specific ion-neutral collision pair is not explicitly given in the database,
the Langevin potential could be used if the polarizability of the neutral is provided.

5. Collision integral tables can be computed at run-time to improve the performance of the
database.

6. Consistency between integrals and defined ratios are automatically enforced.

CollisionDBis organized into a map of CollisionGroup objects and a vector of CollisionPairs.
The collision pairs represent each possible pair of species in the mixture and are responsible for
determining the type of collision and loading collision integrals from the XML database when
needed. The map of collision groups hold a collection of groups of collision integrals which can be
identified by a given name. For example, the group “Q11ij” represents the set of reduced collision
integrals of order (1,1) for all pairs of heavy species. CollisionDB is responsible for providing
the CollisionGroup corresponding to the given name on demand. If a group is not already
loaded, then it will first use the collision pairs to load all of the necessary integrals in the group.

The temperature dependence of the collision integrals is also determined by the group name.

Collision integrals themselves are implemented by extending the self registering CollisionIntegral
type. The base class provides a consistent interface so that all collision integral types know whether
or not they can be tabulated, what convention they adhere to (should there be a factor of 7 ap-
plied or not), etc. Concreate CollisionIntegral types may even be functions of other collision
integrals. For example, the FromAstColInt type can compute either Ql(-jl-’l), Qg?’m, or A’{j given
the other two integrals. Using this framework, any collision integral format can be used in the
database by simply creating a new concrete CollisionIntegral type and implementing the
correct function for computing the integral from the given data.
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4.5.4. Transport Properties

This section serves to both demonstrate and validate the calculation of transport coefficients for
several equilibrium, partially ionized mixtures. For reference, Fig. (4.14) shows the equilibrium
compositions of the three mixtures considered here. The first mixture represents equilibrium
air, considering the eleven species comprised of N, Ny, O, Oz, NO, and their first ions plus free
electrons. The second mixture is equilibrium carbon-dioxide. Eight species are considered: COso,
CO, 05, 0, C, 0", C", and e . The last mixture is equilibrium Jovian atmosphere consisting of
the nine species Ho, Ho ", H, H", H , He, He", He" ", and e . The equilibrium compositions have
been computed using the Gibbs energy minimization procedure detailed in Chapter 5 at constant
pressure of 1 atm.

Viscosity

The equilibrium shear viscosities of each of the mixtures shown in Fig. (4.14) are presented in
Fig. (4.15). In addition, the viscosity of several frozen mixtures corresponding to the equilib-
rium compositions at specified temperatures are also shown. For the air and CO; cases, these
temperatures are 300K, 5000K, 10000K, 15000K, and 20000K. For the Jupiter mixture, the
temperatures are taken to be 300K, 3500K, 13000K, 30 000K, and 50 000K in order to accom-
modate the larger temperature range.

Two general trends can be seen in Fig. (4.15). The first is that viscosity tends to increase with
temperature for a fixed mixture composition as is visible from the frozen cases. The second is
that viscosity decreases with increasing levels of ionization. Both trends are easily predicted by
considering the viscosity of a pure gas i (given in Appendix A),

o 5 \/ﬂ'kBTmi
i = 1_6 Q(2’2)

7

: (4.50)

where m; and QE? 2 are the mass and reduced collision integral of the gas. As was noted in
Section 4.5.1, the collision integrals for resonant charge transfer and charged interactions are sig-
nificantly larger than other collisions due to Coulomb forces. Thus, as the level of ionization
increases, these interactions dominate and the viscosity decreases due to the inverse proportional-
ity with Qg?’m.

Fig. (4.15) includes comparisons with literature results for both the air and Jupiter mixtures. For
air, the computed viscosity is compared to the result obtained by D’Angola et al. [197] who have
developed a set of accurate curve-fits for equilibrium air thermodynamic and transport properties.
The Jupiter result is compared with the calculations of Bruno et al. [203] based on a review of
accurate collision integral data for Jupiter mixtures. Only minor differences can be seen in both
cases. In the air case, the differences can be attributed small differences in the collision integral
data used in this work compared to [197], while in the Jupiter case, the differences are a result of
slightly different equilibrium compositions as a result of the thermodynamic data used in [203].

Diffusion fluxes

For a mixture in thermochemical equilibrium with constant pressure and element fractions, species
diffusion velocities may be expressed from Egs. (2.84) and (2.85) as,

Oz (X?‘FX;) .
V;];SD”[(’)_TJFT VT+E;SDiinj, Vies, (451)

where 0z,;/0T are the derivatives of equilibrium species mole fractions with respect to tempera-
ture. It will be shown in Chapter 5 that these derivatives can be evaluated cheaply during the
solution of the equilibrium compositions. In principle, when element fractions are assumed con-
stant, the mole fraction derivatives should be constrained to prevent elemental demixing [224, 225]
through the diffusion of elements. The electric field E can either be specified in Eq. (4.51), or
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Figure 4.14.: Equilibrium compositions of selected miztures at 1 atm.
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determined explicitly from the ambipolar constraint which assumes that there is no net electric
current, Zie sNiq;V; = 0. Under this assumption, the ambipolar electric field is given as

E,=EY'VT
oz (X?+X§)
EVT _ ZiES niq; Zjes Dij [B_T + T } (452)
* D ies Nidi Zjes Dijk; ’

where EYT denotes the ambipolar electric field per temperature gradient. The computed am-
bipolar electric fields for equilibrium air and CO2 at 1atm are shown in Fig. (4.16). The effect
of thermal nonequilibrium is also simulated by artificially increasing the heavy particle transla-
tional temperature after computing the equilibrium compositions. As can be seen in the figure,
E, increases unbounded with decreasing temperature as a result of the denominator in Eq. (4.52)
going to zero as the degree of ionization vanishes. The bumps present in the electric field of both
mixtures from 5000K to 8000 K correspond to the dissociation of Ny and CO which increase the
magnitude of the mole fraction derivatives for air and COs, respectively.

Species equilibrium diffusion fluxes per temperature gradient are shown in Fig. (4.17) for the
first and second Sonine polynomial approximations for both air and COy. The diffusion fluxes were
computed using the equivalent formulation of the Stefan-Maxwell system, for constant pressure,
equilibrium mixtures, neglecting thermal diffusion. It is clear from the figure that the diffusion
fluxes correctly sum to zero at all temperatures, according to the conservation of mass and the
definition of the diffusion velocities. Positive values of the diffusion fluxes in Fig. (4.17) indicate
that those species diffuse along the direction of the temperature gradient, while negative fluxes
indicate moving against the gradient. For example, consider the diffusive fluxes of N2 and N which
are nearly balanced around 7000K in Fig. (4.17a). In this region, the level of Ny dissociation is
increasing with increasing temperature, resulting in nearly equal and opposite gradients in the mole
fractions of Ny and N, with respect to temperature. As the temperature increases, the equilibrium
mixture has more nitrogen atoms and less molecules, resulting in Ny diffusing towards the higher
temperature region and N diffusing away due to Fickian diffusion.

Heat flux

Using Eq. (4.51), the equilibrium, isobaric mixture heat flux can be expressed as

g=—n+ A+ Aint + A\ + X)) VT, (4.53)
ST :
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Figure 4.16.: Ambipolar electric field per temperature gradient for equilibrium mixtures at 1 atm.
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using the ambipolar constraint on the electric field with first and second Sonine polynomial orders.
Thermal diffusion is neglected.

where A\, and )\g are the reactive and Soret thermal conductivities written as

o1 h oy ye
M= pihiDi; {% + LTX’) - nanVT}, and (4.54)
i,jES
. dr; (X +x5)
/\s:p Z (X?+Xi)Dij |:a—jz+%ﬁanVT . (455)
i,jES

These terms act as effective thermal conductivities which arise from the dependence on tempera-
ture for equilibrium mole fractions. Here, the reactive thermal conductivity includes the effect of
elemental demixing.

Butler and Brokaw [224, 226] developed a formulation of the reactive thermal conductivity
which enforces zero elemental demixing by considering a set of n” = n® — n® formation reactions
at equilibrium and neglecting thermal diffusion and external forces. The Butler-Brokaw formula
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can be written in terms of the solution of a linear system [226],

1 &
AT = - 1AH17
T 2
= (4.56)

T

nZAij’wj = AHZ,

j=1

where AH; is the enthalpy change across the formation reaction ¢ and A;; is an n” x n” symmetric
positive definite matrix, which is a function of species mole fractions, formation reaction stoichio-
metric coefficients, and binary diffusion coefficients. Eq. (4.56) has been widely used to compute
the reactive thermal conductivity for equilibrium gases because it does not require the explicit cal-
culation of the multicomponent diffusion coefficients or mole fraction derivatives as is required by
Eq. (4.54). In addition, the formula can provide better agreement with experimentally determined
thermal conductivities, which can be attributed to the absence of elemental demixing. However,
for CFD simulations of flows in thermochemical equilibrium, the expression in Eq. (4.54), resulting
from the Chapman-Enskog solution of the Boltzmann equation, should be used since elemental
demixing can occur.

Fig. (4.18) compares the contributions of each of the thermal conductivies presented in Eq. (4.53)
for equilibrium air. Below about 2500 K, the heat flux is solely due to conduction of translational
and internal energy of heavy particles. As the temperature rises and chemical reactions produce
gradients in species mole fractions, diffusion becomes the dominant mode of heat transport, re-
flected in the reactive thermal conductivity. The three peaks in the reactive term in Fig. (4.18)
can be attributed to (from left to right) dissociation of Oz, dissociation of Ng, and ionization of
N and O. Good agreement is obtained between the Butler-Brokaw formula and Eq. (4.54) below
10000 K, however Butler-Brokaw underestimates the reactive thermal conductivity in the third
peak. Above about 17000K, ionization of N and O produce enough free electrons to make con-
duction of electron energy the dominant term in the heat flux. The Soret thermal conductivity is
negligible at all temperatures.

The thermal conductivities shown in Fig. (4.18) are compared with the results of Murphy [215].
Excellent agreement is obtained for the conduction of heavy particle energy. Good agreement is
also found for the reactive thermal conductivity computed using the Butler-Brokaw formula, which
was used by Murphy. However, the second peak of the reactive thermal conductivity of Murphy
is about 15 % higher than computed in this work with the Butler-Brokaw formula. This is most
likely a result of different collision integral data used for the No—N interaction.
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Figure 4.19.: Electron thermal conductivity of equilibrium air at 1atm for Sonine polynomial
orders of 2 and 3 and considering electron and electron / ion shielding for the Debye length.

A small difference can also be seen in the electron thermal conductivity at high temperatures.
Fig. (4.19) compares the electron thermal conductivity of equilibrium air at 1 atm computed at both
second and third Sonine polynomial orders. Both electron shielding and electron / ion shielding are
considered for the calculation of the Debye length in the shielded Coulomb potential. For reference,
the electron thermal conductivity of a fully ionized mixture is also shown. Several observations
can be made. The first is that the electron thermal conductivity requires a polynomial order of
3, following the conventional convergence rule of two nonvanishing Sonine polynomials for ionized
mixtures [227]. Second, ion shielding increases the electron thermal conductivity by decreasing
the effective range of the shielded Coulomb potential for electron-ion interactions. As expected,
all results converge to the fully ionized case at high temperatures. The result of Murphy is in
excellent agreement when only electron shielding is considered, explaining the difference observed
in Fig. (4.18), in which ion shielding is considered as well.

Finally, Fig. (4.20) compares the total thermal conductivity of air at 1 atm to those computed nu-
merically by D’Angola et al. [197], Capitelli et al. [228], and Murphy [215] using the Butler-Brokaw
formula, and the results obtained experimentally by Azinovsky et al. [229]. Similar agreement is
obtained as was detailed for the result of Murphy. The difference between the experimental data
and the computation in the second peak around 7000 K is due to the N2 —N collision integral data
based on more accurate calculations, as previously discussed.

4.6. Chemical Kinetics

The goal of the chemical kinetics module in MUTATIONTT is the efficient and robust computation
of species production rates due to finite-rate chemical reactions. The derivation of the production
rate of a species k € 8 due to homogeneous chemical reactions was presented in Section 2.6.1.
We consider production rates in the form

wr = Mj, Z Vir Ry

reR
" ’ ’ 1" (457)
=M > (Vg — V) [kf,r(Tfr) IT 2% = ke (Do) T ﬁj”ﬂ*]Gra
rerR JES* JES*

where ©, =3 jest ojrp; if reaction 7 is a thirdbody reaction and ©, = 1 otherwise. The forward
reaction rate is assumed to be a function of a single, reaction-dependent temperature 7%, and the
backward rate is determined from equilibrium as kp - (Tor) = kf.r(Tor)/Keq,r (Tor) where Ty, is a
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Figure 4.20.: Thermal conductivity of equilibrium air at 1 atm.

reaction-dependent temperature for the backward rate.

In principle, the evaluation of Eq. (4.57) is straight-forward. However, several features of the
chemical kinetics module are worth mentioning, regarding the object-oriented and efficient solution
of species production rates. A simplified class diagram of the module is presented in Fig. (4.21). The
module contains a list of Reaction objects which are loaded from an XML reaction mechanism
file, provided by the user. The rest of the module is comprised of a set of computational “managers”,
which are responsible for the efficient evaluation of individual parts of Eq. (4.57). These include
the evaluation of reaction rates, operations associated with the reaction stoichiometry (the sum
and products in Eq. (4.57)), and the evaluation of the thirdbody term, ©,.. An additional manager
class is responsible for evaluating the Jacobian of species production rates, necessary for implicit
time-stepping CFD algorithms. Finally, the Kinetics class orchestrates the use of each of these
managers to build up the evaluation of Eq. (4.57) and its Jacobian with respect to species densities
and temperatures. A more detailed discussion of a few specific points is presented in the following
subsections.

4.6.1. Automatic Reaction Type Recognition

As was mentioned previously, the temperature dependence of reaction rates is determined by
the type of reaction. This differs from typical combustion applications which are in thermal
equilibrium. The temperature dependence can either be input by the user or determined from
the type of reaction. When reactions are loaded by MUTATION'Y, their type is automatically
determined in order to associate the correct forward and backward temperatures necessary to
evaluate the reaction rates. A list of reactions considered and their corresponding forward and
backward temperatures is provided in Table 2.1.

The problem of automatically determining the type of a given reaction is well posed in the
context of a classification tree [230]. Classification trees are a specialization of decision trees in
which the result of the tree is to classify a list of objects into a finite set of discrete classes given a
set of predictor variables which characterize the objects. Several algorithms have been developed in
the literature for the automatic creation of classification trees from a set of training data, however
these are not necessary in this context since reactions can be categorized from a relatively small set
of predictors. As an example, the classification tree developed in this work for all non-ST'S reactions
in Table 2.1 is presented in Fig. (4.22). The tree is traversed from left to right, starting at a root
node. The root and internal nodes are colored yellow and represent properties of the reaction in
consideration. In particular, they have all been formulated in terms of three basic yes/no questions.

1. Is there an electron / ion in the reactants / products?
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Figure 4.21.: Simplified UML diagram of the kinetics module.
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RateLawGrouplT

[ arrhenius, ParkSelector
RateLawGrouplT

2. Is there an inert electron / heavy species?
3. Are there more reactants than products?

These properties are easily determined from the reaction stoichiometry. The red leaf nodes in the
tree represent the result of the classification tree which in this case is the fourteen reaction types
considered. In practice, classification trees can be represented as tree or graph data structures.
However, for this simple case the usual “if/else if/else” construct has been used.

The use of a classification tree has several advantages. To begin, the logic can be represented
and easily understood through the use of a flow diagram like Fig. (4.22). If a considered reaction is
one of the considered types, then it is guaranteed to be correctly classified. In addition, Fig. (4.22)
represents a fairly well balanced tree, leading to a correct result in as little as two and at most five
branches. A disadvantage with this approach is that an incorrect classification will be made for a
reaction with a type not considered in the tree and in general it is not possible to know if this has
happened. Therefore, it is up to the user to know which reaction types have been implemented,
and those which have not.

4.6.2. Efficient Evaluation of MT Reaction Rates

The evaluation of reaction rate coefficients can occupy a considerable amount of CPU time when
large reaction mechanisms are considered. The RateManager class, shown in Fig. (4.21), is
responsible for optimizing as much as possible this process. This section provides an overview of
the necessary steps for decomposing the rate coefficient calculation into efficient parts.

We first recall that for Arrhenius type reaction rates, the rate coefficients for reaction r are given
as

O
kpo(Tpr) = A TYr exp < - > and (4.58)

Ty,
kf T (Tbr)

kb,r(TbT) = K (Tb )a
eq,r T

(4.59)
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Figure 4.22.: Classification tree for determining types of non-STS reactions.
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Figure 4.23.: Order of operations for efficient evaluation of MT rate coefficients.

where Keq, is the equilibrium constant

Av,
o \A AG(Ts,
Keqr(Tyr) = (R T ) exp ( - Rigﬂbb)) (4.60)

From a numerical standpoint, evaluating Eqs. (4.58 - 4.60) requires 2(nS + 1) add/multiply op-
erations, 3 divisions, 2 powers, and 2 exponentials per reaction (not including the calculation of
species standard-state Gibbs energies). The division, power, and exponential operations remain
expensive on modern computer architectures, requiring anywhere from 4 to 50 times more clock
cycles. The situation is improved conventionally by considering the natural logarithm of the rate
coefficients,

0,
kg (Tsr) = A + B, In Ty — 75—, and (4.61)
fr
n ky . (Tyy) = Inkr . (T R B R N 4.62
who (Tor) = kg (Tor) + > (v =) | e 0\ 57 ) |- (4.62)

JES*

Evaluating the logarithm of the rate coefficients and then exponentiating requires only n° + 4 ad-
d/multiply operations and 2 exponentials per reaction, avoiding the power and division operations
altogether, assuming the necessary InT', 1/7T', and Inp/ R, T terms are pre-computed for each group
of reactions which share the same temperature dependence. The number of add/multiply opera-
tions can also be significantly reduced by recognizing that the maximum number of non-thirdbody
species participating in any single reaction is 4 and therefore at most 4 terms will be nonzero in
the summation in Eq. (4.62). Optimizations of this type are discussed in the next section.

Based on this analysis, Fig. (4.23) shows an example of the order of operations used by the
RateManager class to compute the rate coefficients in an efficient way. In this example, the re-
action mechanism consists of 14 reactions which have 3 separate RateLawGroups, corresponding
to 3 rate law and temperature dependence combinations. In the first step, the natural logarithms
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of the forward rate coefficients are computed, including those used in the backward rate coeffi-
cient evaluation. Note that for Arrhenius rate laws, Eq. (4.61) can be efficiently evaluated for a
whole group using a matrix-vector product in order to minimize the effect of cache thrashing. In
the example, groups 2 and 3 share the same rate law and temperature dependence in both the
forward and backward directions, therefore the forward coefficient at the backward temperature is
not reevaluated. In a second step, the logarithm of the backward rate coefficients are evaluated
using Eq. (4.62). Finally, the entire vector of forward and backward rate coefficients are exponen-
tiated. Evaluating the entire vector at once allows for additional compiler optimizations, such as
vectorization.

4.6.3. Stoichiometric Operations

The result of the summations and products in Egs. (4.57) and (4.62) are functions of the stoichio-
metric coefficients for all species in the species set for a given reaction. An important observation
however, is that at most four species can have non-zero stoichiometric coefficients for any given
reaction. It is therefore inefficient to evaluate these summations and products by looping explic-
itly over all species. The class StoichiometryManager shown in Fig. (4.21) is responsible for
evaluating these operations in an efficient way by keeping track of species indices which contribute
to each reaction and providing suitable stoichiometric operations.

4.7. Concluding Remarks

This chapter detailed the design of MUTATIONTT, a new software library written in C+4-+ for
providing physicochemical models, data, and algorithms for use in hypersonic CFD codes. The
library has been designed using modern OOP techniques in an effort to maximize its extendability
and efficiency. The driving principle behind MUTATIONT is the ability to separate the underlying
thermochemical model from the set of governing equations solved by the CFD tool. A generic
set of governing equations was presented which encompasses all of the energy partitioning and
thermochemical nonequilibrium models presented in Chapter 2. The concept of a state model was
also introduced to provide the link between CFD and MUTATIONTT. At a high level, the library
is organized into three modules: thermodynamics, transport, and chemical kinetics.

Two separate thermodynamic databases were presented in the framework of the thermodynamics
module: one based on the RRHO energy partitioning model and the other based on the NASA
thermodynamic polynomials. Pure species thermodynamic properties were derived based on the
RRHO assumption and a summary of the resulting analytical expressions for these properties was
presented using fundamental properties of the molecules. Using an object-oriented approach, both
databases are seamlessly integrated and can be selected by the user at run-time. A comparison
of mixture thermodynamic properties for equilibrium air, using both databases and the work of
D’Angola et al. [197], serves to validate the implementation of the module.

The transport module was split roughly into the calculation of transport collision integrals and
a discussion of transport algorithms. The collision integrals were defined for a multitemperature
gas in which heavy species and free electrons thermalize at different temperatures. A summary of
the necessary collision integrals required to compute all of the transport properties presented in
Chapter 2 was provided. In addition, an extensive review of common interaction potentials used to
compute collision integrals was made for neutral-neutral, ion-neutral, electron-neutral, and charged
particle interactions. It was shown that collision integral data comes in a wide variety of formats in
the literature and that the OOP approach used in the design of the MUTATION™ collision integral
database allows for each of these formats to be integrated in a simple and efficient way. Transport
algorithms were also reviewed in this chapter based on a previous work by Magin and Degrez [107].
Transport properties for equilibrium air, COg, and Jupiter were compared with relevant literature
results in order to validate the transport module.

A few important aspects of the chemical kinetics module were also presented in this chapter
including an object-oriented approach for the efficient calculation of species chemical production
rates. In addition, a classification tree was developed to enable the automatic classification of
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chemical reactions in order to determine the correct temperature dependence of individual reaction
rates in a multitemperature context.

The MUTATIONTT library has been coupled to the computational tools presented in Chapter 6
and applied to several atmospheric entry simulations in Chapter 7. Apart from the direct con-
tribution to this thesis, it is worth mentioning that MUTATIONTT has contributed to a number
of other applications as well. These include the study of biomass pyrolysis [231], state-to-state
catalytic recombination of nitrogen flows, [232], transport properties of carbon-phenolic ablation
mixtures [208], atmospheric entry of meteors [233, 234], and uncertainty quantification for high
enthalpy, plasma wind tunnels [235]. Finally, the library is available for download, open source, at
https://sync.vki.ac.be/mpp/mutationpp.


https://sync.vki.ac.be/mpp/mutationpp




CHAPTER D

Linearly Constrained Multiphase Equilibria

“Gibbs is the greatest mind in American history."

— Albert Einstien, (c. 1925)

5.1. Introduction

The efficient and robust computation of multiphase, constrained equilibrium compositions is an
important topic over a wide range of fields including combustion, aerospace and (bio)chemical engi-
neering, metallurgy, paper processes, and the design of thermal protection systems for atmospheric
entry vehicles (e.g., [236-241]). For a detailed history and list of applications, the reader is referred
to the treatises by van Zeggeren and Storey [242] or Smith and Missen [243].

Prior to the work of White et al. [244], the equilibrium constant formulation was primarily
used to compute equilibrium compositions for ideal, gas phase mixtures. The equilibrium constant
formulation works by assigning formation reactions to each species based on a set of base or
component species which are chosen a priori for the given reaction system. Kuo [117] cites several
disadvantages that hindered researches using this method including difficulties in extending the
method to non ideal equations of state, testing for the presence of condensed species and numerical
complications with the use of component species.

In 1958, White, Johnson, and Dantzig [244] introduced the concept of free-energy minimization
and proposed a numerical solution technique using the method of steepest decent. White [245]
later elaborated on the advantages of free-energy minimization and the use of element potentials
in the solution of equilibrium compositions, including the possibility to treat any general chemical
system without the necessity of specifying the formation reactions. In addition, the use of element
potentials allowed for the solution of linear systems whose size scaled with the number of elements
rather than species, present in the mixture. This fact alone offers a significant computational
advantage when considering large chemical systems.

Today, both the equilibrium constant formulation and the free-energy minimization methods
are widely used. Most commercial and general purpose research codes implement various numer-
ical methods for solving the free-energy minimization problem, however the equilibrium constant
formulation is still used in certain applications [103, 239]. Perhaps one of the most widely used equi-
librium codes today is the Stanford-JANAF (STANJAN) code by Reynolds [246] who popularized
the element potential method for constrained Gibbs free-energy minimization by developing a nu-
merical solution procedure to the minimization problem which solves the so-called “dual problem.”
Part of the success of the STANJAN method lies in its powerful initialization and preconditioning
procedures which help make STANJAN extremely robust for most problems. The CEA code devel-
oped by Gordon and McBride [166, 182] is also used heavily, helped by the success of the detailed
thermodynamic database developed at NASA Glenn Research Center [181], which it employs.

In addition to the normal mass balance constraints, so called “generalized constraints” [247] on
the equilibrium solution have been used in a wide range of applications [238] and in particular, are
an integral component of the Rate-Controlled Chemical Equilibrium (RCCE) [247-261] method.
Some important examples of constraints used in the RCCE method include constraints on the
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total number of moles, the number of free valence electrons, and the number of O—O bonds,
among many others [238, 260]. Bishnu et al. [262, 263] added the ability to include general linear
constraints on the equilibrium solutions to both STANJAN and CEA. They found that, under
certain conditions, both the constrained versions of STANJAN and CEA failed to converge to
a solution. In general, these situations arise when the linear constraints force the equilibrium
composition near the boundary of the feasible region imposed by the hyperplane defined by the
constraints.

In an effort to provide a provably robust, constrained equilibrium solver, Pope [264, 265] devel-
oped the Gibbs function continuation (GFC) method which solves the element potential equations
for an ideal gas mixture under general linear constraints. Since its development, the GFC method
has been successfully embedded into a variety of more complex turbulent combustion modeling
algorithms, including the Eddy Dissipation Concept (EDC) [266, 267], RCCE using greedy algo-
rithm with local improvement (RCCE-GALI) [259], and the Relaxa tion-Redistribution method
(RRM) [268]. One drawback of the GFC method however, is that it is only capable of computing
equilibrium compositions of gas phase mixtures.

The purpose of this chapter is to present a generalization of the GFC method to mixtures
with multiple ideal phases and to provide a more rigorous mathematical analysis of its robust-
ness and stability. The new method is referred to as the multiphase Gibbs function continuation
(MPGFC) method. This work was recently published in [269]. In Section 5.2, the necessary equa-
tions to describe constrained chemical equilibrium for any number of ideal phases are reviewed.
Section 5.3 develops the mathematical basis of the MPGFC method, followed by a detailed overview
of a practical implementation of the algorithm in Section 5.4.1. Finally, two numerical test cases
will be presented to demonstrate some key features of the algorithm in Section 5.4.2.

5.2. Constrained Chemical Equilibrium

5.2.1. Free Energy Minimization

Consider a chemical system composed of any number of ideal phases. The set of indices which
denote all species in this system is § = {1, .. .,ns} = UmepSm where n° is the total number
of species considered, P = {1, cen nP} is the set of phase indices with n” the number of phases,
and S,, denotes the set of species indices belonging to phase m. Note that each species belongs
to a single phase. If a particular chemical species occurs in (for example) three phases, then it is
treated as three different species. Since all phases are ideal, the normalized Gibbs function for this
system is

G B _
o = Z Z N;(3;+InN; —InN,,), (5.1)
u meP jESm

G

where N is the number of moles of species j and gj(T, p) is the non-dimensional Gibbs function of
pure species j at the system temperature 7" and pressure p, R, is the molar universal gas constant,
and N, is the total moles in phase m, sometimes referred to as the phase moles of phase m.

Np= Y N;, VmeP. (5.2)

]ESWL
The vector of n? phase moles, IN, can thus be expressed as
N=P'N, (5.3)

where N € R™ is the vector of species moles and P € Rxn” g g “phase summation matrix”
whose elements are defined as
Pjm = 0p,m. (5.4)

The symbol d,,,, is the familiar Kronecker Delta function and the subscript p; is used to denote
the index of the phase in P to which the species j belongs. In other words, for all m in P and all
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j in Sy, p; = m. The two notations of the phase index are used for convenience, depending on
the situation. For instance, Eq. (5.1) may be equivalently written as

G=3 Ni(3+mN;—In > Vi), (5.5)

jES kESy,

The non-dimensional Gibbs function for a pure species j is given by

9;(T,p) = (5.6)

H;(T) S5(T) N In L, j € gas phase
0, otherwise
where Hj is the molar enthalpy of pure species j and 57, its molar entropy evaluated at the
standard state pressure p°.
If the total moles of each element ¢ in the mixture is denoted by cf, then conservation of mass
dictates that

Y BN = Vie€g, (5.7)
JES
where B, is the stoichiometric coefficient for the ith element in species j. £ = {1,...,n%} denotes

the set of element indices for the n® considered elements in the mixture. Eq. (6.40) is often referred
to as the mass balance relations or constraints. It states that the available atoms in a mixture
must be shared amongst each of the species in the mixture (regardless of phase). In addition to
these physically imposed constraints, it is often useful to impose other constraints on the system.
Therefore, we consider the set of n9 additional linear constraints on the number of moles of each
species, G = {1,...,n9}, such that

> BEN;=c Vieg. (5.8)
JjE€S

Using matrix notation, the total constraints imposed on the composition are thus given by

BTN =, (5.9)
where
€
B=[B° Bt eR"", c= [cg] eR™, (5.10)
c
and n¢ = n® + nY are the total number of linear constraints whose indices compose the set
C =1{1,...,n%}. As a clarifying example, consider a 5-species mixture composed of four gaseous

species, C, CO, COq, and Og, and solid graphite, C(gr), with an imposed constraint on the total
mixture moles, Npnix. Table 5.1 shows the corresponding B and P matrices associated with this
system. Note that the first two columns of B correspond to the mass balance constraints in
Eq. (6.40) while the last column corresponds to the constraint on the total mixture moles.

For a given B, ¢, and a fixed temperature and pressure, the LTE composition for a chemical

system is the one which minimizes G, Eq. (5.1), while satisfying the linear constraints in Eq. (5.9).

5.2.2. Constraint Potentials

The Lagrange multiplier method is a well known technique for solving constrained minimization
problems and will be used here. To begin, the Gibbs function and mass balance constraints are
combined to form the Lagrangian, L,

L:G—Z)\i(sziNj —Ci)
iec jes

:ZNj(gj—i—lan —1In Z Nk) —Z)\i(ZBjiNj —Ci)

jES k€S, iec jES

(5.11)
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Table 5.1.: Ezample constraint matrices B and P for a 5-species COg mizture with constraints
placed on the total mixture moles, N .

B columns P columns
. < C
Species C O Nmix Gas (o)
C 1 0 1 1 0
CO 1 1 1 1 0
COq 1 2 1 1 0
(O] 0 2 1 1 0
C(gr) 1 0 1 0 1

through the use of Lagrange multipliers, \;. Setting the derivative of the Lagrangian with respect
to the species moles to zero provides the necessary conditions for the solution of the minimization
problem. Namely,

oL oG
g7 aTj_ZAiBﬁ

ON; iec
=g;+IN; —In > Ny —> \Bji (5.12)
keSp; ieC
=0, VjeS.

The physical meaning of the Lagrange multipliers is evident when Eq. (5.11) is differentiated
with respect to the constraint constants, ¢;, yielding

oL  9G oG
dc; o dc; +)\i70§>\iiiaci.

(5.13)

Therefore, \; is a dimensionless number which represents the negative rate of change in the normal-
ized Gibbs energy of the equilibrium system with respect to a change in the constraint constant,
¢;. In addition, Eq. (5.12) may be rewritten such that

B oG )
ieZcAzB]F N, = BT Vies, (5.14)

where p1; is called the chemical potential of species j for the given chemical system. Because of this
relationship, the Lagrange multipliers are often referred to as element potentials when they are
associated with elemental mass balance constraints, or simply constraint potentials for a general
constraint.

Finally, Eq. (5.12) may also be rewritten to yield the Element Potential Equations (EPE)[246],

N; :ij exp<—§j+2)\iBji), VjeS, (515)
icC

which show that the number of moles of each species, NV;, in a mixture at equilibrium are functions
of only their phase moles, N p;» and the nC constraint potentials, \;, corresponding to each con-
straint i. Note that when written in terms of species mole fractions, ; = N;/N,,, the constraint
potentials \; completely define the equilibrium composition of each phase for a fixed temperature
and pressure (but not the amount of each phase present in the mixture). Substitution of Eq. (5.15)
into Egs. (5.3) and (5.9) leads to a nonlinear system of n” +n¢ equations and as many unknowns:
Ny, Vm € P, and \;, Vi € C. The robust solution of this nonlinear system is the focus of the
following sections.
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5.2.3. Coordinate Transfer and Matrix-Vector Representation

The following sections make use of a coordinate transformation which simplifies the development
of the multiphase Gibbs function continuation method. This transformation is similar to the one
made by Pope in the original development of the single-phase method. Instead of dealing directly
with species moles, it is convenient to use their square-root,

yi = /Ni. (5.16)

The purpose of this change of variables will become evident later. Using Eq. (5.15), the vector

RS Rn° may be expressed in matrix-vector notation as a function of the element potential vector,
C —

A € R™ | and phase mole vector N € R by

y=exp(~§+BA+PInN)? (5.17)

Here, the exponential, logarithm, and square-root operators act element-wise on their vector argu-
ment. Note also that P in Eq. (5.17) is used to transform the n”-sized vector In N into a n°-sized
vector with repeated values depending on the phase of each species. This construction will be used
throughout the paper. Finally, the matrices Y € R"SX”S, B c R”SX”C, and P € R"" " are
defined as

Y =diag(y), B=YB, P=YP. (5.18)

Using the above notation, the constrained chemical equilibrium problem defined in Eqs. (5.3) and
(5.9) may be written as

Ply=N (5.19)
By =c (5.20)

5.3. Multiphase Gibbs Function Continuation

Newton’s method, or a variant thereof, is the most common method for solving nonlinear equations
such as Egs. (5.19) and (5.20)). In general, the convergence of Newton’s method for a Lipshitz
continuous, nonlinear system, F(x) = 0, is g-quadratic when the initial iterate, °, is close enough
to a root of F', *, and the system Jacobian within the region around the root is nonsingular [270].
In fact, quadratic convergence is only guaranteed when the initial guess, 2°, is close enough to the
real solution, x*, to satisfy the condition

[E" ()2
vE(F'(20))’

where F’(z) is the system Jacobian evaluated at @, v is the Lipschitz constant for ¥, and x(F’(x))
is the condition number of F/(x). The condition number is a measure of how close a matrix is
to being singular, increasing to infinity when the matrix is singular. Thus, as the Jacobian of the
system approaches a singular matrix, the corresponding bound on the initial guess’s proximity to
the actual solution becomes nearly zero. For the equilibrium problem of Eqs. (5.19) and (5.20),
situations often arise in which the system Jacobian approaches a singular matrix causing the
Newton convergence to stagnate.

The MPGFC method avoids the above difficulties by converting Eqgs. (5.19) and (5.20) into an
initial value problem which may be integrated robustly through the use of a continuation parameter.

0

[|” —x*||2 < (5.21)

To begin, the multiphase residual vector, R € R”c‘”‘?, is formally expressed as a function of the
solution vector, &, and the Gibbs vector, §(T', p), such that

R(%,§) = [Ez] y— L%} . and &= Ln)}v] : (5.22)
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where B, P, and y are implicit functions of & as shown in Eqs. (5.17) and (5.18). Egs. (5.19) and
(5.20) may now be written in terms of the residual vector as R(Z*,g) = 0, which implicitly defines
the equilibrium point &* for a fixed T" and p. The solution of this nonlinear system via Newton’s
method is not guaranteed to succeed, based on the arguments made above. Instead, we define a
new Gibbs energy vector g, linearly parameterized by a continuation parameter s, such that

g(s) = g(0) +s[g —9(0)], (5.23)

where §(0) denotes § at s = 0. Replacing g with g, the equation R(&,§(s)) = 0 now implicitly
defines a path of pseudo-equilibrium points &(s), parameterized by s, where &(1) = £*. As §(0) is
arbitrary, there are an infinite number of such paths, however, given a set of initial values of §(0)
and &(0) which satisfy R(£(0),§(0)) = 0, the equilibrium point can be determined by tracing the
path of pseudo-equilibrium points from s =0 to s = 1, via

7 = a(1) :/O %ds—i—a‘c(o), (5.24)

where the tangent vector, d&/ds = [d\/ds,dIn N /ds]T, can be derived from the implicit relation
dR(%,§(s))/ds = 0. Note that the ‘hat’ symbol is left off of A and N for convenience but their
dependence on s will be clear based on the context. Given a §(0), the path &(s) is smooth and
unique because §(s) is linear from Eq. (5.23) and the existence and uniqueness of the equilibrium
problem is well known (see for example [271]).

In its most basic form, the MPGFC method solves for the equilibrium point £* by numerically
integrating the initial value problem of Eq. (5.24) using a simple Euler scheme.The derivatives,
d\/ds and dIn N /ds, can be computed robustly by exploiting a feature of least-squares solutions.
In addition, special care must be taken to ensure that the correct condensed phases are included in
the equilibrium solution. Further improvements to the efficiency and global accuracy of the method
are obtained by using an adaptive step-size, As, as well as Newton’s method (when possible) to
reduce errors in the numerical integration. The mathematical basis for each of these issues are
presented in the following subsections while Section 5.4.1 will detail the exact MPGFC solution
algorithm.

5.3.1. Initial Conditions

The initial conditions, §(0), A(0), and In IN(0), must satisfy the constraint R(%£(0),§(0)) = 0.
Therefore, the initial species moles vector, N (0), must satisfy Egs. (5.19) and (5.20). There are an
infinite number of species mole vectors which can satisfy the underdetermined constraint system
in Eq. (5.20). The vector space of all such vectors will be denoted by

B= {N erR™: BIN=c, N; > 0} . (5.25)
We now define two species compositions contained in this vector space. The Min-G composition,

N pin-g = argmin NTg, (5.26)
NeB

minimizes the sum of species Gibbs energies while satisfying the constraints in Eq. (5.20), ap-
proximating the minimization of Eq. (5.1) without regard to the energy of mixing. The Max-Min
composition,

N naxemin = arg max (min Nj), (5.27)

NeB \J&s

is the composition which maximizes the smallest single species moles and still satisfies Eq. (5.20).
Both compositions can be formulated as the solution to a linear programming problem which can
be easily solved via the Simplex algorithm [272]. The Min-G composition is useful because it
estimates the equilibrium moles of the major species. However, at most n¢ species in IN min-g Will
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be non-zero, while the rest are exactly zero. The Max-Min composition is strictly positive but far
from the equilibrium composition as it does nothing to minimize G. Therefore, Pope [264] has
suggested that a linear combination of the Min-G and Max-Min compositions,

N(O) = Nmin-g(l - a) + Nmax—mina, (528)

provides a good approximation of the major equilibrium species while ensuring that all species
moles are strictly positive and that Eq. (5.20) is satisfied. The value of « is typically taken to
be 0.01 such that the Min-G composition dominates, and the major species moles are still well
approximated by the initial solution.

The Gibbs phase rule [273] says that, for a fixed temperature and pressure, the maximum number
of phases allowed in an equilibrium solution are the total number of constraints imposed on it, nC.
In order to ensure that the initial conditions satisfy the phase rule, only the phases which have
non-zero moles in the Min-G solution are kept for the Max-Min solution. As the maximum number
of non zero species in the Min-G solution is equal to the number of constraints, this is sufficient to
ensure the phase rule is satisfied.

Eq. (5.19) is then directly satisfied by taking

In N(0) = In (PTN(O)) . (5.29)

Note the necessity of having a strictly positive IN(0) in order for the logarithm above to be well
defined.

Egs. (5.28) and (5.29) ensure that R = 0 (recall that y = /N from Eq. (5.16)). All that remains
is to determine §(0) and A(0) which are consistent with N (0) through the EPE, Eq. (5.17). First,
A(0) is computed as the least-squares solution of the EPE using the Gibbs energy vector, g.

A(0) = argmin || BA —In N (0) + PIn N (0) — g, (5.30)
A

Finally, §(0) is chosen such that Eq. (5.17) is exactly satisfied.

§(0) = BA(0) —In N(0) + PIn N(0) (5.31)

5.3.2. Computing the Tangent Vector

The derivatives, d\/ds and dln N /ds, at constant R, are obtained from the implicit relations
found when the residual is differentiated with respect to s and set equal to zero, such that

dR _ d { BTy }0_ (5.32)

ds  ds |[PTy— N
From Eq. (5.17), the following relationship can be easily determined.

4
ds

AN d§ . d . -
— V2 = _ ¥ —
(Yy) =Y {B =P (mm}
I Jo d (5.33)
~ g ~ —
=Y B—-Y—=+P—(InN
[ ds ds * ds( . )}
Note that dg/ds is a known function from Eq. (5.23), namely dg/ds = g — §(0). Using Eq. (5.33),

the first term in Eq. (5.32) can be written as

d /= - [~ d\ dg =~d _
—(BTy) =BT B -Y=24+P—(InN)|. .34
ds( y) { ds ds+ ds(n )} (5:34)

We now seek a dA/ds such that d(BTy)/ds = 0 is satisfied regardless of the value of dIn N /ds.
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To begin, dA/ds, is decomposed into two components,

d\ . .od _

— =AM -A—(InN 5.35
ds ds( n V), ( )

where A9 € R"" and A¥ € R"“*"” are obtained via the minimum-norm solutions to the following

least-squares problems

. _. o dg

A9 = argmin |[BA - Y| | (5.36)
A ds ||,

AY = argmin HEA - 15H . (5.37)
A 2

The solutions of Eqgs. (5.36) and (5.37) may be stably computed using the singular value decom-
position of B, regardless of its rank. In addition, their residuals reside in the null space of BT,
based on a general property of least squares solutions. Thus,

B7 (f;,'\g - Y%) ~0, (5.38)
BT (BAY - f)) ~ 0. (5.39)

Using this fact and substituting Eq. (5.35) into Eq. (5.34) and rearranging, we then have
d

- ~ . dg ~ . - _
B7 [BAQ - Yd—g - (BAy - P) < (In N)] ~0. (5.40)
s s
The usefulness of the decomposition of dA/ds in Eq. (5.35) is now evident because it ensures that
the first term in Eq. (5.32) is always satisfied, regardless of the value of dIn N /ds.
The phase moles derivatives, dIn N /ds, are determined from the second implicit relation defined

in Eq. (5.32), namely

% (PTny) - p7 <13%(1HN)Y% +]§%> f% =0 (5.41)
Making use of the following relationship for dIn N /ds when R = 0,
dii(m N) = diag(N)~ % = (13T13)_1 %, (5.42)
and substituting in Eq. (5.35) for dA/ds, Eq. (5.41) may be written as
PTBAY L N) = BT <f3x9 _ Y@) _ (5.43)
ds ds

Eq. (5.43) represents a linear system of equations for the solution of d1n IN /ds. We now introduce
the matrix M = PTBAY € R" *"” for convenience. The structure of this matrix is studied in
detail in Appendix B. In particular, M is symmetric and positive definite when the phase moles
are non zero. In fact, the eigenvalues of M, denoted 51 > ., > 5,7, have the following upper and

lower bounds:
S Bm (CTC)

Ny > Bm(M) > T >0, VmeP, (5.44)

where C = BTP € R *"” has column vectors, ¢,,, which represent the amount of elements or
constraint constants which are associated with the phase m. It is trivial to show that )}, ¢, = c.
For the single phase case, M becomes a scalar M and the bounds on the eigenvalues given in
Eq. (5.44) become the bounds on M itself. In this special case, the lower bound on M is readily
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given as M > ||c||3/||B||3, which is strictly positive. In the development of the single phase
GFC method, Pope [265] derived a similar equation as Eq. (5.43) (divided by the total moles of
the mixture) and placed an identical lower bound on the scalar quotient (D in Pope’s notation)
through other means. In Pope’s derivation, the physical meaning of the scalar was unknown,
and furthermore, the proof of positivity cannot be readily extended to consider multiple phases.
However, the eigenvalue analysis given in Appendix B, and whose result is given by the bounds in
Eq. (5.44), directly relates the eigenvalues of M to the moles in each phase and is applicable to
any number of phases (including the single phase case). Furthermore, the upper bound of N,, on
the eigenvalues of M informs a practical method for determining when M approaches a positive
semidefinite matrix.

With a careful treatment of nearly empty phases, Eq. (5.43) can be solved in a robust and
efficient manner using the Cholesky factorization for symmetric positive definite systems, ensuring
that the derivatives dA/ds and d1ln IN /ds can be determined in a fully robust way.

5.3.3. Newton’s Method

As the Euler integration scheme approximates the pseudo-equilibrium path in a linear way, errors
may accumulate during the course of the numerical integration. Therefore, after each new solution
is obtained in the numerical integration of Eq. (5.24), Newton’s method is used to attempt to reduce
the residual below a specified global error tolerance for a fixed value of s (fixed g). Newton’s method
corresponds to solving the following linear system for successive updates in the pseudo-equilibrium
solution,

J (" - z%) = —-R(&", ), (5.45)

where the superscript k& denotes the k*" solution iterate and the system Jacobian, J, is determined
to be o
Ja_R{BTB BTP]{O 0_}
oz |[PTB PTP| |0 diag(N)|’
Note that the parentheses on the right hand side of Eq. (5.45) denote that the residual is evaluated
at (Z*,§), while those on the left simply distribute the matrix vector product to both #*+! and
",

In some situations, the above system may be singular, making it impossible to converge the
solution further after taking a continuation step. In such cases, the Newton iterations are aban-
doned and the residual is reduced by reducing the step-size used for the numerical integration and
retaking the step.

(5.46)

5.3.4. Inclusion of Condensed Phases

The initialization procedure presented in Section 5.3.1 typically does a good job of predicting
which condensed phases should be present in the equilibrium mixture through the Min-G solution.
However, it is possible that the phases present in the initial solution are not the correct ones
which minimize the Gibbs free energy. Furthermore, it is also possible that some phases, which
are correctly included in the initial solution, are removed during the course of the integration of
Eq. (5.24). Therefore, at the end of the integration of Eq. (5.24), a check must be performed to
determine whether or not a previously neglected phase can in fact minimize the system Gibbs energy
further. Since the equilibrium solution represents a stationary point of the Lagrange function
(0L = 0), Eq. (5.12) yields the necessary condition for a new phase to be included. Namely, if

Ge— Y A Bei <0, (5.47)
ieC

for any condensed species ¢, which has not yet been included in the equilibrium solution, then
adding the phase to which species ¢ belongs will decrease the overall Gibbs energy at equilibrium.
This is sometimes referred to as the vapor pressure test. When multiple phases meet this criteria,
the one with the most negative change in the Gibbs energy is added.
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When it is determined that a new phase should be included, a phase redistribution procedure is
performed which distributes moles of the largest (in terms of quantity) species into the new phase
while satisfying the mass balance constraint of Eq. (5.20). This is done in the following way. First,
the current solution of the species moles vector, IN, is extended by the number of species in the
new phase. If the new phase has index m, then the extended species vector, denoted by N®**, is

computed as
N, jeS
Not = . (5.48)
Np/no, j€Sm

where N,, is the desired number of initial moles in the phase m, and nﬁL denotes the number of
species in that phase. The constraint matrix B, the phase summation matrix P, and the species
index set are also extended accordingly.

We then search for an update in the nC largest species of N which will satisfy the mass
balance constraints through the solution of the linear system,

BTAN™ = ¢ - BT N®, (5.49)

where the vector ANN™®* is defined to be a vector of zeros except for the elements representing
the nC largest species. Note that Eq. (5.49) represents a linear system with n¢ equations and n¢
unknowns. Furthermore, a suitable update can always be obtained by using the singular value
decomposition of the sub matrix of BT representing the n¢ maximum species, even when that
matrix is rank deficient.

Finally, a new initial species moles vector is computed by applying the update to Nt

N(0) = N 4 AN™, (5.50)

It is easy to verify that that this new IN(0) vector satisfies Eq. (5.20). With a new N (0), the
solution is then reinitialized and the integration procedure is repeated to solve Eq. (5.24). This
whole process must be repeated until all necessary phases are included in the equilibrium mixture
according to Eq. (5.47).

5.4. Practical Implementation

5.4.1. Solution Algorithm

The previous section detailed the mathematical basis for the MPGFC method. However, in order
to create an efficient and robust equilibrium solver, several algorithmic details must be developed.
An overview of the full MPGFC algorithm is presented in this section.

For a fixed temperature, pressure, and constraint vector, the initial moles of each species are
determined using Eqgs. (5.26 - 5.28). Following initialization, the proceeding steps are then used to
compute the integral in Eq. (5.24).

1. The initial solution &(0) and Gibbs energy vector §(0) are computed according to Egs. (5.29 - 5.31).
The continuation parameter and step size are also initialized as s = 0 and As = 1.

2. Compute the tangent vector of the pseudo-equilibrium path, di/ds at s using Eqgs. (5.35 - 5.37),
and Eq. (5.43).

3. Next, integrate the solution forward along the pseudo-equilibrium path with an Euler inte-

gration over As,
dé
(s + As) = 2(s) + d—wAs. (5.51)
s

The superscript 0 is used to denote the initial iterate for the Newton iteration procedure.
The Gibbs energy vector is also updated via Eq. (5.23) at s + As.
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4. Newton’s method is then used to reduce the residual vector below a specified tolerance, €,
using Eq. (5.45) and Eq. (5.46). The Newton iterations are stopped when either (i) the
iterations converge, such that

IR(Z",9(s + As))|l2 < €ans, (5.52)

(ii) a maximum number of iterations is reached, or (iii) the residual norm increases above
the norm of the previous iterate.

5. Following the Newton iterations, the new solution vector is tested against the following
criteria:

IR(Z",§(s + As)) |2 < max[(1+ eret) | R(&(5), ()l , €avs] (5.53)

If the above inequality holds true, then the iterate k is accepted and the solution is updated
as £(s) = &¥, s = s + As, and the step-size As is increased via

As=min (s — 1, 2As). (5.54)

Otherwise, the solution is not updated and As is reduced by a factor of 2 and the algorithm
continues at Step 3. Note that the term (1+¢€.1) in Eq. (5.53) prevents the step-size As from
decreasing to zero, allowing the solution to progress with a small increase in the residual.

6. If s = 1 after the above step, then the solution vector corresponds to the equilibrium solution
for the included phases. If not, the solution procedure is continued starting from Step 2.

7. The phase inclusion test is checked to see if any additional phases should be included in the
equilibrium mixture, according to Eq. (5.47). If it is determined that a previously excluded
phase can reduce the Gibbs energy of the equilibrium solution, then Eqs. (5.48 - 5.50) are
used to compute a new initial species moles vector IN(0) with the addition of the new phase,
and Eq. (5.24) must be reintegrated starting from Step 1.

Figure (5.1) provides a graphical overview of the MPGFC method to help clarify the algorithm,
of which several aspects are worth elaborating on. To start with, while the Newton iteration
procedure attempts to bring the residual below an absolute tolerance, €, it is indicated in Step
5 that the solution is accepted as long as Eq. (5.53) is valid for some small €,. This is done to
allow the integration to proceed for a small enough As even when the Newton procedure cannot
converge. Typically, if such a situation is encountered, allowing the solution to proceed forward
will eventually allow the Newton iterations to converge and maintain an acceptable error tolerance
on the solution. In the worst case scenario, the MPGFC method breaks down to a simple Euler
integration with small step sizes.

In some cases, a particular phase tends towards zero as the integration in s is computed. Since
the robustness of the MPGFC method relies on including only nonempty phases, these phases
must be removed when the number of moles fall below some tolerance. Because of this, a small
adaptation is included in the Newton procedure which first removes any phases meeting this criteria,
before computing the system Jacobian. If the Newton iteration is rejected in Step 5, then the
original phase ordering must be remembered. This introduces some extra book keeping in the
algorithm, though it does not greatly affect the overall complexity or the necessary coding required
to implement it.

Finally, the choice of solution variable In N as opposed to IN for the phase moles is an important
one for two reasons. First, the algebra necessary to develop the method is made more simple.
Second, and more importantly, is that this choice automatically guaranties that the phase moles
are strictly positive, further guarantying the species moles are strictly positive as well. This makes
the necessary coding far easier because negative moles and mole fractions do not have to be dealt
with as in other equilibrium solution methods (see for example, CEA [166]).
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Figure 5.1.: Flow diagram of the solution procedure for the MPGFC method at a given fized
temperature and pressure.

5.4.2. Some Examples

The MPGFC method has been implemented in the Multicomponent Thermodynamic and Trans-
port Properties for Ionized Gases in C++ (MUTATIONT) library![274]. Among other things,
MuTaTION T tprovides thermodynamic properties of individual species and has an option of in-
cluding the thermodynamic database [181] used in the NASA CEA [166, 182] code which will be
used for all of the results presented here.

Constrained Single Phase Mixture

As previously mentioned in the introduction, Bishnu et al. [262] developed a linearly constrained
version of the CEA and STANJAN codes and performed several numerical experiments to judge the
overall robustness of the two methods with constraints in addition to the mass balance constraints.
One such set of calculations used a simple 8-species HoO mixture comprised of H, O, OH, Hs, O,
H>0, HO,, and H20O5 in which the total moles of the mixture were constrained. This constraint
may be written as

> Nj = Nuix (5.55)

JES

! Available for download at https://www.mutationpp.org


https://www.mutationpp.org
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Figure 5.2.: Water mizture composed of 4 moles of H and 2 moles of O at 1500K and 1 atm with
total number of moles constrained between the limits of 2 and 6 moles.

Note that this is the same constraint as was used for the example in Table 5.1.

If the elemental moles of H and O are 4 mol and 2 mol respectively, then the above constraint on
the total moles of the mixture limits the feasible region of equilibrium solutions to 2 < N p,ix < 6.
On the boundaries of this feasible region, the species moles are determined completely by the
constraints themselves: at Nyx = 2, Ny,0 = 2 while all other species are zero, and at Ny,ijx = 6,
Ny = 4 and No = 2 with the other species zero. Bishnu found that at these boundaries, CEA failed
to converge to a solution at 1500 K and 1 atm.

Figure (5.2) shows the equilibrium mole fractions obtained using the MPGFC method for this
H50O mixture at 1500 K and 1 atm with the mixture moles constrained over the span of the feasible
region. It is clear from the figure that the MPGFC method can successfully solve the equilibrium
solution even at the boundaries of the feasible region. Perhaps more importantly, the use of the
Simplex algorithm when determining the initial conditions (Egs. (5.26) and (5.27)) allows the
method to detect when a set of input constraints have no feasible region, and an appropriate error
message may be presented to the user.

A Multiphase Example

In many fields, multiphase equilibrium solutions are used to make engineering calculations or to
understand complex chemical processes. As an example of a multiphase problem, a calculation has
been performed with a Silicon-Phenolic mixture which has been used to study complex ablation
phenomena occurring at the surface of some ablator materials during atmospheric entry [275].
Figure (5.3) shows the results of a calculation with the complex Si—CgHsOH mixture. Because
CEA treats all condensed phases as pure phases, each condensed phase was treated separately in
the MPGFC calculation (though the algorithm described here can be used on any general set of
ideal phases).

It is clear from Fig. (5.3) that the results obtained with the MPGFC method compare exactly
with those obtained using CEA. It should also be noted that CEA was not able to converge
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Figure 5.3.: Global mole fractions of the major equilibrium species for a mixture consisting of 90% Phenol (Cs¢H50H) and 10% Si by moles.

Comparison between results obtained with CEA and the MPGFC method. All condensed species are considered as separate, pure phases.
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Figure 5.4.: Figenvalues of the matrix PTBAY ats =1 for the equilibrium solution in Fig. (5.3)
with the associated upper and lower bounds from Eq. (5.44).

for temperatures below 400K due to its poor initial estimate of the solution. Therefore, the
CEA solution begins at 400K in Fig. (5.3).

One interesting feature of the solution is how the solid silicon-oxide transforms between each of
its 3 stable forms. Due to the pure condensed phase assumption, there is a discontinuity in the
mole fractions around 1700 K when it becomes more preferential for the Si to combine with C to
form solid SiC(f) rather than combining with O to form solid SiOg in its S-crystalline state. The
carbon needed to form SiC is taken from the graphite when this change occurs, causing a steep
drop in the C(gr) mole fraction at 1700 K.

Figure (5.4) shows the computed eigenvalues of the linear system matrix, M = f’Tf’)Ay, from
Eq. (5.43), along with the corresponding eigenvalue bounds given in Eq. (5.44). Tt is interesting to
note that the eigenvalues tend to stay close to their upper limit, which is equal to the phase moles
of the phase corresponding to each eigenvalue. This may be explained by decomposing M as,

M =PTP + PTrv. (5.56)

where 7¥ = BAY — P is the residual of the least squares solution for A¥ in Eq. (5.37). From this,
it is easy to see that the mt" eigenvalue of M is exactly

B (M) = Ny + B (PT"'y) ) (5.57)

because PTP is diagonal with diagonal entries equal to the phase moles of each phase. From
Eq. (5.57), it is clear that the eigenvalues of M tend towards the phase moles as the residual in
Eq. (5.37) decreases. Note also that the m'" column of r¥ is essentially the residual of Eq. (5.37)
corresponding to the phase m. Therefore, when the least squares system can be exactly satisfied
for a given phase, the eigenvalue of M corresponding to that phase is exactly the number of phase
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moles. In Fig. (5.4), this is clearly evident for the eigenvalues of the solid phases of SiO2. Since
all of the Si in the equilibrium solution is contained in solid SiOz (see Fig. (5.3)), the least squares
problem in Eq. (5.37) corresponding to SiO2 can be exactly satisfied.

5.5. Mole Fraction Derivatives

It is often necessary to know the derivative of the equilibrium species mole fractions with respect
to temperature, pressure, or elemental mole fractions. Indeed, all of these are required in the
full computation of diffusion driving forces for mixtures in LTE, as shown in Section 2.5. From
Eq. (5.15), it is easy show that the derivative of equilibrium mole fractions with respect to any
variable o must satisfy

oz 9g; oA :
L= -2 Bji—— : :
Jor %( Dol +§ ﬂaa), jes (5.58)

Gibbs free energy derivatives are easily derived for temperature and pressure as

99; _ _H(@® 4 99 {%v J € gas phase. (5.59)

= — , a
oT R, T2 Op 0, otherwise

The element potential derivatives can be stably computed using the same procedure as in Sec-
tion 5.3.2. In particular, the derivatives are split such that

o) PO R
5o = A Ao (), (5.60)

where A% € R™" and A® € R™ *"” are obtained via the minimum-norm solutions to the following
least-squares problems

99

AY = arg;nin BA — Ya—a .’ (5.61)
A® = argmin HBA — f’H , (5.62)
A 2
and the phase mole derivatives are computed via the solution of the linear system
e D A, 9§
P'BA® —(InN)=PT (BA*-Y_ = ). :
804( nNN) ( 8a> (5.63)

The solution of the above linear system is well posed based on the arguments made in Section 5.3.2
and Appendix B.

Figure (5.5) compares the mole fraction derivatives for the water mixture in Fig. (5.2) obtained
with Egs. (5.58 - 5.63) and a finite-difference approximation. While the results are in perfect
agreement as expected, the analytical solution offers a significant savings in computation effort
compared to the finite-difference approximation.

5.6. Concluding Remarks

In this chapter, the single phase Gibbs function continuation method has been extended to a
general multiphase algorithm. To the author’s best knowledge, this represents the first time the
Gibbs function continuation method has been extended to a general multiphase system and that
the MPGFC method is the first multiphase, constrained equilibrium solution algorithm which is
guaranteed to converge for all well posed constraints. The major contributions are listed as follows:
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Figure 5.5.: Mole fraction derivatives with respect to temperature and pressure for the water
mixture from Fig. (5.2). The expressions in Eqs. (5.58 - 5.63) were used to compute the analytical
results and are compared against results obtained using a finite-difference approximation.

e The phase moles have been added to the solution vector with the necessary mathematical
adjustments developed for the GFC methodology.

e A procedure to ensure that the Gibbs phase rule is satisfied has been included in the ini-
tialization procedure along with a phase redistribution technique to ensure all phases are
correctly included.

e Strictly positive (upper and lower) bounds have been placed on the eigenvalues of the linear
system matrix necessary for computing the tangent vector of the pseudo-equilibrium path in
a robust manner.

e Furthermore, it was shown that the eigenvalues tend toward the moles of each included phase
as the residual of the least squares solution for AY decreases.

e The eigenvalue analysis has been used to develop a sensible procedure for removing phases
from the equilibrium solution, namely when the moles in a phase drop below a specified
tolerance.

The above points were demonstrated on two numerical test cases which serve to highlight some
of the features of the method. A single phase case demonstrated the use of constraints on the
equilibrium mixture and the robustness of the method when the solution lies on the edge of the
feasible region. A multiphase example was used to show, first and foremost, that the method
provides the correct solution when compared to the well established CEA code, and secondly that
the underlying eigenvalue analysis is correct.

Finally, the MPGFC method is shown to be a reliable and robust algorithm for computing
linearly constrained, multiphase, chemical equilibrium solutions. The method has been included
in the MUTATIONTT library, presented in Chapter 4, which is available as a free, open source,
software package.






CHAPTER O

Numerical Methods and Codes

6.1. Introduction

The purpose of this chapter is to present the numerical tools developed in this thesis which are used
in the following chapter to study coupled flow, radiation, and ablation phenomena for atmospheric
entry vehicles. Unsteady, three-dimensional, coupled simulations of atmospheric entry vehicles with
ablative heat shields remain extremely costly undertakings due to the large number of species,
chemical reactions, and physical phenomena involved. As a result, these types of simulations
are often performed with lower fidelity modeling and approximate coupling strategies between
radiation, ablation, and flow solutions.

Since the primary focus of this work is to study these complex interactions, only the steady-state
stagnation stream line is considered. As will be shown, considering only the stagnation line of an
atmospheric entry vehicle substantially reduces the cost in terms of CPU time required to obtain
meaningful solutions. These savings can then be reinvested by using higher fidelity physicochemical
models and coupling strategies. In addition, this approach provides the ability to make accurate
engineering predictions of stagnation point heating in a relatively short time. A few drawbacks of
this approach is that 3D and unsteady effects are not considered. However, such effects are out of
the scope of this thesis.

The chapter is organized as follows. Section 6.2 details the derivation and discretization of the
governing equations for the flow field along the stagnation line of an atmospheric entry vehicle.
Coupling with the material response is approximately modeled through a steady-state ablative
boundary condition. Section 6.3 presents the development of two numerical tools which are used
in this work for the solution of radiative transport along the stagnation line using the LBL and
HSNB methodologies. Finally, Section 6.4 discusses the strategies used to compute coupled simu-
lations.

6.2. Stagnation Line Flow

This section details the code developed for modeling the stagnation line flow field. The governing
equations, numerical methods, and boundary conditions used in this work are summarized in
the following sections. The two-temperature thermochemical nonequilibrium model presented in
Chapter 2 is used to illustrate the governing equations derived for the stagnation line. In principle,
however, any thermochemical nonequilibrium model could be used with this approach.

6.2.1. Dimensionally Reduced Navier-Stokes Equations

We follow the methodology of Klomfass and Miiller [276] for deriving a 1D plasma flow model along
the stagnation-line of a spherical body with radius Ry as shown in Fig. (6.1). Non-spherical bodies
are modeled using an equivalent sphere radius Ry which correctly reproduces certain desired flow
features. For example, Turchi et al. [277] have shown that the Local Heat Transfer Simulation
(LHTS) methodology can be used to define an equilivalent sphere radius to match subsonic plasma
wind tunnel conditions with actual flight conditions, through appropriate similarity conditions. In
this work, equivalent sphere radii have been determined in order to match expected shock standoff
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Figure 6.1.: Spherical body of radius Ry subjected to a hypersonic flow with uniform velocity e .
Azimuth and zenith angles are ¢ and 0, respectively.

distances, based on the work of Park [278] for the Apollo 4 vehicle. More details, specific to each
case considered, are given in Chapter 7.

Using physical considerations and the assumption of axi-symmetric flow (9/9¢ = 0), Klomfass
and Miiller assume the following radial dependence for mass fractions and temperatures,

Ys = gs(r)a (61)
T =T(r), .
T — To(r), (6.3)

while velocities and pressures are split into radial and tangential components following

Uy = Ur(r) cos b, (6.4)

ug = up(r) sin 6, (6.5)

P — Poo = p(r) cos? 0, (6.6)
Pe — Peoo = Pe(r) cos® 6, (6.7)

where the pressure is assumed to follow a Newtonian approximation [104] and the overline symbol
indicates stagnation line quantities. Introducing this decomposition into the 3D Navier-Stokes
equations in spherical coordinates and then taking the limit when 6 tends to zero leads to the
Dimensionally Reduced Navier Stokes (DNRS) equations for the stagnation-streamline quantities

of the form .,
— — =8°+S S S .
o T T 5 +8% sk ys, (6.8)

. . . d . . .
where U is the conservative variable vector and F¢ and F® are the convective and diffusive fluxes,

Ps Psty JIrs
Pl pu? +p —Trr
U= |pug|, F°=| pusug |, and Fé = —Trg . (6.9)
pE PUTH qr — TreUr
peve pur e'ue q”’Lfe

S¢ and S? are convective and diffusive source terms resulting from the expansion along the
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stagnation-line and are written as

2ps
2pu,
3pug — 2L=Lee and (6.10)

Urtug |7
2pH
2peve
2Js
1 2(7—99 — Tprr + TTG)
2((17" — TrrUy — TroUy — TGGUO)
2q;°

SC — 7('&7« +u0)

Finally S* and S” are the internal kinetic and energy transfer and radiative source term vectors,
respectively, where

Wy s
0 0
Sk=10 |, and S"=|0 |. (6.12)
0 P
Q’Ue P’UG

The overline symbol introduced in Egs. (6.1 - 6.7) to designate stagnation-line quantities has been
omitted for the sake of clarity. The DNRS equations are supplied with appropriate boundary
conditions at the free-stream radius » = R, and the vehicle surface » = Ry. The boundary
conditions used in this work are discussed in Section 6.2.3.

The total energy and the vibrational-electronic-electron energy per unit volume are defined as
pE =%, pses+pu?/2 and pe’® = pset®. Only the radial velocity component contributes to the
kinetic energy due to the ansatz Egs. (6.4 - 6.7). Note that the formation energy is not included
in e¥¢. This point is important for the source terms described below. The total enthalpy is defined
asusual by H = E+ p/p.

The radial species diffusion fluxes J,s; are obtained by solving the approximate Stefan-Maxwell
equations for heavy species with an ambipolar electric field as discussed in Section 4.5.2. The
radial heat fluxes are defined by

oT orve
— - trZ— _ yveZ— 1
qr ES Jrshs — A o A o (6.13)
o (6.14)

q;’e _ ershge _\ve o
S

where A" and AY¢ are the thermal conductivities of the energy modes in equilibrium with the

temperatures T and TV¢ respectively, hs = es + ps/ps, h2¢ = el¢ for s # e and h2® = el® + pe/pe.

The components of the viscous stress tensor 7., 7.9 and Tgy are given by

4 ou, U, +ug
= — -7, 6.15
T 377 < or r ) ( )
Oug Uy + ug
0 = - _ , 6.16
Trg "<ar " ) (6.16)
1
Too — *57—7"7“7 (617)

where 7 is the shear viscosity.

In Eq. (6.12) wy are the collisional species mass production rates. Reaction rate constants are
assumed to follow an Arrhenius law (see Section 2.6.1). Forward reaction constants are taken from
the literature depending on the mixture considered. Backward reaction constants are computed
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such that equilibrium relations are satisfied [7]. The nonequilibrium temperatures used for the for-
ward and backward rates in this work have already been presented in Table 2.1. Q"¢ represents the
rate of translational energy being converted to vibration-electronic-electron energy and is written
as

ou, U + Ug
Qe — — . g T T 70
P ( or + or )

s s 620 — 62 ve
+ > ps T e 3w, — S AH,R,. (6.18)
seM s PER

The first term on the right-hand-side of Eq. (6.18) represents the internal work done by the electron
pressure. The second term represents vibration-translation energy exchange where ¢ and e? are
vibrational energies of species s at the temperature T" and T¢, respectively The third term corre-
sponds to electron-heavy translation energy exchange where e’ and el are translational energies
of electrons at the temperature T' and T"¢, respectively. The expressions shown in Eq. (2.129) and
Eq. (2.135) are used in this work for the assomated relaxation times 7V'7 and 7E7T, respectively.
The fourth term represents the coupling between chemistry and vibrational-electronic energy. Fi-
nally, the fifth term accounts for the energy removed from the electron bath due to the set R
of electron impact ionization and dissociation reactions, where R, is the molar rate of progress
and AH, = Y vsel /M is the chemical heat released per unit mole (v, is the stoichiometric
coefficient for reaction p and M is the molar mass of species s) of reaction p.

Lastly, q'bs represents the mass production rate of species s due to photochemical reactions, P is
the total radiative energy source term and P,. is the radiative energy source term for the energy
modes in equilibrium with 7V¢. The numerical solution of the radiative source terms is presented
in Section 6.3.

6.2.2. Discretization

The numerical solution of the DNRS stagnation-line equations derived in the previous section has
been developed by Munafo [97] for nitrogen STS flows. This implementation has been extended
in this work to general thermochemical non-equilibrium models, however the numerical methods
remain unchanged from the original work of Munafo. The stagnation-line equations of Eq. (6.8) are
solved via the method-of-lines. The spatial and temporal discretizations are summarized below.

Spatial Discretization

The stagnation-line equations are discretized in space between the surface radius Ry and free-
stream radius Reo using the Finite Volume (FV) method. The resulting discretization yields the
following Ordinary Differential Equation (ODE) for the temporal variation of the cell-averaged
conservative variables in cell 7,

ou;
ot

+Fo 1 —F_ +FL, —F) = (S¢+ 8¢+ SF+ S Ary, (6.19)
2 2 2

where Ar; =r; +1 — 71 is length of cell i. The numerical inviscid flux Fl +1 Is computed using

Roe’s approx1mate Riemann solver [279], such that

B = %[FC(UM) + FC(Ui)] - %\A(U)\ [Ui+1 - U] (6.20)
‘A(Ij)| is the dissipation matrix, defined as |A(Ij)‘ = R(ﬂ)‘A(fJ)|L(ﬂ), where R, L, and A are
the right eigenvector, left eigenvector, and diagonal eigenvalue matrices associated with the inviscid
flux Jacobian A = JF°/0U = RAL. The exact expressions used for the eigensystem matrices are
provided in Appendix C. The hat symbol on the conservative variable vector in Eq. (6.20) denotes
the Roe averaged state, evaluated using the linearization of Prabhu [280] with the entropy fix of
Harten and Hyman [281] in order to prevent the occurrence of expansion shocks.

N[
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Second-order accuracy in space is achieved by reconstructing upwind variables at the cell inter-
face. For robustness, the reconstruction is performed on primitive variables, P = [ps, uy, ug, T, T"
[27]. For a generic primitive variable p, the reconstructed “left” (L) and “right” (R) values at an
interface ¢ + 1/2 are computed using the Monotone Upstream Centered Schemes for Conservation
Laws (MUSCL) scheme [282],

1
piL+1/2 =pi+t §¢(TiL)(pi —Ppi-1), (6.21)

1
Pryje = Piv1 — §¢(1/Tﬁ1)(m+2 — Pit1), (6.22)

where ¢(r) is a slope limiter function. Here, r represents the ratios of consecutive differences, such
that

rb = Dt — P (6.23)
DPi — Pi—1
R Dit+2 — Di+1
T, = —. 6.24
i+1 pi—i—l — i ( )

The van Albada limiter [283] has been used in this work, following the implementation of Munafo
[97]. Conservative variables are then built from reconstructed prlmltlve variables and the second-
order numerical flux is computed according to FZ+1/2 = Fl+1/2 (UZ+1/2, Ufil/Q)

The diffusive fluxes and source terms are computed using primitive variables. Primitive variables
are computed at the face i + % for the diffusive fluxes using a simple weighted average, such that
for a generic primitive variable p

P szrl ATerl + pzATz
l+ 2 ATl_;,_l + A?‘l

(6.25)

Likewise, primitive variable gradients are computed using a central difference scheme at the face,
Op Di+1 — Di

— =2 ——MM ). 6.26

(ar)zur% (AWH + Ar; ( )

Cell-centered gradients are computed using a two point central finite difference for the diffusive
flux source term, such that

op Pi+1 — Pi—1
— | =2 . 6.27
<8r)i (ATH_l—i—QATi—f—ATZ'_l ( )

Temporal Discretization

Eq. (6.19) is integrated in time from an initial time level of n = 0 using the implicit Backward-Euler
method,

5Un cn+1l ~cn+1l
7 dn+1 dn+1
PECE ST SIS (A S

7 2

= (¢ 8¢t L gE L ST ARy, (6.28)

where dU} = U — U? and At; is the local time-step based on the Courant-Friedrichs-Lewy
(CFL) number according to Blazek [284],

lur| + a+ Airmax (%%,%)]

where a is the numerical speed of sound presented in Appendix C. In practice, the CFL number

At; = , (6.29)

%

T secS*
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is typically ramped up from about 0.01 to 100 by multiplying by 10 every 1000 iterations or so.
For simplicity, the initial solution for uncoupled simulations is taken as the free-stream conditions.
Coupled simulations are discussed in Section 6.4. The radiative source term in Eq. (6.28) is treated
explicitly at a lagged time level K = n — (n mod n") where n” is the number of flow time-steps
computed between updates to the radiative source term and (n mod n") represents the modulus
of the integer division of n by n”.
The numerical inviscid flux is linearized using the method of Liou and van Leer [285],
~cn+l

Fily ~F 0+ Af6UT + A7, 007, (6.30)

where the positive-negative split Jacobians are A* = RA*L. Their expressions are provided in
Appendix C. The diffusive fluxes and source term are linearized in two steps. In the first step, the
fluxes and source terms are rewritten as a sum of the terms which are linearly dependent on the
gradient of conservative variables plus those which are not, such that

ou\"
Fin = Al [ == BIM 6.31
it 1+5(3T)Z.+;+ ity (6.31)
U n
$"A3<%ﬁ +BIr. (6.32)

To simplify the linearization procedure, the matrices A? and A? are computed assuming a Fickian
diffusion model using the self-consistent effective diffusion coeflicients of Ramshaw and Chang [286].
Expressions for the matrices A?, Ag, B¢, and Bg are provided in Appendix C. In the second step,
the gradients in Eqgs. (6.31) and (6.32) are computed according to Egs. (6.26) and (6.27) and the
resulting expressions are linearized around time-level n, such that

dU,;41 — 90U, oBd" . oBd"
Fintl x pdn 4 opdn (221 i ARLP) §5d 2 sy 6.33
i+3 i+g TRy Aripr + Ar; our it our, v (6:33)
0U,;1q1 — 0U; OB
gdnt+l ,gdn L 9gpdn i+l ° St Ut 6.34
¢ ¢ + st Ari+1 + QATZ + ATZ',1 + 8U;ﬂ kN ( )

where the matrices A% and A? have been assumed constant during the linearization. For simplicity,
the last two Jacobians in Eq. (6.33) are approximated as
d
OB 5 0B
our our’
d
aBz‘Jrnl/z - 3B§i+"1
our, |’

n
an-‘rl i+1

where the expressions for 9B?/0U and 0B%/9U are given in Appendix C.
Finally, the convective and kinetic source terms are linearized through a simple Taylor series
expansion, such that

(6.35)

(6.36)

85"
Sentl 8™ + aénéUT, (6.37)
Sk n
s§”+1zsf”+f%6mauy. (6.38)

The source term Jacobians are computed analytically to increase stability and the resulting ex-
pressions are presented in Appendix C.

The substitution of Egs. (6.30 - 6.38) into Eq. (6.28) leads to a block-tridiagonal linear system
of equations which is solved at each time-step using the Thomas algorithm [281] for the update in
the conservative variables. This procedure is repeated until a steady-state solution is reached.
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6.2.3. Boundary Conditions

Boundary conditions are imposed using primitive variables at ghost-cells [281]. The different
boundary conditions used in this work are described below. The wall boundary conditions are
imposed at a radius r = Ry, while free-stream conditions are imposed at 1 = Ro.

Isothermal, non-catalytic, no-slip wall

When ablation coupling is neglected, the wall of the vehicle is assumed to be non-ablative, non-
catalytic, and isothermal at T" = T = T, for a prescribed wall temperature 7,,. A no-slip
condition for the velocity is prescribed, where (pu,),, = (pug)w = 0. Finally, species partial
pressures are assumed constant across the wall.

Isothermal, steady-state ablation

Coupling with ablation and pyrolysis phenomena is obtained by way of a steady-state ablation
boundary condition using the procedure detailed by Turchi et al. [287]. A detailed species mass
balance at the surface yields the following relationship,

(piuT)w + (JTi)w = mc,i + mw-, Vies, (639)

in which the first two terms are the convective and diffusive mass fluxes of species i at the surface
and rh.,; and 1y ; represent the char and pyrolysis gas blowing rates respectively at the surface
for species i. Summing the species mass balance over all species, we have

(pur),, = 1he + 1ig, (6.40)

where 1. = >, g eq and 1ty = Y .51y ;. The recession rate of the surface, 5., and the virgin
layer, §,, are given as . .
o= g, =10 (6.41)
Pe Pv — Pe
where p. and p, are the densities of the char and virgin materials respectively. Under the steady-
state ablation assumption, the surface and virgin layer recess at the same rate, leading to the
following expression for the pyrolysis blowing rate:

Ty = (p—” - 1) e (6.42)

Pe

The ratio p,/p. is by definition greater than one and may be determined experimentally for a given
TPS material. Substituting Egs. (6.40) and (6.42) into Eq. (6.39), we have

p_'umc (ﬁ) + (Jri)y = Mci + (P_v — 1) Yg,iMe, VieES, (6.43)
Pe P/ w Pc

where y,; is the mass fraction of species i in the pure pyrolysis gas. When equilibrium is assumed
for the pyrolysis gas composition, y, ; is fixed based on the surface temperature, pressure, and the
given elemental composition of the pyrolysis gas. The char mass blowing rate is determined from
the following four elementary reactions considered at a pure carbon surface.

C(s) + O —> CO (6.44)
2C(s) + 0y — 2CO (6.45)
C(s) + N —» CN (6.46)
3C(s) = C3 (6.47)

The reaction probabilities for the two oxidation reactions and the sublimation reaction have been
taken from Park [69], while the nitridation reaction probability is taken from Suzuki [288] based
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Figure 6.2.: Diagram of the tangent slab approximation.

on a recent experimental investigation by Helber et al. [8] on the nitridation of Graphite in a pure
Nitrogen plasma. Note that the sublimation reaction is considered reversible such that carbon
may condense on the surface. In addition to the heterogeneous reactions listed above, all ions
are recombined at the wall in order to ensure that there is no electrical charge across the surface.
Catalytic recombination of neutral species is neglected. For a fixed wall temperature and pressure,
Eq. (6.43) represents a nonlinear system of n® equations for the n unknown species densities
at the wall which can be solved using a simple Newton iterative procedure. An energy balance
could also be coupled to this system to solve for the temperature at the wall, however we will
only consider a fixed wall temperature in this work in order to simplify the analysis. Finally, the
ablative boundary condition is closed with the addition of the following constraints at the wall:

(1), = (1), =T, (6.48)
(%)w =0, (6.49)
(ug),, = 0. (6.50)

Free-stream

Free-stream boundary conditions are implemented as a supersonic inlet [281] in which temperature,
velocity and species mass densities are imposed.

6.3. 1D Radiative Transfer

This section describes the tools developed for the solution of the radiative source terms along the
stagnation line. The tangent slab approximation has been used to model the radiative properties
in the flow field. The tangent slab approximation assumes that the flow field can be divided into
constant property slabs which extend to infinity in all directions tangent to the stagnation line
as shown in Fig. (6.2). In the figure, the stagnation line is divided into n discrete points s; with
1 < 57 < n which separate n—1 constant property slabs. Under this assumption, a radiative property
¢, can then be expressed as only a function of the tangential distance from the stagnation point
$o(8) = ¢o(s;) for s; < s < s;41. This simplification greatly reduces the numerical complexity of
computing radiative source terms.

Two separate codes have been developed in this work for computing the radiative source terms
along the stagnation line, under the tangent slab approximation. The first is specialized for full
LBL calculations, while the second is used with the HSNB model. Each code is summarized below.
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6.3.1. LBL Tangent Slab

The tangent slab geometry depicted in Fig. (6.2) allows the RTE given in Eq. (3.1) to be greatly
simplified to,

cos 9%]6(5, 0) =no(s) — ke (s)I5(s,0), (6.51)

where 6 is the angle between the ray direction and the stagnation line and s is the normal coordinate
between the two walls in Fig. (6.2) or along the stagnation line in this work. Note that this s is
distinctly different than the s used in Eq. (3.1) which is the coordinate along the ray. Writing
u = cos b, the formal solution to Eq. (6.51) is given by

1 S
Tos.1) = I b, 7o b5 ) + / o () 7o (5 1) s (6.52)
b

where b represents the tangential coordinate of the boundary from which a ray with angle cosine
w starts from. The spectral transmissivity is given as

S "

T,(8', 8, 11) = exp ( — / Mds"). (6.53)
s’ 2

Using the formalism of Section 3.4.1, the intensity at a point s; in the direction x for the constant

property slab geometry in Fig. (6.2) is found to be

Io(sj, ) = Io(s1, p) T(s1, 85, 1) +

j—1
n
E(SZ) [T(SiJrla Sjs M) - T(Sia S M)]v 0< < 15 (654)
=1
and
IO'(Sj7 /’L) = IG'(STH /’L) T(Sna S5, /’L) +
n—1
n
Z E(Sz) [T(Sia Sjaﬂ) - T(Si-l-la Sjau)]a -1< B < 0. (655)
=]

The radiative heat flux can then be computed as

dr(55) =2 [ Loy i (6.56)

—1

Assuming black walls, the integrals over the angle cosine may be computed analytically, resulting
in the final expression for the tangent slab heat flux,

a5 (s;) = 27T{I§_(T1) Ej (Ji HiAsi) — I)(T») Eg(nz_:1 miAsi)

i=1 i=j
j—1 j—1 j—1
+Z77_6 |:E3< Z IikASk> E3<ZHkA5k>:| (657)
im1 o li k=i+1 k=i
n—1 n i—1 A
_Z[{_a. -|:E3(ZHkASk) _E3(ZHkASk):|}a
i=j g k=j k=j

where k; and 7; are respectively the spectral absorption and emission coefficients for slab 4, T} and
T, are the temperatures of the boundaries at s; and s,, and As; = s;41 — s; is the thickness of
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Figure 6.3.: Selected exponential integrals E, (x).

the i*? slab. E3 is the exponential integral function, where

1
E.(z) = / w2 exp ( - %) dp, n>0. (6.58)
0

The exponential integral functions satisfy the recurrence relation nE,1(z) = exp(—z) — 2 E,(z),
leading to the expression

1

E,(z) = o1 {(x)"_lEl (z) + exp(—x) i(n —i—2)(—x)"], (6.59)
i=0

which relates all the exponential integral functions with n > 1 to E;. The case of n =1 is usually
approximated using curve-fits based on accurate numerical integration or series expansions. For
n = 0, the simple analytical expression, Ey(z) = 2! exp(—x), can be used. The general behavior
of the exponential integrals is shown in Fig. (6.3).

The tangent slab approximation allows for a significant reduction in computational effort neces-
sary to evaluate the radiative heat flux and source term along the stagnation line when LBL calcu-
lations are performed. All LBL calculations performed in this work are computed using Eq. (6.57).
The spectral coefficients are provided by the HTGR library discussed in Chapter 3. The average
radiative source term in the slab bounded by s; and s;; is readily obtained from,

=V q"(s;,1)As5 =q"(s5) — ¢"(sj+1), (6.60)

where 5;, 1 = (sj + sj+1)/2 denotes the location of the center of the slab.

6.3.2. HSNB Tangent Slab

Unfortunately, the HSNB methodology does not allow for the analytical treatment of the angular
integration using exponential integrals as was shown for the LBL case in the previous section. This
is most easily seen by considering the expression for the mean transmissivity in Eq. (6.53) applied
to a homogeneous path between points s; and ss. From Eq. (6.53), the average transmissivity over
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a narrow spectral band, integrated over the direction cosine p may be written as

1
1
/0 TR dp = 2o o Es (ko (s2 — s1)) do. (6.61)

If instead, we compute the band-average assuming a tailed-inverse exponential distribution for
Lorentz broadening (see Table 3.2), then we have

1_ ! k(SQ — 81)
Ao 7
/0 o2 du = /0 exp ( 23 < 1+ B 1)) du, (6.62)

where k and S are the SNB model parameters. These two equations show that transmissivity
integrated over the direction cosine can be calculated using the E5 exponential integral in the
monochromatic case, but when averaged over a narrow band, an angular discretization must be used
to perform the integration due to the non-Beerian expression of the narrow band transmissivity.

Discretizing the direction cosine space into discrete intervals Apu; with center p;, the heat flux
is numerically integrated at each point s; according to

"(s4) —277/ / o (85, 1) pdudo

NQWZZI S]a,uz ) i Api Ao,
Ao i=1

(6.63)

where TgAa(sj, w;) is the band-averaged intensity at the point s; in the direction corresponding
to p; for band Ao, and the sum over Ao corresponds to the sum over all narrow bands. The
band-averaged intensity is computed using the HSNB method detailed in Section 3.4 for a path
constructed from the tangent slab geometry ending at point s; and beginning at the appropriate
boundary corresponding to the direction cosine ;.

Eq. (6.63) represents four nested loops. The inner-most loop is performed over the line-of-sight
necessary to compute the band-averaged intensity at a given spatial point and direction, I, G(s o i)
The angular integration is then performed by looping over each point in the angular discretization.
Next the spectral integration is performed by looping over each narrow band of the HSNB model.
Finally, this procedure must be performed at all spatial locations along the stagnation line. Thus
the numerical complexity for the integration of the radiative flux using Eq. (6.63) is proportional
to n(n — 1)n,np/2. Once the flux has been calculated, its divergence is calculated according to
Eq. (6.60).

The band-averaged spectral incident radiation at a point s; may be computed using the same
angular integration strategy used for the flux, namely

1
CAU(SJ») = 27T/ - (sj, ) du =~ 2772[ (s, i) A (6.64)

Finally, the species photochemical production rate for species s may be computed at the center of
each slab through the discretization of Eq. (3.14),

] ms o do
$s(sj41) = EZVPS/O [Hg(sj)GU(sj-i-%)_47T77§(5j)}7a
p

. ~ . (6.65)
h—cszypsz [EIAU(Sj)C,AG(Sj+%) 47T771A (S]):| Ao-b7
p Ao

Q

where the sums over p and Ao represent the sums over all bound-free processes and spectral narrow
bands, respectively, and o = (01 + 02)/2 is the center of each narrow band. 7 and 7777 are
the narrow band absorption and emission coefficients, respectively, for the photochemical process



138 Chapter 6. Numerical Methods and Codes

5 T T
41— _
X | i
<
g
20T ’
g | ,
ae]
[
Zo2r |
+~
s}
3 L |
o
17 —
0 | - Ll oe i
1 10 100 1000

Size of angular discretization

Figure 6.4.: Difference in computed wall radiative flux versus different sizes of the angular dis-
cretization with 1000 angular points taken as reference. Flow field taken from the Fire II 1634s
case presented in Section 7.3.1.

p as provided EX the HSNB database. The incident radiation is approximated at the slab center
. —Ao, —Ao, —Ao,
by averaging, G~ (s;,1) = (GA (sj) + c (sj+1))/2.
The treatment of the angular discretization and boundary conditions are discussed in the fol-
lowing subsections.

Angular discretization

A uniform angular discretization is constructed via
Ap; = —, (6.67)

Ny

where 1 < ¢ < n, and n, is number of angular points. A total of 20 points over the range
—1 < p <1 has been used for all calculations presented in this work. This choice is based on an
angular grid convergence study for typical flow fields. An example convergence result is shown in
Fig. (6.4) for the Fire IT 1634s case presented in Section 7.3.1. The relative precision loss on the
wall radiative flux with 20 angular points is about 0.3% when compared to a reference solution
with 1000 points. This is about one order of magnitude smaller than the accuracy that can be
expected with the HSNB method compared to full LBL results. Thus, 20 points is a reasonable
choice for the angular discretization.

Reflecting boundaries

The boundary condition in Eq. (3.5) is discretized as

—Ao, —Ao — €

Iy (s1,p5) = er 18 (Th) LN T s ) il A, 15 > 0, (6.68)
pi<O0

—Ao, _b — €2

To (sny 1) = €218 (T ZI (Sns i) |pi| Api, i <0, (6.69)
pi>0

where €1 and ey are the emissivities of the first and second wall respectively. These equations
represent a coupling between the outgoing intensity of each wall through reflection of the incoming
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Figure 6.5.: Flowchart representing the strategy used for each type of coupling considered in this
work.

intensity. When one or both walls in Fig. (6.2) are treated as reflecting boundaries, the outgoing
average intensity at the walls is solved iteratively. The process begins by initializing the outgoing
intensities using black walls at the wall temperatures. Egs. (6.68) and (6.69) are then evaluated to
update the outgoing intensities at each wall. This process is repeated until the outgoing intensities
differ between successive iterations by less than 107 W /cm — sr in each narrow band. Typically,
this condition was met after only two iterations for the cases presented in this work.

6.4. Coupling Strategies

Four different coupling strategies are considered in Chapter 7: flow only, coupled flow and radiation,
coupled flow and ablation, and fully coupled. This section describes how each coupled solution
type is obtained using the stagnation line flow solver and radiation transport codes presented in
the previous sections. An overview of each coupling strategy is shown in Fig. (6.5).

Uncoupled

When radiation and ablation are both ignored, the stagnation line code is used to solve the
DNRS equations presented in Section 6.2.1 with S” = 0 and an isothermal, non-catalytic, and
no-slip boundary condition. The solution is iterated implicitly from an initial solution until a
steady state solution is obtained using the methods described in Section 6.2.2. The convergence
criteria used in this thesis for all solutions is a drop in the initial residual by six orders of magnitude.

Coupled flow and radiation

When radiation coupling is considered the radiative source terms are added explicitly to the previ-
ous algorithm. The radiative source terms are updated typically every 200 flow iterations using the
code described in Section 6.3.2. Starting from an uncoupled solution, time integration is performed
until steady state is reached. In order to reduce the computational time, radiative calculations
are carried out on a coarse mesh in which the convective cells are grouped by five based on an
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extensive grid convergence analysis. Finally, radiative source terms are linearly interpolated from
the cell centers of the radiation mesh to the cell centers of the flow mesh.

Coupled flow and ablation

Ablation coupling is obtained via the steady-state ablation boundary condition described in Sec-
tion 6.2.3. Starting from an uncoupled solution, a new solution is converged with the updated
boundary condition. The uncoupled flow solution is first obtained considering only the species
relevant to the shock layer chemistry. Once converged, the additional products of ablation and py-
rolysis are added to the mixture and initialized with negligible densities. The chemical mechanism
is also updated accordingly. This solution is then used as the initial conditions for coupled flow
and ablation calculation.

Fully coupled

Fully coupled solutions are obtained using a mix of the partially coupled methods described above.
An uncoupled solution is first obtained and used as initial conditions for a coupled ablation solution.
This solution is then used as the initial conditions for the fully coupled solution. Computing
intermediate solutions in this way helps to avoid numerical difficulties associated with trying to
compute the radiative source terms and ablation boundary condition before the shock and boundary
layers have developed.

6.5. Concluding Remarks

This chapter presented the numerical tools developed to study coupled flow, radiation, and ablation
effects for atmospheric entry flows. The focus was placed on modeling the stagnation streamline
in an effort to maximize the fidelity of the phyiscochemical models and coupling strategies. Three
codes have been developed to model flow and radiative transfer along the stagnation line.

The dimensionally reduced Navier-Stokes equations for multicomponent, reacting, and radiating
flows along the stagnation streamline were presented. The equations have been discretized in space
using a second-order F'V method and their steady-state solution via the method-of-lines was also
presented. Ablation coupling is achieved through a steady-state ablation boundary condition.

Radiation coupling is treated explicitly. Two treatments of the RTE have been considered: 1) a
full LBL solution using spectra produced by the HTGR database discussed in Chapter 3, and 2)
solution via the HSNB methodology. Both solutions make use of the tangent-slab approximation
for the three-dimensional geometry of the radiation field ahead of the vehicle. An analytical
treatment of the angular integration via exponential integrals is used for the LBL case in order to
significantly reduce the solution cost. It was shown that this is not possible when the HSNB model
is used, due to the non-Beerian nature of the SNB approximation. Instead, numerical integration
is performed on a discretized angular domain and it was shown that 20 angular points provides
sufficient accuracy, based on a grid convergence study.

Finally, four coupling strategies are envisaged: no coupling, coupled flow and ablation, coupled
flow and radiation, and fully coupled. The methodology used for each strategy has been presented.
While it was not discussed in this chapter, it is important to mention that the codes developed in
this work have been verified against other numerical solutions [72, 289]. The tools developed in
this chapter are used in Chapter 7 to study several atmospheric entry vehicles.



CHAPTER 7

Applications and Results

7.1. Introduction

Previous chapters have been dedicated to the description of the physico-chemical models and algo-
rithms developed in this thesis for atmospheric entry simulations. In this chapter, several applica-
tions are presented in which the HSNB methodology is analyzed in terms of its overall accuracy and
efficiency. The model is then used to study the effects of flow-radiation and flow-radiation-ablation
coupling on the predicted convective and radiative heating to different atmospheric vehicles using
the numerical tools developed in the previous chapter.

Two key questions regarding the use of the HSNB method are addressed, namely

1. How does the HSNB model compare to LBL results for flight conditions relevant to atmo-
spheric entry?

2. What is the cost/benefit analysis in terms of speed and accuracy of the adaptive HSNB method
presented in Chapter 3 as compared to the high-resolution HSNB method?

The effects of coupled flow, radiation, and ablation are discussed, based on stagnation line simula-
tions of real flight vehicles. Finally, the various conclusions drawn in this chapter are summarized
in the last section.

7.1.1. Vehicles and Flight Conditions

This section details the various vehicles and flight conditions considered in the rest of the chapter.
A summary of the different flight conditions is presented in Table 7.1 for each vehicle. In addition,
the specific thermodynamic, transport, and chemistry data used for each of the mixtures presented
in the following sections is summarized in Appendix D.

Fire 11

The Fire II vehicle was the second of two early successful reentry flight tests conducted during
the Apollo era in order to help reduce uncertainties in the predicted aerothermal environment
surrounding the Apollo reentry capsule. Launched on May 22, 1965, Fire II reentered Earth’s
atmosphere with a velocity of 11.35km/s at a flightpath angle of —14.7°. The Fire reentry package
consisted of a blunt spherical forebody with a conical afterbody as shown in Fig. (7.1) and flew
with a nominal 0° angle of attack. The forebody was constructed of three beryllium calorimeter
shields designed to be ejected before reaching their melting point. Each shield was sandwiched
between phenolic-asbestos insulation layers for protection until the desired exposure times. Thus,
Fire II data is split into three distinct data-gathering periods, each with a different nose radius. A
series of sensor plugs embedded with thermocouples provided in-depth temperature profiles of each
beryllium shield allowing estimation of the surface temperature of the stagnation region during each
data-gathering period [290]. In addition, three total radiometers provided integrated intensities
over a wavelength range of 0.2 pm to 4.0 pm at the stagnation point and two off-axis locations [291].
A spectral radiometer was also located at the stagnation point, providing a 0.004 pm wavelength
resolution from 0.3 pm to 0.6 pm.
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Table 7.1.: Conditions for the vehicle trajectory points considered in this work. Altitude h, equivalent sphere radius of the vehicle Ry, wall temperature
T and free stream conditions (temperature T, velocity ueo, total mass density peo and mass fractions yso ).

142

Atmosphere Vehicle Flight Time h Ry Ty Too Uoo Poo
Yoo |%0] s km m K K km/s kg/m?
Earth Fire 11 1634.0 76.42 0.935 615.0 195.0 11.36  3.72x 1075
77.6 - 23.3 (N2-O2) 1642.66 53.87 0.805  480.0 273.0 10.56 7.17 x 104
1645.0 48.40 0.805 1520.0 285.0 9.83 1.32x 1073
Apollo 4 30032.0 59.79 2.85  2500.0 246.04 10.25 3.41x 1074
Titan Huygens 189.0 273.2 1.25  2000.0 176.6 5.13 2.96 x 10~
98.84 - 1.16 (No-CHy) 191.0 267.9 1.25  1000.0 183.0 4.79 3.18x107*
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Figure 7.1.: Schematic of Fire II entry vehicle from [290].

Three trajectory points of the Fire II reentry are considered in this chapter, corresponding to the
first two data-gathering periods. A summary of the free-stream flow parameters at each trajectory
point is presented in Table 7.1. Since the forebody of Fire II was spherical, the exact nose radius
is used for the stagnation-line simulations presented in the following sections. The 11-species, two
temperature, air mechanism by Park [69] is used to model the flow field chemistry. A description
of the reactions and their rate constants are provided in Table D.2. The EM2C-HTGR database
has been used for the calculation of spectral emission and absorption coefficients, both for the LBL
and HSNB calculations. The contributions of 19 diatomic systems of Ny, No™, NO, and O as
listed in Table 3.1 have been included in the calculations, as well as atomic lines of N, O, N*, O,
and continuum processes.

Apollo 4

Apollo 4 was the first all-up unmanned flight test of the Saturn V rocket and Apollo vehicle. The
flight test was conducted on November 9, 1967, and was designed to test many of the onboard
systems during real flight conditions, including a test of the Apollo heat shield at simulated lunar
return speed and angle. To this day, the flight test remains one of only a hand-full of successful
flights of a fully instrumented heat shield into Earth’s atmosphere, providing valuable flight data
which can be used to validate computational tools.

The Apollo 4 command module was a 33° sphere-segment with a nose radius of 4.69m and at
peak heating conditions, flew at an angle of attack of 25° [5]. Peak radiative heating occurred
30032s after launch during reentry at an altitude of 59.79km and with a velocity of 10.252km/s
[292]. The free-stream density was determined by Ried et al. [292] to be 3.41 x 10~*kg/m3 based
on pressure measurements onboard which results in a free-stream temperature of about 246 K. At
these conditions, Park [278] determined an equivalent sphere radius of 2.85m to reproduce the
shock standoff distance measured by Ried et al. [292] using Schlieren imagery. In addition, Park
[278] assumed a fixed wall temperature of 2500 K which will also be used in this analysis. Finally,
the TPS material is assumed to have a virgin to char density ratio of p,/p. = 2 and an emissivity
value of € = 0.85 following Johnston et al. [16].

The air mechanism presented for the Fire II vehicle above has also been used for all Apollo
4 simulations when ablation is not considered (uncoupled and flow-radiation coupling). When
ablation is considered, the air mechanism has been supplied with additional species relevant to
carbon-phenolic ablation and pyrolysis, namely C, C*, H, H", Cy, CoH, C3, CO, CO,, CN, HCN,
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and Hs. To reduce the number of species considered, the minor air species Not, O™, and NO™
are neglected, making the total number of species 20. The resulting reaction mechanism is given
in Table D.3. Lastly, all of the available radiative mechanism listed in Table 3.1 corresponding to
the 20 species air-ablation mechanism have been considered.

Huygens

The Huygens probe, developed by the European Space Agency (ESA), successfully landed on the
surface of Titan, one of Saturn’s moons, on January 14, 2005. The probe was designed to spend
a few hours in the Titan atmosphere to study its composition and gather other important data
[293] as it descended to the surface. Huygens entered the Titan atmosphere with a relatively low
velocity of 6.2km/s. The reentry vehicle geometry was comprised of a 60° half-angle sphere-cone
forebody with a diameter of 2.7m and nose radius of 1.25m. The nominal angle of attack was
0°. The forebody heatshield comprised of a small layer of AQ60, a phenolic-silica ablator. Since
the angle of attack was 0°, the nose radius of 1.25m has been used in this work as the equivalent
sphere radius.

The nominal Titan atmosphere is about 98.4% N and 1.4 % CHy by volume (as measured by
Huygens [293]). Small amounts of CN are created in the shock-heated gas which can produce
significant radiative heating. The Huygens entry is therefore interesting from a radiation modeling
standpoint due to the strong molecular radiation emitted by the CN violet and red systems. In
addition, it has been shown that thermal nonequilibrium effects play an important role, namely
the non-Boltzmann population of the CN(B) state during the early trajectory points significantly
reduces the predicted radiative heating [7, 294].

For the trajectory points considered in this work (Table 7.1), thermal nonequilibrium effects
are weak and ionization is insignificant. A mixture of 13 species (N, C, H, N3, Co, Hy, CN, NH,
CH, CH,, CH3, CHy, HCN) at thermal equilibrium is envisaged. Chemical reactions and rates
are taken from the work of Gokcen [295] and are presented in Table D.4. The electronic band
systems of Ny (Birge-Hopfield 1 and 2, Worley-Jenkins, Worley, Caroll-Yoshino), CN (violet, red,
LeBlanc), and Cy (Philips, Mulliken, Deslandres-D’Azambuja, Ballik and Ramsay, Fox-Herzberg,
Swan) (presented in Table 3.1) have been considered for the coupled calculations.

7.2. Accuracy and Efficiency of HSNB Model

This section analyzes the accuracy and efficiency of different aspects of the HSNB model including
the LBL spectral grid adaptation schemes for atomic lines and the difference between the Curtis-
Godson and Lindquist-Simmons methods for computing mean black equivalent line widths. The
aim is to understand the accuracy of the HSNB methodology, compared to reference LBL results
for uncoupled simulations over a variety of flight conditions. The lessons learned in this section
are then applied to the following sections for coupled simulations.

7.2.1. Adaptive HSNB

In Section 3.4.3, two algorithms were introduced for generating an adaptive spectral mesh for
the LBL treatment of atomic lines in the HSNB method. The first consisted of a fixed 11-point
stencil based on the Voigt half-width of each atomic line. The second extended this methodology
by bisecting the areas between lines in order to better capture line wing regions. In this section,
the accuracy and efficiency of both algorithms are compared to full LBL results (including the
treatment of molecular lines) for realistic flow fields. LBL solutions are obtained using a fixed
spectral mesh, consisting of 4420667 points spaced logarithmically from a spacing of 0.01cm™!
at 1000cm™! to a spacing of 0.12cm~! at 200000cm~!. In order to quantify the error in the
HSNB approximation without an adaptive spectral mesh, an additional HSNB case is considered,
in which the spectral mesh used for atomic lines is taken to be the high resolution spectral mesh
used for the full LBL case. This method will be denoted as HSNB Hi-Res.
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Figure 7.2.: Simulated temperature profiles along the stagnation line of the Fire-1I vehicle.

The Fire II flight experiment [290, 291] has been widely used to validate and compare coupled and
uncoupled flow /radiation simulations [40, 55, 296] for two primary reasons: (i) the flight conditions
provide both strong thermochemical nonequilibrium and equilibrium conditions in the shock layer,
and (ii) (perhaps more importantly) there is little other flight data to be used for such purposes.
For these reasons, the Fire II conditions will also be used here. Specifically, the 1634s and 1645s
trajectory points have been considered since they produce strong thermochemical nonequilibrium
and equilbrium flow fields.

The computed stagnation line temperature distribution for both trajectory points are shown
in Fig. (7.2). It is clear from the figure that a significant thermochemical nonequilibruim exists
at 1634 s in the shock and boundary layer regions due to the low free stream density. However,
by 1645s, the density has risen two orders of magnitude, causing the shock layer to be nearly in
thermal equilibrium.

Fig. (7.3) shows a comparison of the radial and stagnation point radiative heat fluxes for the
1634 s trajectory point. The radial heat flux is defined as the net radiative flux in the direction away
from the surface and is given by Eq. (6.57) for the LBL case and Eq. (6.63) for the HSNB cases.
Therefore, a negative radial flux indicates the flux is towards the vehicle. The stagnation point
radiative flux is plotted in Fig. (7.3) as positive going into the body for convenience. The radial
heat flux profile appears as expected, with emission in the hot shock layer into the free stream
and boundary layer. All of the HSNB results compare reasonable well with that of the LBL
solution, but over-predict the heat flux at the stagnation point. The HSNB with high resolution
and bisection grid results are essentially the same, showing better agreement with the full LBL
solution than the HSNB 11 point fixed stencil mesh.

The spectral wall directed heat flux shown in Fig. (7.3) shows the contribution of the error
in the total stagnation point radiative heat flux due to each wavenumber band. Note that a
significant portion of the differences between the fixed stencil and the other methods occur in the
higher wavenumber region between 50 000cm ™! to 100 000cm ™. This is due to the fact that the
radiative flux in the VUV region is dominated by a few strong atomic lines. For strong lines, the
line wing regions contribute significantly to the radiative transfer. With the fixed point stencil,
the far line wing regions are not well resolved as previously discussed in Section 3.4.3.

The same comparison is made for the 1645s trajectory point in Fig. (7.4). Note that the radial
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Figure 7.3.: Comparison of radiative heat fluzes for the 1634 s case obtained using different
methods.

flux field has a slightly different behavior than in the 1634s case due to the thin shock region.
Again, the results obtained with HSNB using the high resolution spectral mesh and that obtained
using the bisection algorithm have excellent agreement with the full LBL solution. However, the
fixed point adaptive mesh yields significant errors in the radial flux field. The spectral flux obtained
at the stagnation point shows why. Unlike the 1634 s case, which was at a relatively low pressure
condition, the 1645 s has a significant Lorentz broadening of the atomic lines. Increased broadening
leads to more significant self absorption in the line centers, further magnifying the contribution of
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Figure 7.4.: Comparison of radiative heat fluzes for the 1645 s case obtained using different
methods.

the line wings to the radiative transfer. Thus, poorly resolved line wings with the fixed point mesh
results in significant errors in the radiative flux.

Table 7.2 summarizes the results for each of the methods at both trajectory points, including
errors in the calculated wall heat flux, and the CPU time required to compute the radiative flux,
relative to the time with the bisection method. The CPU time required for the full flux calculation
is two orders of magnitude less for the adaptive HSNB methods compared to the LBL solution,
while the high-resolution HSNB model allows a one order of magnitude reduction. In practice,
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Table 7.2.: Timing and error statistic comparison for adaptive HSNB methods for the uncoupled Fire II 1634s and 1645s cases. CPU times are
relative to that obtained with the HSNB-Bisect method and were obtained using a single processor. The number of spectral grid points per atomic line
is based on the total 3,333 atomic lines included in the database for N, O, N*, and O, though not all lines fall within the considered spectral range

of 1000cm~! t0 200000cm ™.

Trajectory Spectral Points per Relative % % r wall— Gl %

Point Method Grid Size Atomic Line CPU Time Spectra Integration aBL 7

1634 s LBL 4,420,667 - 146.7 99.0 1.0 -
HSNB, Hi-Res 4,420,667 1,326.3 21.7 59.2 40.8 5.2
HSNB, 11 Point 33,735 10.1 0.96 14.9 85.1 11.3
HSNB, Bisect 40,976 12.3 1.00 16.8 83.2 6.0

1645 s LBL 4,420,667 - 131.6 99.0 1.0 -
HSNB, Hi-Res 4,420,667 1,326.3 24.7 63.0 37.0 -1.6
HSNB, 11 Point 33,735 10.1 0.95 17.1 82.9 27.9
HSNB, Bisect 41,669 12.5 1.00 19.3 80.7 -0.55
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the adaptive HSNB methods required between 60s to 90s for 30 spatial grid points, while the
LBL solution was completed in about 2.5h, running on a single core of an Intel(R) Core(TM)
i7-4770K CPU. Differences in CPU times for the different trajectory points are caused primarily
by the assigned spectral window for each atomic line which was taken to be 10000 times the Voigt
half-width for these calculations. The 1645s case has significantly more Lorentz broadening of the
atomic lines, which increases the number of spectral grid points that the line shape of each atomic
line must be computed over. This is reflected in the fact that the percentage of time required to
compute the line spectra is proportionally more at 1645s than at 1634s.

It can also be seen in Table 7.2 that for the full LBL calculations, 99 % of the total CPU time
is spent just generating the spectra, and only 1% is spent performing the spatial, angular, and
spectral integration. This is in large contrast to the HSNB methods which clearly tend to spend
more time in the integration as the number of atomic spectral grid points is reduced. This is to
be expected, when it is considered that the time required for the computation of the spectra is
proportional to the product of the number of lines with the number of spectral and spatial grid
points. The integration time, however, is proportional to the product of the spectral and spatial
grid points only. Therefore, it is clear that since the number of lines considered is significantly
lowered using the HSNB methodology (by a factor of & 1000), a significant amount of the overall
reduction in CPU time is due to the spectral property calculation. It should also be noted that the
HSNB formulation does not permit the use of the F,, integral exponential functions to “analytically"
perform the angular integration in the tangent slab formulation as is typically done in most RTE
solvers. Therefore, there is an additional cost required to compute the angular integration included
in the HSNB results. This additional complexity and cost is justified when the overall CPU cost
requirements are considered.

Finally, the accuracy of the adaptive HSNB methods are compared to LBL. The relative percent
difference of the stagnation point radiative heat flux between the HSNB solutions and that of the
LBL calculations are given in the last column of Table 7.2. In all cases the high resolution HSNB
result provides a very good estimate of the full LBL heat flux, with a maximum error of just
5.2%. For the fixed point adaptive grid, the HSNB formulation provides a reasonable result for
the 1634s case with an 11.3% difference from LBL results. However, there is a 27.9 % difference
observed for 1645s, which is likely not acceptable for most applications. When the fixed point
mesh is augmented with the bisection method, this error is seen to disappear, and the adaptive
mesh provides a flux estimate close to the high resolution HSNB formulation. Interestingly, this
adaptive approach provides an even better estimate to the LBL solution than the high resolution
spectral mesh for the 1645s case. However, since the total error is less than 1%, it is assumed that
this was just a lucky outcome, and that the high resolution and adaptive HSNB methods should
be considered to provide essentially the same results. Therefore, the bisection method will be used
throughout the remainder of this chapter where ever the HSNB method is considered.

7.2.2. Curtis-Godson versus Lindquist-Simmons

For a homogeneous optical path, analytical expressions can be derived for the mean black equiva-
lent width W /4 introduced in Eq. (3.55) for mean transmissivity calculations. These expressions
depend on the broadening mechanism and a prescribed distribution law for line intensities within
the narrow band and are functions of two parameters: a mean absorption coefficient k and an
overlapping parameter £.

For a non homogeneous optical path, the Curtis-Godson approximation consists in using the
expressions derived for homogeneous media with averaged parameters ku* and B* that we define
according to

- [ (s V(s (7.1)

B* = % /: B(s)p(s")k(s")ds". (7.2)

Expressions of the mean black equivalent width Wp,(s/, s)/d and Wp(s’, s)/d for both Lorentz and
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Figure 7.5.: Radiative power comparison between Curtis-Godson and Lindquist-Simmons approz-
imations for the Fire II 1634 s test case.

Doppler broadening are given in Table 3.2. Eq. (3.57) is used to obtain the mean black equivalent
width in the Voigt broadening regime, as proposed by Ludwig et al. [15§].

An alternative approach for treating non-uniform optical paths is the Lindquist-Simmons ap-
proximation [159]. It consists in finding an expression for the space derivative of the mean black
equivalent width and then integrating it over the path in order to get the mean transmissivity

. S ST S
77,(5’,5)A = exp <%/ %ds”). (7.3)

v

The expressions of OWL(s",s)/0s"” and OWp(s”,s)/ds” for Lorentz and Doppler broadening used
in this work are given in Table 3.3. They involve both local parameters k(s”), 5(s") and aver-
aged parameters ku*, B*. After the spatial integration, Eq. (3.57) is used to get the mean black
equivalent width in the Voigt regime, as is done in the Curtis-Godson approach.

A comparison between the HSNB Curtis-Godson and the HSNB Lindquist-Simmons is given in
Fig. (7.5) for the Fire IT (1634 s) test case. The difference between the two approximations is
very tiny and for most of the points is much lower than the difference between HSNB Lindquist-
Simmons and LBL calculations. However, we can see a much larger discrepancy in the free stream,
where the radiative power predicted by the HSNB Curtis-Godson model becomes negative while
it remains positive for the HSNB Lindquist-Simmons and LBL models. A negative energy source
term in this cold region is a major computational issue for coupling as negative temperatures can
be predicted after a few iterations. Therefore, the Lindquist-Simmons approximation has been
chosen for all coupled simulations presented in this work, though it requires around three times
more computational time.

7.2.3. Comparison with Smeared Rotational Band Model

In order to assess the accuracy and the efficiency of the HSNB model, a comparison with the
rigorous Line-By-Line (LBL) method is carried out. In LBL calculations, radiative properties of
the plasma are computed from the spectroscopic HTGR database, presented in Chapter 3, on a
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Table 7.3.: Comparison between LBL, HSNB-Weak and HSNB models for Fire II (1634 s), Fire
IT (1642.66 s) and Huygens (191 s) cases. Incident radiative fluzes and computational times for
one radiation calculation.

Case Quantity LBL HSNB-Weak HSNB
Fire IT (1634 s) Wall flux [W/cm?|  146.78 151.94 150.85
CPU time [s] 20480 41 242
Fire I (1642.66 s) Wall flux [W/cm?| 553.78  578.81  581.97
CPU time [3] 19140 51 250
Huygens (191s)  Wall flux [W/cm?|  82.68 104.26 86.24
CPU time [3| 13158 5 105

high resolution spectral grid of 4.4 x 10% points in order to capture correctly all the atomic and
molecular lines.

It is also interesting to compare the HSNB model with the Smeared-Rotational-Band model,
which is often used as a simple model to treat molecular radiation but may lead to a strong over-
estimation of radiative fluxes. For this purpose, we implemented a model similar to the Smeared-
Rotational-Band that will be called hereafter HSNB-Weak. It consists in computing the mean
transmissivity of thick molecular systems using the simple Box model (Eq. (3.64)) instead of the
SNB model described in Section 3.4.1.

For the three entry conditions described previously (Fire II (1634s, 1642.66s) and Huygens
(191s)), calculations have been performed with the LBL, HSNB-Weak and HSNB models from
the same flow field corresponding to the coupled result obtained with the HSNB model. Table 7.3
gives the incident radiative flux at the wall, together with the total computational time for one
radiation calculation, for the different combinations of models and test cases. Compared to the
reference LBL solutions, the HSNB model provides an accurate prediction of the incident radiative
flux, with an error between 3 and 5 % and a speed up factor around 80 for the computational
time. Most of the computational gain comes from the calculation of LBL molecular spectra which
is very expensive due to the large number of molecular lines.

From Table 7.3, the HSNB-Weak model provides reasonably accurate results for Earth entry with
a difference of 3.5 and 4.5 % for the two trajectory points. However, for the Titan entry case, the
incident radiative flux is over-predicted by 26 %. These are expected results based on a previous
assessment of Smeared-Rotational-Band models in Ref. [46]. Concerning the computational times,
the HSNB-Weak model is 5 times faster than the HSNB model for Earth entry cases. The Lindquist-
Simmons approximation used for computing mean transmissivities over non homogeneous paths
for thick molecular systems (see Section 7.2.2) is responsible for the lower computational efficiency
of the HSNB model.

The spectral and cumulated incident radiative fluxes at the wall are displayed in Fig. (7.6) for the
early trajectory point (1634 s) of the Fire II experiment. It can be seen that the complex structure
of the LBL spectral flux is correctly captured by both HSNB and HSNB-Weak models, with a
good agreement on the total cumulated flux (see Table 7.3 for numerical values). The incoming
radiation mostly arises from molecular and atomic transitions in the Vacuum Ultraviolet. The
accuracy of the HSNB model should also be assessed regarding the total radiative energy source
term along the stagnation line. Fig. (7.6) also shows this distribution together with the difference
with LBL calculations normalized by the absolute maximum value of the total radiative source
term. The differences do not exceed 5 % for both HSNB and HSNB-Weak models. The highest
discrepancies are located near the shock position, where the radiation emission is at a maximum.

The spectral and cumulated incident radiative fluxes at the wall and the total radiative source
term along the stagnation line are shown for the Titan test case in Fig. (7.7). While the HSNB
model reproduces with a good accuracy the LBL calculation, both the spectral flux and the total
radiative source term are strongly over-predicted by the HSNB-Weak model. This failure comes
from an incorrect treatment of the CN-Violet molecular system in the spectral range [25,000 -
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29,000 cm~!]. For this case, the value of the HSNB model is clearly realized.

7.2.4. Comparison with literature results

The accuracy of the HSNB model has been assessed in the previous sections by comparison with
LBL results, where both HSNB parameters and LBL radiative properties were obtained from the

HTGR spectroscopic database. The purpose of this section is to compare the HSNB model with
results obtained by other researchers.

Huygens (1895s)

We have considered the LBL radiation simulation of Bansal and Modest [53] of the trajectory point
t = 189s of the Huygens probe entry from an uncoupled flow field taken from Johnston [297] where
nonequilibrium populations of the CN electronic states were considered.

In order to compare with their results we have computed the radiative source term along the
stagnation line with both the HSNB model and the LBL approach. For the CN electronic states,
both Boltzmann populations and nonequilibrium populations based on the QSS model of Bose et
al. [298] have been taken into account. The flow field computed by Johnston [297] is reproduced
in Fig. (7.8) and the comparison is shown in Fig. (7.9) for the CN red and violet systems. It can
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Modest [53]. Contribution of the CN red and violet systems to the radiative source term along the
stagnation line.

be seen for a given population assumption, the LBL and HSNB results computed in this work
provide similar results. When the QSS model is used, good agreement is obtained between the
LBL results of Bansal and Modest [53] with both LBL and HSNB. Note that nonequilibrium effects
are non-negligible in the considered simulation and lead to about 16 % difference at the peak value
of the radiative source term.

7.3. Flow-Radiation Coupling

In this section, the results of coupled flow-radiation simulations obtained with the HSNB model
are compared to the results of uncoupled simulations to show how radiative transfer affects the
aerothermodynamic fields and heat fluxes at the wall of the vehicle. Three cases are considered,
namely the 1634 s and 1642.66s Fire II and 191 s Huygens flow fields. Flow-radiation coupling for
these simulations is performed using the methodology presented in Section 6.4.
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Table 7.4.: Fire I1 1634s. Standoff distance 6, conductive flux at the wall g, radiative flux at the

wall g7 and incoming radiative intensity at the wall I, over spectral intervals Aoy = [16 667 cm™*
to 33333 cm™!/ and Aoy = 2500 cm™! to 50 000cm /.

Case 4 qu qz;ad Iy (Aal) Iy (AUQ)

em  W/em?  W/em?  W/em?sr W/em?sr

Uncoupled 5.36 949 203.6 2.05 8.57

Coupled 5.05  76.3 150.0 2.12 7.16

Coupled QSS 5.21 76.5 74.7 1.28 4.71

Flight Data - - - 0.1 1.3

7.3.1. Fire II (1634 s)

The Fire II flight conditions of the early trajectory point at 1634s correspond to a high veloc-
ity entry into a low density atmosphere (see Table 7.1). The plasma flow around the vehicle is
then in strong thermal nonequilibrium that may not be correctly described by multi-temperature
models [92].

In order to investigate non-Boltzmann effects, we implemented for this particular case the
Quasi-Steady State (QSS) model proposed by Johnston [297]. For each radiation calculation,
non-Boltzmann populations of electronic levels of N and O as well as the first electronic levels (X,
A, B, C) of Ny and Ny" are determined from simple correlations depending on the macroscopic
state of the flow (electron temperature, total number densities). An additional assumption is made
concerning No VUV systems (Birge-Hopfield 1 and 2, Worley-Jenkins, Worley, Caroll-Yoshino) in
which the population of the upper energy levels of these transitions, which are above the dissoci-
ation limit, are computed according to a chemical equilibrium assumption with atomic nitrogen.
The non-Boltzmann populations are taken into account in the HSNB model using Eqs. (3.26) and
(3.27) for atomic radiation and using expressions given by Lamet et al. [55] for band parameters
of molecular systems. It should be underlined that this QSS model used for radiation is not consis-
tent with the flow modeling, though it provides a first approximation of thermal non-equilibrium
effects. The full consistent state-to-state coupling between flow and radiation has been recently
achieved for instance in [44] for atomic electronic states.

Table 7.4 compares the uncoupled, coupled (Boltzmann, 2T), and coupled QSS results concerning
the shock standoff distance, the conductive flux, and the radiative flux at the wall. The coupling
effect is to decrease all of these quantities due to the radiative cooling associated with the strong
radiative emission in the shock layer. The shock layer thickness decreases because the plasma
density increases and the heat fluxes decrease because the temperature levels are lower. In the
coupled QSS case, the same trends are obtained but to a lesser extent. Table 7.4 also shows the
incoming radiative intensity at the wall over two specific spectral ranges corresponding to the
experimental flight data, given with an uncertainty of 20 %. All uncoupled, coupled, and coupled
QSS results are far from the flight data, although the QSS case is much closer than the two others.

Fig. (7.10) displays temperatures along the stagnation line for the uncoupled, coupled, and
coupled QSS cases. The uncoupled temperature profile can be split into four regions from right to
left: the free-stream, the shock, the equilibrium plateau and the boundary layer close to the wall.
Because of the low density, the shock region is wide and in strong thermal nonequilibrium. In
the boundary layer, T, is slightly greater than T', because of atomic recombination which creates
vibrational energy. When radiation is considered (coupled case), the temperature distributions
are significantly affected. The shock layer spreads out and the equilibrium zone is shortened.
Radiative cooling lowers the peak and plateau temperatures. In particular, the maximum of T,
decreases from 14 670K (uncoupled) to 13470K (coupled). Another interesting feature is that the
free-stream region is no longer at thermal equilibrium because the radiation absorption from the
shock increases electronic and vibrational energy.

Fig. (7.10) also shows the species molar fractions along the stagnation line. For the uncoupled
case, the main chemical mechanisms are the dissociation of molecular nitrogen and oxygen and
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Table 7.5.: Fire II 1642.66s. Standoff distance §, conductive fluz at the wall q,,, radiative fluzx
at the wall ¢7%% and incoming radiative intensity at the wall I, over spectral intervals Aoy =

[16667cm ™! to 33333cm~t/ and Aoy = [2500cm ™t to 50000 cm 1/,

Case d qu q;ad Iy (Aal) Iw(AUQ)
em W/em? W/em?  W/em?st W/em?sr
Uncoupled 4.06 635.6 791.3 11.65 71.01
Coupled 4.01 617.0 581.7 9.28 53.63
Flight Data - - - 10.5 63.0

the ionization of atomic nitrogen and oxygen through the shock. A significant amount of nitrogen
monoxide is also produced in the shock region. The ionization level is quite important in the plateau
as the electron molar fraction reaches 0.15. In the boundary layer, the ionization level drops down
and atomic nitrogen starts recombining. For the coupled case, the fall of the two temperatures slows
down the ionization reactions and the electron molar fraction reaches a maximum of 0.08. The free-
stream region ahead of the shock becomes chemically reacting under the effect of radiation: atomic
oxygen is produced by photodissociation and electrons are produced mainly by photoionization of
molecular oxygen.

These coupling effects on temperature and composition are also noticeable in Fig. (7.10) for
the coupled QSS case, however they are much weaker. In order to understand this behavior, the
radiative source term along the stagnation line is plotted in Fig. (7.11) and split according to the
atomic, molecular, and continua emission contributions. From uncoupled to coupled calculations,
the peak of the radiative source term is decreased by a factor two due to radiative cooling. From
coupled to coupled QSS calculations, the peak of the radiative source term is further reduced and
atomic contribution almost vanishes at the shock location. The reason is that the 7}, Boltzmann
distribution leads to an overestimation of the population of the highest electronic energy levels of
atomic N and O, as well as Ny and Ny . In particular, for the Ny VUV systems, the dissocia-
tion equilibrium assumption makes the population of the upper electronic energy level associated
with these systems close to zero and thus cancels their contribution to radiation. The remaining
molecular emission peak in Fig. (7.11) comes mostly from NO radiation, of which electronic energy
levels are assumed to be populated according to the temperature T;. An incorrect treatment of
the thermal state of NO might be responsible of the remaining discrepancies between the coupled
QSS results and the flight data.

7.3.2. Fire II (1642.66 s)

The Fire 2 flight conditions of the trajectory point t = 1642.66 s correspond to a quasi-thermal
equilibrium situation. Due to the higher density, the kinetic energy transfer between the internal
energy modes is much faster than for the trajectory point ¢ = 1634 s. Thus, the QSS model has
not been considered in this case.

Table 7.5 shows the computed shock standoff distance and conductive and radiative flux at the
wall for the coupled and uncoupled simulations. As can be seen, the standoff distance and the
conductive flux slightly decrease and the radiative flux diminishes by around 25 % when radiation
is coupled to the flow. In addition, coupled results are in fair agreement with flight data which
are given with an uncertainty of 20 %. Temperatures and composition along the stagnation line
are shown in Fig. (7.12). For the uncoupled case, the flow is in thermal equilibrium everywhere
except in the shock region. A chemical equilibrium zone with flat molar fraction profiles is clearly
distinguishable between the boundary layer and the shock. The electron molar fraction is around
0.07 in this zone. When radiation is considered, as for the previous trajectory point, the vibration-
electronic-electron temperature T, increases and a slight fraction of O, e~ and O, are produced
in the free stream by photodissociation and photoionization of Oy. The temperature is slightly
decreased in the shock layer, leading to a lower ionization level.
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Figure 7.10.: Fire II 1634s. Temperatures and composition along the stagnation line.
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Figure 7.13.: Huygens 191s. Temperature and CN molar fraction along the stagnation line.

7.3.3. Huygens (191 s)

This Titan entry case has been selected to show the ability of the HSNB model to handle strong
optically thick molecular radiation. For early trajectory points, a state-to-state electronic specific
model of the CN molecule is required [7, 297] as was shown in Section 7.2.4. As thermal nonequi-
librium modeling has been already discussed for the Fire II ¢ = 1634 s case, we will focus here on
an quasi-equilibrium case at the trajectory point t = 191 s.

The temperature and CN molar fraction along the stagnation line are plotted in Fig. (7.13).
In the shock layer, we can notice a lower temperature due to radiative cooling and a higher CN
molar fraction because of lower dissociation rates. When coupled radiation effects are taken into
account, the standoff distance decreases from 10.77 cm (uncoupled) to 10.33 cm (coupled), the con-
ductive heat flux decreases from 24.2 W/cm? to 22.0 W/cm? and the radiative flux decreases from
95.6 W/cm? to 80.57W/cm?. The radiative flux obtained in the uncoupled case is in agreement
with [294]. They found a radiative flux of 75 W /cm? but they applied to their results a correction
coefficient of 0.75 to model the 3D effects.

The role of CN radiation, especially the CN-violet system, has been highlighted when discussing
the accuracy of the HSNB model in Section 7.2.3. Indeed, it can be seen in Fig. (7.14) that the
dominant contributors to radiation are the CN-violet, followed by the CN-red molecular systems.
N, radiation also contributes significantly at the emission peak. However, C; radiation is weak.
When radiation is coupled to the flow, the emission is reduced at the peak because of the lower
temperature.

7.4. Ablation-Flow-Radiation Coupling

This section presents a study of the effects associated with the coupling between flow, ablation,
and radiation. In particular, the study is aimed at carbon-phenolic thermal protection systems
ablating in air.

7.4.1. Radiative Absorption by Ablation Products

Before studying the effects of coupled radiation and ablation, it is useful to first see the impact
ablation products might have on the absorptivity of the boundary layer. Following Johnston et
al. [16], a typical hypersonic boundary layer is simulated as a 1 cm constant property slab at 5000 K
and 0.5bar. The composition of the gas in the slab is computed as an equilibrium mixture with
elemental mass fractions taken as a linear combination of pure air and a pure ablation product
composition,

yp =y (1 —a) + oy, 0<a<l. (7.4)
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Figure 7.14.: Huygens (191 s). Total radiative source term along the stagnation line.

Table 7.6.: Elemental mass fractions used to simulate a hypersonic boundary layer contaminated
with ablation products based on Ref. [16].

Gas YN Yo Yo  yH

Air 0.76 024 0.0 0.0
Ablation Products 0.04 0.01 0.9 0.05

When a = 0, a pure air composition is obtained, when o = 1 a pure ablation and pyrolysis gas.
Table 7.6 gives the elemental compositions which were used in the following analysis. The ablation
gas composition is taken from [16] and roughly corresponds to a mixture of 60 % pyrolysis gas and
40 % char by volume for a linear resin with 56 % char yield with nitrogen impurities.

For reference, Fig. (7.15) shows the resulting equilibrium species mole fractions versus the «
parameter for this fictitious boundary layer. When o < 0.2, all of the carbon introduced by the
ablation mixture is consumed by the available oxygen from the air mixture, producing CO. As
the ratio of ablation to air mixtures increases, all of the available oxygen is consumed and the
remaining carbon goes into the formation of atomic carbon, and to a lesser extent CN. Finally as
« surpasses 0.5, the abundance of carbon in the slab forms pure carbonaceous species Co and Cs.

Fig. (7.16) shows the total mean transmissivities, 7,89 for sevg%lavalues of a for the simulated
boundary layer, as well as the individual mean transmissivities, 7%, of the major contributions
to absorption for a 50 % air and 50 % ablation products mixture using the HSNB model. From
the figure, it is clear that even with a small amount of carbonaceous species present, the spectral
transmittance of the gas is significantly reduced in the visible and UV spectral regions. The two
most absorptive molecular band systems are the CO 4*" positive and the Cz UV systems, however
the CN Violet and Red systems as well as the Cy Deslandres-d’Azambuja, Mulliken, and Swan
systems also play an important role below 50000cm™'. When enough carbon is present in the
mixture, the gas becomes opaque in the vacuum UV due to the addition of photoionization of C
atoms. It is also important to note that a significant difference in the spectral transmissivities
exists between the @ = 0.2 and o = 0.5 cases. This is because at low carbon concentrations, most
of the carbon goes into forming CO and to a lesser extent, CN as shown in Fig. (7.15). As the
carbon concentration increases however, a significant amount of it is used to form C atoms, and Cs
and Cs molecules which are shown to contribute significantly to the absorptivity of the mixture. It
is therefore important to accurately model the amount of carbon which enters the boundary layer
in order to correctly determine the amount of radiation which may be absorbed before reaching
the surface of the vehicle.
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Eq. (7.4) and Table 7.6 at 5000K and 0.5 atm.

7.4.2. Apollo 4 Peak Radiative Heating Analysis

The proposed model has been used to study the effects of coupled ablation and radiation phenomena
occurring along the stagnation line of the Apollo 4 vehicle during atmospheric entry at peak
radiative heating.

Fig. (7.17) shows the computed stagnation line temperature profiles for the four coupling strate-
gies: flow only, flow with radiation, flow with ablation, and fully coupled. As can be seen from
the figure, the dominant effect on the shock standoff distance and equilibrium temperature profile
is due to the addition of the radiation source terms in the governing equations. As the energy is
radiated out of the shock layer, the shock standoff distance is decreased, a phenomenon known
as radiative cooling. Looking at the temperature profile in the boundary layer, it is clear that
absorption of the shock layer radiation in the boundary layer, serves to increase the temperature
gradient at the wall. This is most clearly seen in the case of flow and radiation coupling because
the boundary layer is not being cooled by the relatively cold ablation and pyrolysis outgassing.
In front of the shock, the vibrational-electronic-electron temperature is increased due to radiative
absorption and photochemical processes.

Fig. (7.18) shows the effect of coupled ablation on the species concentrations in the boundary
layer. As can be seen, the major products of the ablation and pyrolysis gas injection are CO, C,
H,, and H. The CO is largely formed by the oxidation reaction at the wall which consumes the
incoming oxygen diffusing in from the boundary layer edge. Nitridation plays a far less import
role as the CN number densities show. In fact, the CN formed by nitridation is quickly destroyed
through dissociation reactions before being reproduced by several exchange reactions occurring a
few mm from the surface. This behavior has been well characterized by Turchi et al. [287] for
modeling plasmatron and arc-jet experiments with ablators. As was shown in Fig. (7.16), C3 and
Cs can be major absorbers, however from Fig. (7.18) it is clear that the relative concentrations of
those carbonaceous species is too low to make a significant impact.

Table 7.7 shows the individual components of the wall heat flux at the stagnation point of Apollo
4 using the various coupling strategies considered. Each component is related through the surface
energy balance for charring ablators,

@™ + e(qh, — oTd) — 1y (hy — hy) — 11 (hw — he) — Geond = 0, (7.5)



Table 7.7.: Components of stagnation point heat fluz in W /cm? for Apollo 4 at 30032s after launch
temperature was fixed at 2500 K for each case.

using different coupling strategies. The wall

Coupling €Qan _60T3 q‘c)lviﬂ” q‘c)vond q:}:vonv _mg(hw - hq) _mc(hw - hc) Gcond
Flow 279.92 —188.28 0.0 119.77 119.77 - - 211.41
Flow / Abl. 254.74  —188.28 38.62  95.31 133.93 1.55 —5.99 195.95
Flow / Rad. 196.64 —188.28 0.0 168.42 168.42 - - 176.78
Fully Coupled 194.44 —188.28 37.77 97.38 135.15 1.70 —5.79 137.22
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(b) Major contributions for o = 0.5.

Figure 7.16.: Average spectral transmissivities for a 1 cm slab of several equilibrium miztures of
air and ablation gases at 5000K and 0.5 bar. The mizture elemental mass fraction for element k
is determined by y" (1 —a) + ay,‘jbl such that o = 0 results in a pure air mixture while an o = 1 is
a pure ablation gas. Note that the total transmissivity of the mixture as plotted in (a) is obtained

as the product of each contribution which is shown for the o = 0.5 case in (b).

where the convective heat flux ¢c°"v = ¢iff 4+ ¢¢°7d is the sum of the diffusive and conductive heating

from the gas, eql, is the radiative flux from the flow field absorbed at the surface, and eoT;> accounts
for energy emitted by the ablator surface. The next two terms represent the enthalpy of the injected
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Figure 7.17.: Computed temperature profiles along the stagnation line of Apollo 4 at 30032s after
launch with various levels of flow/radiation/ablation coupling.

pyrolysis and char gases. h,, is the enthalpy of the gas at the surface determined from the gas
composition and temperature while h. and h, are the enthalpies of the solid char and pyrolysis
gas, respectively. For this work, the char enthalpy is taken to be the enthalpy of pure graphite
at 2500K and the pyrolysis gas enthalpy is computed assuming an equilibrium composition at
the surface temperature and pressure. Finally, gconq is the heat conducted into the ablator and
represents the inability to relieve the convective and radiative heating through emission, ablation,
and pyrolysis. For a fixed surface temperature, gconq is computed using the surface energy balance
in Eq. (7.5).

Based on Table 7.7, radiation coupling is the dominant contributor to the overall difference in
the heat flux between no coupling and the fully coupled solution. Radiative cooling reduces the net
radiative flux to the surface by as much as 90 % while absorption of radiation in the boundary layer
increases the conductive heat flux by about 40 %. In total, coupling with radiation reduces the heat
conducted into the surface from 211.41 W /cm? to 176.78 W /cm?, or by about 16 %. When coupled
ablation is considered, the diffusive heat flux becomes important, adding up to about 38 W/cm?.
However, the outgassing due to ablation and pyrolysis reduces the conductive heat flux by about
20 % such that the overall effect on the convective heating rate is nearly unchanged when compared
to no coupling. Ablation products in the boundary layer also contribute about a 28 % reduction
in the net radiative heating rate due to increased absorption in the boundary layer. In total, the
combined effects of coupled radiation and ablation reduce the heat conducted in the material from
211.41W/cm? to 137.22W /cm?, or 35%.

The individual contributions to the incoming band-averaged radiant intensity at the stagnation
point for a ray along the stagnation line are shown in Fig. (7.19) for both the flow/radiation
coupling and fully coupled simulations. Here, the individual intensities are defined as the emitted
intensity of each contribution (molecular system, atomic lines, or continuum process) reaching the
wall. Using the SNB formulation from Eq. (3.49), the band-averaged intensity from a contribution
k is given by

—Ao S Ac — Ao
)" = /0 s [ 7F ) ds, (7.6)
k' £k

From Fig. (7.19), it is clear the addition of ablation products in the boundary layer has little
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Figure 7.18.: Number densities for coupled flow/ablation calculation for Apollo 4 30032s trajec-
tory point. The symbols represent the number densities of Air species when ablation coupling is
neglected.

effect on the incoming intensities at the wall. Based on the simplified boundary layer analysis in
Section 7.4.1, this is likely due to the low carbon mass flux from the wall. In both the radiation
coupling and fully coupled solutions, the dominant contributions to the radiative heat flux are
atomic lines, nitrogen photoionization, and the No UV systems. The major effects due to abla-
tion seem to be from the CN violet system and the absorption due to C photoionization above
about 100 000cm~!. However, the cumulative heat flux for the entire spectrum shows only about
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Figure 7.19.: Wall-directed average spectral and cumulative intensities for a ray along the stag-
nation line for Apollo 4 at 30032s after launch for both flow/radiation and fully coupled solutions.
The spectral intensity is stacked based on individual contributions. Diagonal bars represent free-
free contributions, cross-hatching represents bound-free contributions, and solid shading indicates

bound-bound contributions.
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Figure 7.20.: Comparison of the cumulative intensity above 3226cm™"! to the onboard radiometer
measurement reported by Ried et al. [292].

1 W /cm?sr difference between the solutions with and without ablation coupling.

Finally, Fig. (7.20) compares the cumulative intensity to the radiometer measurement made
onboard Apollo 4 at 30032s after launch. The radiometer had a spectral range between 0.4eV to
6.2eV (3226cm™! to 50006 cm™~!) and was recessed about 7cm below the surface of the ablator
at the peak heating condition[16]. At the peak heating point, the measured intensity was about
23 W /cm?sr with a noise of about 3 W/cm?sr according to Ried et al. [292]. In Fig. (7.20), the
measurement is compared to the intensities computed with both the radiation coupling only and
the fully coupled solutions. In addition, the influence of the radiometer cavity is also considered
by adding a 7cm constant property slab with the temperature, pressure, and species densities of
the surface behind the ablator wall as was done by Johnston et al. [16]. The surface temperature
was fixed at 2500 K and the pressure is found to be about 0.34 atm. The species number densities
at the surface can be obtained from Fig. (7.18).

Good agreement with the radiometer measurement is obtained for all three cases. The radiome-
ter cavity has little effect on the cumulative intensity over the spectral range measured by the
radiometer which supports the assumption by Park [278] that carbon was only present in small
amounts in the radiometer cavity based on the lack of observed carbon residue on the radiometer
window post-flight. This result varies from that of Johnston et al. [16] who performed a similar
comparison and found that agreement with the radiometer measurement could only be obtained
when absorption in the cavity was considered. This is most likely due to the differences in ablation
models imposed, whereby the fixed mass flux imposed by Johnston increases the amount of carbon
injected into the boundary layer, which in turn generates significantly more Cy and C3 that can
act as strong absorbers as shown in the previous section. Such sensitivities in the model therefore
provide a clear motivation for increased fidelity in the ablation and pyrolysis modeling.
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7.5. Concluding Remarks

This chapter has proven the ability of the HSNB model to accurately and efficiently predict ra-
diation effects on hypersonic entry flows. In general, the method provides a speedup of at least
two orders of magnitude and can accurately predict wall radiative heat fluxes to within 5% com-
pared to LBL calculations. The novel spectral grid adaptation method developed in this thesis
for atomic lines was shown to provide nearly identical results with 20 times speedup compared
to the original high-resolution HSNB method. This significant improvement is possible due to
the small amount of atomic lines as compared to those typically treated for molecular systems.
Concerning molecular radiation, the HSNB model provides a significant improvement compared to
the Smeared-Rotational-Band model in the case of Titan entry dominated by optically thick CN
radiation.

The Lindquist-Simmons and Curtis-Godson approximations to the mean black equivalent line
width for non-uniform media were also compared in this chapter. The Lindquist-Simmons method
was found to be about three times slower than the Curtis-Godson method for Fire II. It was also
shown that the Curtis-Godson approach can provide small negative radiative source terms in the
free-stream region, causing numerical instabilities in coupled calculations. For this reason, all
coupled cases were computed using the Lindquist-Simmons approach.

Taking into account the coupling with radiation, both convective and radiative heat fluxes at
the wall decrease. The standoff distance is reduced due to radiative cooling of the shock layer. For
Earth entry cases, we observed slower ionization levels as well as the appearance of O, e~ and O;‘
in the free stream produced by the photodissociation and the photoionization of Os.

The analysis of the first trajectory point of the Fire IT experiment has shown that the two temper-
ature approach was not satisfactory to model the thermal nonequilibrium state of the plasma. The
results obtained using non-Boltzmann electronic populations provided by the QSS model of John-
ston [297] were closer to the flight data even if discrepancies still remain. For such entry conditions
(high velocity, low density), a self-consistent electronic specific collisional-radiative model should
be developed. The HSNB model could be used since it is compatible with arbitrary populations of
electronic states.

Finally, the effects of coupled ablation and radiation were studied for Earth entries. It was shown
that for a simulated boundary layer, ablation products in the boundary layer can significantly
increase the radiation blockage to the surface of the vehicle. In particular, the C3 UV and CO
fourth positive band systems as well as photoionization of C atoms contribute significantly to
absorption when enough carbon is present. An analysis of the Apollo 4 peak heating condition
showed that coupled radiation and ablation effects can reduce the conducted heat flux by as much as
35 % for a fixed wall temperature of 2500 K. Comparison with the radiometer data taken during the
Apollo 4 flight showed excellent agreement for the peak heating condition, partially validating the
coupling methodology and radiation database. In addition, the importance of accurately modeling
the amount of carbon which is blown into the boundary layer was demonstrated by contrasting
the results of this study to those obtained by Johnston et al. [16].






CHAPTER &

Conclusions and Perspectives

This thesis presented the development of physicochemical models and numerical methods for the
study of the complex, coupled, multiphysics phenomena associated with atmospheric entry flows.
In particular, the research focused on the coupling between the flow, ablation, and radiation
phenomena encountered in the stagnation region of atmospheric entry vehicles with carbon-phenolic
thermal protection systems. Broadly speaking, the following objectives have been achieved, based
on the goals outlined in Chapter 1.

1. Development of a new software library capable of providing a centralized repository for the
basic physicochemical models, algorithms, and data relevant to nonequilibrium plasma flows.

2. Development of a numerical approach for calculating coupled flow, radiation, and ablation
solutions along the stagnation line of atmospheric entry vehicles and to assess the accuracy
and efficiency of HSNB model using the tools developed.

3. Application of these tools to study real flight conditions of interest in an effort to gain a
greater understanding of the coupled flow, radiation, and ablation phenomena occurring in
atmospheric entry flows.

In the next section, the specific conclusions and contributions of this thesis are summarized in
more detail. Lastly, some perspectives on future work are given in Section 8.2.

8.1. Contributions of This Work

In Chapter 2, a review of the thermochemical nonequilibrium models and the corresponding gov-
erning equations used to simulate hypersonic flows was made. From this review, a generalized
notation was developed, capable of describing most of the popular nonequilibrium models in use
today, including state-to-state, multitemperature, and local thermodynamic equilibrium models.
Using this notation, a general set of governing equations were derived from the standard conserva-
tion of mass, momentum, and energy equations for multicomponent, reacting, radiating, partially
ionized and weakly magnetized plasmas. The thermodynamic, transport, chemical kinetic, and
energy transfer models necessary to close the governing equations were then presented, consistent
with the generalized notation. While the models presented in Chapter 2 are not original, the de-
velopment of a consistent notation capable of encompassing most thermochemical nonequilibrium
models of interest is a valuable contribution for a number of reasons. For starters, a vast literature
is available describing numerous thermochemical nonequilibrium models relevant to atmospheric
entry. As was shown in Chapter 2, these models can be derived from many different assump-
tions with varying levels of fidelity and are often inconsistent with one another. By placing each
model into a consistent mathematical framework, the similarities and differences between them
can be readily assessed. Perhaps more importantly, the generalized model presented in this work
provides the machinery needed to abstract the physicochemical models used in modern hyper-
sonic CFD tools away from the implementation of the discretization and solution of the governing
equations.

This concept was demonstrated through the development of the MUTATIONT* software library,
presented in Chapter 4. Written using modern, objected oriented programming techniques in C++,
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MUTATIONTT provides thermodynamic, transport, chemistry, and energy transfer models, data,
and algorithms, relevant to flows in thermochemical nonequilibrium as well as LTE flows. The driv-
ing principle behind MUTATIONTT is the ability to separate the underlying thermochemical model
from the set of governing equations solved by CFD tools, using the framework from Chapter 2.
The library builds on previous Fortran libraries developed at the von Karman Institute for the
efficient computation of accurate thermodynamic [103] and transport [163] properties for partially
ionized gas mixtures. In particular, the scope of the thermodynamic and transport data has been
vastly expanded through implementation of the NASA thermodynamic polynomial databases and
the creation of a specialized XML format for the storage of binary collision integrals. In addi-
tion, MUTATIONTT implements a novel method for the robust calculation of linearly constrained,
multiphase equilibria, a crucial component of many thermal protection material response codes.
To the author’s best knowledge, the MPGFC algorithm presented in Chapter 5, is the first such
algorithm guaranteed to converge for all well-posed constraints. While it was originally developed
to improve the robustness of multiphase equilibrium routines required in certain ablation models,
the MPGFC algorithm has wide ranging applications.

Chapter 6 presented the other numerics tools developed in this work. The steady-state flow
along the stagnation line of an atmospheric entry vehicle is computed using a one-dimensional,
finite-volume code, based on the dimensionally reduced Navier-Stokes equations for stagnation
line flows. The flow solver was developed in a previous thesis for modeling STS nitrogen flows
[72] and has been extended in this work to general thermochemical nonequilibrium mixtures, by
coupling with the MUTATIONTT library. Coupling with ablation is achieved through a steady-state
ablation boundary condition using finite-rate heterogeneous reactions at the surface and imposed
equilibrium compositions of pyrolysis outgassing.

Concerning radiation coupling, the HTGR database from the laboratory EM2C at Centrale-
Supélec has been used to provide accurate LBL spectra. Based on a review of the major radiative
mechanisms contributing to the radiative heat flux for atmospheric entry vehicles, several contri-
butions were added to the HT'GR database in this work, including hydrogen lines, C3 Swings and
UV systems, as well as the photoionization of H, Ho, and CH. The HSNB model has also been
implemented in this work in order to significantly reduce the computational resources required to
compute accurate radiative heating calculations when many species are present in the flow field.
SNB parameters have been computed for the Hy Lyman and Werner systems, by adjusting the
Doppler and Lorentz overlap parameters to fit curves of growth for each narrow band. Comparisons
with band-averaged transmissivities computed with the LBL approach show excellent agreement
with the resulting SNB parameters for these systems. In general, the method provides a speedup
of at least two orders of magnitude and can accurately predict wall radiative heat fluxes to within
5% compared to LBL calculations. In addition, a novel spectral grid adaptation method has been
developed for atomic lines and was shown to provide nearly identical results as compared to the
original high-resolution HSNB method with a 20-fold decrease in the computational time. Con-
cerning molecular radiation, the HSNB model provides a significant improvement compared to
the Smeared-Rotational-Band model in the case of Titan entry, dominated by optically thick CN
radiation.

Finally, the effects of coupled ablation and radiation have been studied for Earth entries in
Chapter 7. It was shown that for a simulated boundary layer, ablation products in the boundary
layer can significantly increase the radiation blockage to the surface of the vehicle. In particular,
the C3 UV and CO fourth positive band systems as well as photoionization of C atoms contribute
significantly to absorption when enough carbon is present. This is the first time that the HSNB
model has been used to simulate ablation contaminated boundary layer flows. An analysis of the
Apollo 4 peak heating condition showed that coupled radiation and ablation effects can reduce
the conducted heat flux by as much as 35% for a fixed wall temperature of 2500 K. Comparison
with the radiometer data taken during the Apollo 4 flight showed excellent agreement for the
peak heating condition, partially validating the coupling methodology and radiation database. In
addition, the importance of accurately modeling the amount of carbon which is blown into the
boundary layer was demonstrated by contrasting the results of other researchers.
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8.2. Future Work and Perspectives

This work represents a first step in the direction of understanding fully coupled flow, radiation,
and ablation phenomena for atmospheric entry vehicles. The effectiveness of the HSNB model for
accurately and efficiently computing radiative heating in highly nonhomogeneous, nonequilibrium
flow fields has been clearly demonstrated. However, the steady-state ablation boundary condition
used in this work is not sufficient to gain a complete picture of the possible radiation-ablation
coupling mechanisms at work in real atmospheric entry flows. In addition, the effects of a 3-
dimensional flow field have been completely ignored in an effort to limit the scope of the thesis
to a manageable workload. Using the tools developed in this work only, it is not possible to
draw conclusions regarding the interaction of ablation products and the radiative heating on the
backshell of an entry vehicle. A reasonable step in this direction could be the use of a 3D radiation
transport code based on the Monte Carlo Ray Tracing (MCRT) technique and the HSNB method,
coupled with a single domain flow / material response solver like the one recently developed by
Schrooyen [18]. For example, Rouzaud et al. have developed MCRT /SNB code for studying the
radiative heating on a Martian orbiter [299]. This tool was later extended to use the full HSNB
model for nonequilibrium air flows by Lamet et al. [300], however the presence of ablation products
has not yet been studied.

As discussed in Chapter 4, the MUTATION™ ™ library has already been used by other researchers
for a variety of applications related to hypersonics and ablation. These include the study of
biomass pyrolysis [231], state-to-state catalytic recombination of nitrogen flows, [232], transport
properties of carbon-phenolic ablation mixtures [208], atmospheric entry of meteors [233, 234], and
uncertainty quantification for high enthalpy, plasma wind tunnels [235]. However, the library is
useful for many other applications which are not directly obvious upon first glance. One interesting
example is the study of the Sun’s chromosphere which shares many of the phenomena experienced
during atmospheric entry, including thermochemical nonequilibrium and strong radiation coupling.
A major difference however, is the presence of strong electromagnetic fields which dominate the
Sun’s landscape. Under such conditions, transport properties are no longer isotropic for ionized
plasmas due to the gyroscopic motion of free electrons (and to a lesser extent, ions) around the
magnetic field lines. Current approaches for the simulation of the solar chromosphere use simplified
models like the one of Braginskii [301] for computing anisotropic transport coefficients [302, 303].
Recently, Graille, Magin, and Massot developed a unified fluid model for multicomponent plasmas
in thermal nonequilibrium accounting for the influence of the electromagnetic field [100]. While not
presented in this thesis, explicit expressions for asymptotic solutions of the anisotropic transport
properties have recently been derived using a spectral Galerkin projection, supplied with Laguerre-
Sonine polynomial basis functions, and implemented in MUTATIONT™ [304]. Coupling this new
model with the tools used in solar chromosphere studies is a straight forward avenue for future
research which may lead to a better understanding of the complex processes involved in that region
of our star.
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APPENDIX A

Transport Systems

This appendix describes the evaluation of the linear transport systems necessary for computing
the multicomponent transport properties shown in Chapter 2. For the most part, these equations
summarize the results of [106], and are reproduced here for completeness.

Binary diffusion coefficients are given as

3 [2xkpTh(m; +m;) 1 .
T o a0 BIEH, (A.1)
16 mim; Qij

3 2mkpT., 1 .
n@ie = 1_6 e W, 1€ H, (AQ)

3 (ﬁkBTe 1
n@ee = g m—(i@ (AB)

Shear viscosity coefficients for heavy particles read

) vV FkBThmi
16 oY

As discussed in Chapter 2, the transport systems result from Laguerre-Sonine polynomial approx-
imations of the Chapmann-Enskog approximation to the nondimensionalized Boltzmann equation.
The resulting systems are summarized in Table A.1 and Table A.2 for heavy-heavy interactions
and all electron interactions, respectively. The correction functions for heavy-heavy interactions,
®ij,%,J € H, are given in first and second order approximations as

¢ij(1) = 0, (A.5)
25 n%;;
$ij(2) = gk xzj > A% Brj (A.6)
" keH
S GNBy =208, e, (A7)
keH

and for heavy-electron interactions, ¢;.,i € H, as

oic(1) =0, (A.8)
2% nD AVLAOL
¢ie(2):__an Beellie

8 T miwe ALl

(A.9)

Only first order solutions have been used in this work.
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Chapter A. Transport Systems

Table A.1l.: Summary of heavy particle transport subsystems, i,j € H.

System Formula
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For simplicity, the usual expressions for collision integral ratios,

have been used in Table A.1 as well as the following relationship in Table A.2,

) 6da, e ik
M=ot o ML €S ke {0.1,2)

Al = %
Ql_]7
5 5@5}-’2;: 14)6255’3”
Qz]7
* nglz)
ij Ql(;,1)7

(A.10)

(A.11)

(A.12)

(A.13)



Table A.2.: Summary of heavy particle-electron and electron-electron transport subsystems, i € H.
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APPENDIX B

MPGFC M Matrix Properties

This appendix provides proof of several important properties of the matrix M = PTBAY from
Eq. (5.43).

Definition. The so called hat matrix for the least squares problem BAY = P is defined as
-~ [~m~\—"1 -
H=B (BTB) BT, (B.1)

The following results are trivial from the definition of the hat matrix, H.

Result 1. H is idempotent, meaning H* = H for all powers k and the eigenvalues of H are either
0 orl.

Result 2. H is symmetric positive semidefinite, H = 0.
Result 3. The matriz (I — H) is idempotent and symmetric positive semidefinite, (I — H) > 0.

Definition. The matrix M € R™ *"" is defined for convenience such that
M = PTBAY, (B.2)

where P and B are defined in Eq. (5.18) and AY solves the least squares problem, BAY = P. We

further enforce that B is full rank, namely rank(f’:) = nC.

Result 4. M = PTHP

Proof. The normal equations solve the least squares problem, BAY = 15, such that
. ~ e\ L~
AY = (BTB) BTP (B.3)

Substituting the above relation into Eq. (B.2) yields the result. O

Result 5. M is symmetric positive semidefinite, M = 0.

Proof. This is a trivial result following Results 2 and 4. O

Result 6. When Eq. (5.19) is satisfied, the k™ largest eigenvalue of M is upper bounded by the
k™ largest phase moles, By (M) < Ny,.

Proof. From Results 3 and 4, we may write
PTP-M=PT(I-H)P -0, (B.4)

which shows that PTP > M. Therefore, the Courant minimax principle provides that
B (BTB) = B (M), (B.5)

where () represents the k™" largest eigenvalue of the matrix in parentheses. When Eq. (5.19) is
satisfied, PTP = diag (N), and B (ISTIB) = N, where N, is the phase moles of the k*" largest
phase. O
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Definition. The matrix C € R"“*"” = BTP has column vectors ¢, = D okes,, NiB(k,:),¥Ym e
P which represent the amount of elements (or general constraints) contained in each phase m.

Note that C1 =3, ¢ = ¢ where c is the constraint vector from Eq. (5.9).

Result 7. If C € R 7" = BTP has full column rank (meaning rank C = n” ), then the
eigenvalues of M are lower bounded by the eigenvalues of the matriz |B||;2CTC which are strictly
positive, B, (M) > B (CTC)/||BJ|2 > 0.

Proof. Letting o1 = ||B||2 denote the largest singular value of B, the difference M — CTC/0? can
be written as

1 ~ o~ L 1
M- —CcTc=cT {(BTB) - —21] C. (B.6)
o7 o3
The term inside the brackets is symmetric and positive semi-definite because the smallest eigenvalue
of (BTB)~1,
. 1 1
Buin ( (BTB) ) = ———— = =, (B.7)
Brax (BTB) 71
is equal to the n¢ repeated eigenvalue of I/07. Since C is full rank, we have

M - icTc, (B.8)
2
01

and invoking the Courant minimax principle again yields

Br(M) > —,(CTC). (B.9)

Rl =

Finally, since C is full rank, the product CTC forms the Gramian of the linearly independent
column vectors of C which is guaranteed to be symmetric positive definite with strictly positive
eigenvalues. o

Result 8. Whenn” =1, M = M is a strictly positive scalar with a lower bound, M > ||c||3/||B]/3.

Proof. From Result 7, with n” = 1, we have easily

B(c"e) = M (B.10)

M = B(M) > = 12
(M B3

S =



ArPENDIX C

Stagnation Line Jacobians

C.1. Convective Flux Jacobian and Eigensystem

The convective Jacobian A = 9F¢/0U for stagnation line flows is derived for a general thermo-
chemical nonequilibrium model using the notation defined in Section 2.3.1, where the conservative
and convective flux vectors are given as

U= [piapurapu@vavpem]Ta (Cl)
F° = [piuy, pu? + p, purug, pur H, pure™", (C.2)
where the densities and energies expand for i € S* and m € {2,...,n™}, respectively. Before

proceeding with the Jacobian calculation, the partial derivatives of the static pressure with respect
to the conservative variables are first obtained as

9

aU = [(I)Jv 751’“7”5 05 ﬂla ﬂn 751]5 (CS)
where
_ Op m
P, = o, = RiTj+p > R™Tp;, (C.4)
meM
T, Omi(u2/2 — Ahy ;) —e™
Tm] - 8 _ 1(u / fa]) j 7 (05)
Op; peyt
R™=a" > yRi+al'yeRe, (C.6)
keH*
Rm
/M= e (C.7)

Using the o} and o parameters, the translational temperature associated with a species j € S*
can be expressed in terms of the temperatures associated with the global energy modes m € M as

Tj= Y [bejal + (1= bej)ap]. (C.8)
meM
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With these relations in hand, the convective Jacobian is straightforwardly computed after writing
the flux vector with conserved quantities and pressure and differentiating, yielding

ur((sij - yz)
(I)j — ’U/%

—Urug

Yi
ur(2 — BY)

Up

u(®; — H) H — ftu?

0

0

Uy

0

0
61
0

ur(ﬂl + 1)

0
Bn
0

u, 8"

| —ue™ e 0 0 Orn U
for i,j € S* and m,n € {2,...,n™}. Note that i and m expand in rows while j and n expand in
columns. This notation is used throughout this appendix to simplify matrix expressions.

The eigensystem A = RAL is derived using the similarity transformation

OFc  9U 9V 9F°0U OV dU OV

vV aU U 9V aU U’

T OU 9V oU oU 9V OU 9V (C.10)

where V' = [p;, ur, ug,p,€™] is the natural variable vector, designed to simplify the eigenvalue

problem for the matrix A. Since the eigenvalues of A and A are the same, due to the similarity

transformation, the calculation of the eigensystem for A proceeds as follows. First, the Jacobians

associated with the natural variable vector V' are computed and A is built from the straightforward
matrix multiplication,

AV OFcoU

- 0U 0U oV’

Next, the eigensystem of A is computed as A = RAL, where L and R are the left and right
eigenvector matrices associated with the diagonal eigenvalue matrix A. Finally, the left and right
eigenvector matrices associated the convective Jacobian are then easily computed by

(C.11)

oU ~

L=L—, R=_—R. C.12
ou’ ov ( )
To begin, the Jacobians associated with the natural variable vector are found to be
[ 0ij 0 0 0 0 ]
~ufp 1/p 0 0 0
ov
— = — 0 1 0 0 C.13
®; —Blu, 0 el g —pt
| —e"/p 0 0 0 Smn/ P
and _ -
0ij 0 0 0 0
Uy p 0 0 0
oUu
= Ug 0 p 0 0 C.14
oV ) (C.14)
| 1 p
0, pur 0 B =)
i e 0 0 0 Omn P
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where ©; = uf + [V (8 — B1)e* — @5]/5.

(C.14) into Eq. (C.11) yields

Substitution of Eq. (C.9) and Egs. (C.13) and

0ij U pi 0 0 0
0 Uy 0 1/p 0
A= 0 0 U 0 0 (C.15)
0 p(1+6h) 0 Uy 0
0 0 0 0 Sl

As can be seen, A is much more sparce than A, which greatly simplifies the eigenvalue analysis.
From Eq. (C.15), the following characteristic equation for the eigenvalue X is readily obtained,

S

(ur — N+ (4 — N2 — 1—;(1 +aY] =o. (C.16)

Solution of Eq. (C.16) for A yields the eigenvalues A = {u,, u, + a,u, — a}, where the eigenvalue
A = u, is repeated n° + n™ times and « is the numerical “sound speed” associated with the
convective Jacobian, defined as

2 _ D 1
a® = p(l +5%). (C.17)

Note that for a single temperature model, the sound speed reduces to the conventional result,
a? = yp/p where 7 is the ratio of mixture specific heats. Writing the eigenvalue matrix as

UpGsj 0 0 0 0
0 U +a 0 0 0
A= 0 0 Ur — Q 0 0 , (C.18)
0 0 0 Uy 0
i 0 0 0 0 UrOmn

the right and left eigenvector matrices are obtained from the relations AR = RA and LA = AL.

After some algebra, we obtain

i 5ij Pi Pi 0 0 1
0 a —a 0 0
R= 0 0 0 1 0 , (C.19)
0 pa? pa’? 0 0
i 0 0 0 0 Omn |
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and

=
I

0

0

1

0

—yi/a®
1/(2pa?)
1/(2p0?)

0

0

5mn

(C.20)

Finally, using Eq. (C.12), the final solution for the right and left eigenvectors associated with the

convective Jacobian are given as

and

the eigenvalues are first labeled as

and the positive-negative eigenvalues are defined

0ij Pi Pi 0 0
Uy plur+a) pur —a) 0 0
Uup pUg pUg P 0
O; H b
i p(H+ura) p(H—ura) 0 p(l— F)
em pe™ pe™ 0 Omn |
5. %% Bluys 0 By w8t =B8]
Y a? a? a? a?
(@® —wa) (- Bu) g (Y
2pa? 2pa? 2pa? 2pa?
(®; +ura) (a—i—ﬁlur) 0 g (B" _61)
2pa? 2pa? 2pa? 2pa?
—ug/p 0 1/p 0 0
C.2. Positive-Negative Split Jacobians
In order to calculate the positive-negative split Jacobians,
AT = RATL,
)\1:11")“7 )\QZUT+G, ABZUTi
i N .
A}:ﬁ, i={1,2,3}.

2

(C.21)

(C.22)

(C.23)

(C.24)

(C.25)
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Inserting the positive-negative eigenvalues into Eq. (C.18) yields the positive-negative eigenvalue
matrix,

T 0 0 0 0
0 A 0 0 0
At = 0 0 A 0 0 (C.26)
0 0 0 A 0
.0 0 0 0 AL O

Note, from the definition of the positive-negative eigenvalues in Eq. (C.25), AT is a diagonal matrix
with only the positive eigenvalues along the diagonal while the negative eigenvalues are zeroed out.
Conversely, A~ has only negative eigenvalues along the diagonal with the positive eigenvalues
zeroed out. Substituting Eq. (C.26) into Eq. (C.23) yields the positive-negative split Jacobian
matrices.

C.3. Convective Source Term Jacobian

For the general thermochemical nonequilibrium model, the convective source term vector for the
stagnation line equations is given as

Uy + up)

ge— 2pi, 2puy, 3pug — 25; p;‘;ﬂpH, 2pe™ |, (C.27)
where the indices i € S* and m € {2,...,2™} expand accordingly. The convective source term
Jacobian then follows from a straightforward differentiation, such that

[ @(0ij —Yyi) Yi Yi 0 0 T
— Uyl (ur+a) Uy 0 0
(?)SU - _gueﬂ—@j guﬁurﬁl g(ﬂﬂte) -t =(B"=5") (C.28)
w(®;—H) H—ua8"  H a(l+p') a(p"—-p")
L —ue™ em em 0 Umn

where @ = u, + ug has been defined for convenience.

C.4. Diffusive Flux Jacobian

The stagnation line diffusive flux vector in the general thermochemical nonequilibrium model
notation is given as

Fd - [pi‘/ria —Trry —Tro, Qr — TryUr, qz«n]Ta (C29)
where the indices i € §* and m € {2,...,n™} expand as usual. Linearization of F? is performed
by first rewriting the flux vector as a sum of the terms which are linearly dependent on the gradient
of conservative variables plus those which are not,

Fé = Ad(a—U) B,

5 (C.30)
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The diffusion fluxes are then approximated according to the method of Ramshaw and Chang by
p.V.:p.ZDH% (C.31)
i Vre 7 - 17 or ’ .
jES*

where D;; is the multicomponent diffusion coefficient for species ¢ and j. After some algebra, this
relation may be written in terms of species density gradients via

op;
piVri = Z aija—rja (C.32)
jeES*
where the a;; coefficients are
M
Qij = yiﬁj [Dij - > Dikwk] : (C.33)
keS*

The velocity and temperature gradients are similarly written in terms of gradients of conserved
quantities such that

dur _ 109(pur)  ur Opi

_ iy (C.34)
or p Or r 5 or
1 .
Oug _ 10(pug) o N~ Opi (C.35)
or p Or P or
M
O 1 |9(pE) < dpe™)  d(puy) dpi
oo - ~u T2, .
o pcy or = or R + lEZS* oy (C.36)
T, 1 Ope™ dp; M
- Yo 2 2,...,nM} :
or pcm Or + lEZS* or Vme{ n’'} (C.37)
The stress tensor components and radial heat fluxes can then be written as
4 1 T T 7 U
. g77<_8(gu ) U ‘98_/’ _ E), (C.38)
poor Plics- 9" T
1 0(pu U dp; 1
w:n(_ (p 9)__92_/)__), (C.39)
p Or p g o
1
Tog = *57_7“7"7 (040)
and
0 dpur) 1 O(E) | - )
Pi 1 plr 19(p 1 my 9(pe™
_ . _ _ 41
ar sz or ot or “ or + (a @ ) or '’ (C.41)
ieS* m=2
q" = Zbi 5 @ 5 Vme{2,...,n"}, (C.42)

where o™ = X" /pci* ¥V m € M and the b; and b coefficients are

bi= Y hgari— »_ AT, (C.43)

keS* meM

b= > hagi — A" Yo, (C.44)
keS*
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Using the above relations, A% and B¢ are then found to be

Qi 0 0 0 0
4 4
“4y, _2h 0 0 0
3p 3p
P P
4 4
bfrgﬂuf (Oél gg)ur 0 —al al —am”
i bl 0 0 0 —a™8mn
and r
_pf 4 4
Bi=a“ o, -, 1, -u,, 0] C.46
uT [ ) 37 ) 3“ ] ( )

where the first and last zeros in B? are expanded n® and n™™ — 1 times, respectively. Finally, the
Jacobian of B? with respect to the conservative variables is found to be

i 0 0 0 0 0 ]
4 4 4
aB 1n| —a 1 1 0 0
— = c.4r
T 1y , (C.47)
—=u =—(a+uy) Uy 0 0
0 0 0 0 0

where the first and last rows and columns are expanded n™ and n™ — 1 times, respectively.

C.5. Diffusive Source Term Jacobian

The diffusive source term vector written in the general thermochemical model notation is expressed
as

T
2 Too — 3Tro
S¢ = = |PiVris Too = Ter+Tro, %, Qr — TrrlUy —TroUy —TooUg, G, | (C.48)
where the indices i € S* and m € {2,...,n™} are expanded. The linearization of S proceeds in

the same way as was done for F'¢ in the previous section, by first decomposing the vector as

S?= A4 (aa—?) + B2, (C.49)
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Using the procedure detailed in the previous section, A% and B? are given as

where

and

B¢

Qi 0 0
d L
P P
H H®
I
P P
¢j Cr —urﬁ
p
by 0 0
c; = +%§T(a+3ur),
4
Crzﬁlur'i_ﬁ_ Uy
p3
d=—=(u+u,),
f= H(Qu—i—?u‘g),
p
H 11
=2 [0, —61, —3% —3

0

T
50:| ’

where @* = Tu? + 5u,up — 2u3. Finally, the Jacobian of B¢ is found to be

0B _1lp
ou r2p

where

[GUN N —
N w|’—‘
|

o

2
gr = 5(15ur — Bug),

2
gr = §(4ur — Bug).

C.6. Kinetic Source Term Jacobian

Lastly, the kinetic source term vector for the general thermochemical model is given as,

Sk = [wla 0) 0) 07 Qm]T7

0

0

(C.50)

(C.51)

(C.52)
(C.53)

(C.54)

(C.55)

(C.56)

(C.57)

(C.58)

(C.59)
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where the the species and energy production rates are functions of species densities and tempera-
tures,

wi =wi{pp, ke S }H{T", ne M}), ieS8", (C.60)
Q" =Q"{pp, ke SV {T", ne M}), mec{2,...,n"}. (C.61)
It is therefore convenient to calculate the kinetic source Jacobian using the chain rule,
oSk 9S8k opP
—_— =, (C.62)
oU oP oU
where P is the primitive variable vector
P = [p“ Upr, UG, T17 Tm]T . (063)
The primitive variable Jacobian is found to be
T 0 0 0 0 i
~urfp 1/p 0 0 0
oP
— = = 0 1 0 0 C.64
50 ug/p /p (C.64)
Ty —u/(pcy) 0 1/(pey) —1/(pcy)
| T 0 0 0 5mn/(p63)_
The source term Jacobian with respect to primitive variables is given as
(c’)wi ) 0 0 ( awi ) ( awi )
9p; )p Ty Jp \9T» Jp
0 0 0 0 0
oS* 0 0 0 0 0
o = (C.65)
0 0 0 0 0
<aﬂm) 0 0 <8Qm> <8Qm>
L\ 9pj /p Ty Jp\ 9Ty /p ]

where the subscript P is used to emphasize that the derivatives are with respect to primitive

variables, rather than conservative ones. Multiplying the above two matrices yields

dp;  O(pur) I(pE)  O(pe")
0 0 0
oUu
0 0 0 0 0
onm onm 0 onm oam
L dp;  O(pur) I(pE)  9I(pem)
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where the derivatives with respect to conservative variables are found to be

g_;i - (g_;i),; - %; iy (%)P (C.67)
3(8p)1i) B _;T:g (E)T_)l()P’ (C.68)
% - pL @—X)P (C.69)
8&) B pL ((;_X)P - pi ((;—X)P (C.70)

for X = {w;, Q™}.



APPENDIX D

Mixtures and Data

This appendix details the various mixtures and data used for the simulations presented in Chap-
ter 7, including the the species involved, specific reactions considered, as well as the collision
integral data necessary to compute the transport coefficients.

D.1. Mixtures

The three mixtures described in Section 7.1.1 are summarized in Table D.1. The table provides
a list of species included in each mixture, the thermal nonequilibrium model employed, and the
number of species, reactions, and collision pairs. Species thermodynamic properties were computed
using the RRHO model as described in Section 4.4.1 using the rotational, vibrational, and electronic
characteristic temperatures and degeneracies provided by Gurvich et al. [173, 175]. The reaction
mechanisms and rate constants employed for each mixture are detailed in the proceeding section
followed by the collision integral data required to compute transport coefficients for each mixture.

Table D.1.: Summary of the three miztures used in Chapter 7.

Mixture Species Noneq. # Species /  # Collision
Name Model Reactions Pairs
air e” N" O" NOt No™ 0" 7,7 11/ 22 66
N O NO N3 Oq2
air-ablation e~ NT OT N O NO N, T,T7°¢ 20/25 210

0O, CCTHH' Cs
C2H C3 CO CO2 CN
HCN H,

Titan N CHN; CHCN NH T 13 / 27 91
CH CH, CHs CH4 HCN
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D.2. Reaction Mechanisms

This section presents the reaction mechanisms used for each of the three mixtures summarized
in the previous section. For each mechanism, the corresponding reactions, rate constants, and
temperature dependencies are provided.

Table D.2.: Gas phase chemical reactions used in this work for air simulations. Forward reaction
rate coefficients are computed using the modified Arrhenius formula, k(Ty) = ATJ’? exp(—0/Ty).
Backward reaction rate coefficients are computed in order to satisfy equilibrium at the temperature
associated with the reverse reaction, ky = ky(Ty)/keq(Ty). The sources for the listed rate constants
are provided in the last column.

No.

Reaction A B8 0

m, s, mol K

Ref.

16.

17.

18.

19.

20.

21.
22.

associative ionization (Ty =T,T, =T"°)

N+O==NO" +e" 5.30 x 10° 0.00 31900
O0+0=05"+e" 710 x 107% 270 80600
N+ N=N,"+e" 4.40 x 10! 1.50 67 500
charge exchange (Ty =T,T, =T)
NOT + 0 == N* + 0, 1.00 x 10° 0.50 77 200
Nt 4+ Ny = N," +N 1.00 x 10° 0.50 12200
02T+ N==NT+0, 8.70 x 107 0.14 28 600
O +NO == NT 4+ 0y 1.40 x 1071 1.90 26 600
Ost + Ny = Ny " + 0, 9.90 x 10° 0.00 40700
0274+ 0 =0"+0, 4.00 x 108 0.09 18 000
NOT+N=—0"+N, 3.40 x 107  —1.08 12800
NOT + 03 == 02" +NO 2.40 x 107 0.41 32600
NOT +0 =027 +N 7.20 x 107 0.29 48 600
O" +No = N," +0 9.10 x 107 0.36 22800
NOt +N=N,"+0 7.20 x 107 0.00 35500
electron impact dissociation (ITy =T, T, =T"°)
No+e =N+N+e 3.00 x 10® —1.60 113200
heavy particle impact dissociation (Ty =TTV, T, =T)

No+M==N+N+M 7.00 x 10  —1.60 113200
M=NO 3.00 x 10'6

O+ M=0+0+M 2.00 x 10  —1.50 59 360
M=NO 1.00 x 10%¢

NO+M==N+0+M 5.00 x 10° 0.00 75500
M =N ONO 1.00 x 10*!

exchange (Ty =T,T, =T)
NO+O=N+0, 8.40 x 10° 0.00 19400
N +O==NO+N 5.70 x 10° 0.42 42938
electron impact ionization (Ty =TV, T, =T)

O+e =0T +e +e 3.90 x 102" —3.78 158500

Nte =Nt +e +e” 2.50 x 102  —-3.82 168200

[69]
[67]
[69]

[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]
[67]

[69]
[69]
[69]
[68]
[69]
[69]

[69]
[69]
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Table D.3.: Gas phase chemical reactions used in this work for coupled air and ablation sim-
ulations. Forward reaction rate coefficients are computed using the modified Arrhenius formula,
ke(Ty) = ATfﬁ exp(—0/T}). Backward reaction rate coefficients are computed in order to satisfy

equilibrium at the temperature associated with the reverse reaction, ky = k¢(Tp)/keq(Th).

sources for the listed rate constants are provided in the last column.

No. Reaction A B 0 Ref.
m, s, mol K
electron impact dissociation (ITy =T, T, =T"°)
1. Ngte =2N+te 1.00 x 10 —1.60 113200 [305]
heavy particle impact dissociation (Ty =TTV, T, =T)
2. No+Me=2N+M 7.00 x 10" —1.60 113200 [305]
M = atoms 3.00 x 106
3. 0:2+M=—=20+M 2.00 x 10  —1.50 59750 [305]
M=H 0.00
M = atoms except H 1.00 x 10*¢
4. Co+M==C+C+M 3.70 x 108 0.00 69000 [305]
5. CN+M+==C+N+M 2.50 x 108 0.00 71000 [305]
6. NO+M==N+O0+M 5.00 x 10° 0.00 75500 [305]
M = atoms 1.10 x 10!
7. COz+M==CO+0+M 6.90 x 10"  —1.50 63275 [305]
M = atomic ions and H 1.40 x 1016
M = neutral ions except H 1.40 x 10'¢
8. CO+M==C+0+M 2.30 x 10" —1.00 129000 [305]
M = atoms 3.40 x 104
9. Cs+M==C;+C+M 6.30 x 10'°  —0.50 101200 [305]
10 Hy+Me=H+H+M 2.20 x 108 0.00 48300 [305]
exchange (Ty =T,T, =T)
11. Ny +O+=—=NO+N 6.40 x 10" —1.00 38370 [305]
12 NO+O==N+0, 8.40 x 10° 0.00 19450  [305]
13. CO+C=0C2+0 2.00 x 10 —1.00 58000 [305]
4. CO+0=0:+C 3.90 x 10" —0.18 69200 [305]
15, CO+N==CN+O 1.00 x 108 0.00 38600 [305]
16. N2 +C==CN+N 1.10 x 108 —0.11 23200 [305]
17 CN+O==NO+C 1.60 x 107 0.10 14600 [305]
18 CN+C==0C: N 5.00 x 107 0.00 13000 [305]
19. CO2+0 == 0,+CO 2.10 x 107 0.00 27800 [305]
20. HCN+H == CN+H; 8.00 x 10° 0.02 85537 [305]
21. CoH+ H+=—C; +H; 1.00 x 10° 0.00 16770  [69]
electron impact ionization (Ty =T, T, =T)
22 O+te =0T e +e” 3.90 x 10*7  —3.78 158500 [69]
23, N+e =N te te 2.50 x 10*®  —3.82 168200 [69]
24, Hte =—H"+e +e 2.20 x 10**  —2.80 157800 [69]
25, Cte =—Chrie te 6.35 x 10° 0.00 130700 [69]

The
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Table D.4.: Gas phase chemical reactions used in this work for Titan simulations. Forward reac-
tion rate coefficients are computed using the modified Arrhenius formula, k(T) = AT exp(—0/T).
Backward reaction rate coefficients are computed in order to satisfy equilibrium at the temperature
associated with the reverse reaction, ky = k¢ (T)/keq(T). The rate constants are taken from Gékcen
[295].

No. Reaction A B8 0

m, s, mol K

heavy particle impact dissociation

1. Ny +M=—2N+M 7.00 x 10  —1.60 113200
M = atoms 3.00 x 10'6
2 CH;+M=CH; +H+M 4.70 x 10" —8.20 59 200
3 CH;+M=—CH; +H+ M 1.02 x 10 0.00 45 600
4., CH; + M==CH+Hx+M 5.00 x 10° 0.00 42 800
5. CH,+M=CH+H+M 4.00 x 10° 0.00 41 800
6 CH;+M==—C+Hy,+M 1.30 x 10% 0.00 29700
7 CHtM=C+H+M 1.90 x 108 0.00 33700
8. Co+M=—2C+M 1.50 x 10*° 0.00 71600
9. H,+M=—2H+M 2.23 x 108 0.00 48 350
10 CN+M=—C+N+M 2.53 x 108 0.00 78 000
11. NH+M=—N+H+M 1.80 x 10% 0.00 37600
12 HCN+M==CN+H+M 3.57 x 102  —2.60 62845
exchange
13. CH3; +N == HCN +2H 7.00 x 107 0.00 0
14. CHs+H = CH, + H, 6.03 x 107 0.00 7600
15.  CH, + Ny = HCN + NH 4.82 x 10° 0.00 18000
16. CHs +N == HCN +H 5.00 x 107 0.00 0
17. CH, +H == CH+ H, 6.03 x 10° 0.00 —900
18. CH+ N; = HCN + N 4.40 x 108 0.00 11 060
19. CH+C=0Cy+H 2.00 x 108 0.00 0
20. Cs+ Ny == 2CN 1.50 x 107 0.00 21000
21. CN+4+H, = HCN+H 2.95 x 107! 0.00 1130
2. CN4+C=0Cy+N 5.00 x 107 0.00 13000
23. N+H,=NH+}+H 1.60 x 108 0.00 12650
24. C+Ny=CN+N 5.24 x 107 0.00 22600
25. C+H,=—CH+H 4.00 x 108 0.00 11700
26. H-+Ny==NH+}N 3.00 x 10° 0.50 71400

27. H+ CHs == CHs + Hs 1.32 x 1072 3.00 4045
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D.3. Collision Integrals

Figs. (D.1 - D.3) present summaries of the collision integral data used for each collision pair in the
three mixtures presented in Section D.1. Each cell corresponding to a collision pair is color-coded
based on the type of collision represented. Depending on the type of collision, reference information
is also given for each collision pair detailing the source of the required collision integral data. All
attractive and repulsive charged collisions are treated as Coulomb interactions using the Debye-
Hiickel potential as described in Section 4.5.1. All other collision integrals are either explicitly
taken from the given reference, or are computed using the Langevin (ion-neutral) or Lennard-
Jones (neutral-neutral) potentials. Pure species Lennard-Jones parameters and species dipole
polarizabilities used in this work are given in Table D.5. Lennard-Jones parameters for non-pure
interactions can be obtained from the Lorentz and Berthelot combination rules as described in
Section 4.5.1.
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Figure D.1.: Summary of collision integral data for the air mixture used in this work. Cell colors
represent type of collision (red : charged, orange : electron-neutral, green : ion-neutral, blue :
neutral-neutral). Numbers indicate reference source for each collision pair. + : attractive, — :
repulsive.
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Figure D.2.: Summary of collision integral data for the Titan mixture used in this work. Numbers
indicate reference source for each collision pair. LJ : Lennard-Jones (12-6) potential.
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Figure D.3.: Summary of collision integral data for the coupled air and ablation mizture used in
this work. Cell colors represent type of collision (red : charged, orange : electron-neutral, green :
ion-neutral, blue : neutral-neutral). Numbers indicate reference source for each collision pair. + :
attractive, — : repulsive, L : Langevin potential, LJ : Lennard-Jones (12-6) potential, C : copied
from e——C data.
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Table D.5.: Pure species Lennard-Jones potential parameters and species dipole polarizabilities

used in this work.

Lennard-Jones

Species Parameters Polarizabilities
o ¢°/kp  Ref. Q@ Ref.
A K A

C 3.0 100.0 [306] 1.76  [202]

Co 3.913 788 [69] 5.58  [208]

CH 2.750  80.0 [307]

CH, 3.8 144.0 [308]

CHj 3.8 144.0 [308]

CH,4 4.010 143.8 [309]

CN 3.856  75.0 [69] 2.00  [202]

CO 3.690 91.7 [69] 1.95  [202]

COq 3.763 244.0 [308] 291 [202]

H 2.4 40.0 [306] 0.667 [203]

H, 2.827  59.7 [69]

HCN 3.630 569.1 [310] 2.53  [306]

N 2.98  119.0 [306] 1.10 202

Ny 3.798 714 [69] 1.74 202

NH 2.650  80.0 [308]

NO 3.599  91.0 [69] 1.70  [202]

(0] 2.660  70.0 [306] 0.80  [202]

(O] 3.467 106.7 [69] 1.58  [202]
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