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ABSTRACT

ANALYSIS OF WEAKLY IONIZED HYPERSONIC FLOW

Piskin, Tugba
M.S., Department of Aerospace Engineering

Supervisor: Assoc. Prof. Dr. Sinan Eyi

July 2015, 105 pages

The knowledge of physical phenomena and numerical computation skills are
required to simulate flow field around the re-entry capsule due to extreme
conditions resulted by high speed and high energy of capsule. The re-entries of
spacecraft occur generally at high hypersonic speed where reactions take place
actively, and where plasma field around geometry as well as radiation from the
surface affect characteristics of the flow field. In these conditions, ideal gas
assumption fails; thus, real gas assumption is used to define species state
characteristics. The main consideration of this study is to compute the components
of the flow field by considering thermal, chemical and vibrational nonequilibrium.
There are various methods developed to model flow field with the examination of
real gas effects and nonequilibrium in each modes. Mainly, these methods differ
according to chosen temperature model; the simplest one is one temperature model,
where all energy modes are defined with the same temperature. Because the
assumptions for one temperature are not sufficient to characterize hypersonic flow

field region, the most accepted and the most applied method is two temperature



model by defining translational — rotational and vibrational- electronic temperature.
In this model, dissociation reactions and vibrational energy levels of species are
associated with Park’s approach. Different forward reaction rate constants and two
different calculation of equilibrium constant are examined and compared.
Moreover, the influences of number of species and reactions are also studied in the
modelling chemical nonequilibrium. Three dimensional Apollo Command Module
is chosen as geometry. Newton- GMRES method is used to solve flow field,
whereas Newton method is used to compute vibrational and translational

temperature.

In the numerical modelling part, different CFD considerations are examined such
as mesh refinement, order of spatial discretization and different splitting of flux
vectors. For the mesh refinement study, flow field is simulated by using three
different meshes; coarse, medium and fine. In addition to first order discretization,
MUSCL schemes are used to achieve higher order spatial discretization; therefore,
different flux limiters are examined to prevent oscillations. Moreover, Van Leer
and Steger Warming flux splitting schemes are developed with the consideration of
real and ideal gas assumptions. Briefly, the aim of this study is to enhance
knowledge about high temperature gas flow and to apply various models with
comparisons of each other and that of experimental data.

Keywords: Atmospheric Re-entries, Hypersonic Flow, Real Gas Effects, Chemical

Nonequilibrium, Vibrational Nonequilibrium, Two Temperature Model
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Oz

AZ IYONLASMIS HIPERSONIK AKISLARIN ANALIZI

Piskin, Tugba
Yuksek Lisans, Havacilik ve Uzay Miihendisligi Bolimii

Tez Yoneticisi: Dog. Dr Sinan Eyi

Temmuz 2015, 105 sayfa

Yercekimi ile ivmelenen atmosferik girisler yiiksek hiz ve enerjilerde
gerceklestiginden sicaklik cok biiyiik degerlere ulasir. Atmosferik akis gibi yiiksek
hizli hipersonik akislarin dogru modellenmesi, tiim fiziksel olgularin ve ¢oziim
yontemlerinin uygulanmasiyla miimkiindiir. Bu gibi yiiksek sicakliklarda, tlirlerin
akis alanindaki davranislar1 ger¢ek gaz varsayimu ile yapilmalidir. Bu ¢aligmanin
amacit kimyasal, termodinamiksel ve titresimsel dengesizliklerin gercek gaz
varsayimiyla c¢oziilmesidir. Sicaklik varsayimlarima gore bircok farkli model
bulunmaktadir. En basit olan, tek sicaklik modeli biitiin enerji modlarnin tek bir
sicaklik degerleriyle belirlenmesine dayanir. Ancak bu model yiiksek sicaklarda
akig alan1 ¢oziimiinii elde etmede yetersiz kalmaktadir. En ¢ok uygulanan ve kabul
edilmis metot iki sicaklik modelidir ve bu model dongiisel ile cizgisel enerji
modlarini ve titresimsel ile elektronik enerji modlarini dengede kabul eder. Yiiksek
sicakliklarda, kimyasal reaksiyonlar ve titresimsel sicaklik degerleri birbirlerini
etkiler. Iki olgu arasindaki etkilesim, gizgisel ve titresimsel sicakliklarin ortalama

degerleriyle bulunur. Bu ¢alismada, bu yaklagimlar incelenmistir.

vii



Geometri olarak ii¢ boyutlu Apollo Komuta Modiilii se¢ilmistir, ¢linki deney ve
ucus verileri bu geometri etrafinda mevcuttur. Hesaplamalar Newton ve Newton
Gmres metodlart goz Oniine alinarak yapilmistir. Farkhi tiir sayis1 ve farkli

varsayimlar bu ¢aligmada incelenmis bulunmaktadir.

Bu calismanin esas amaci yiliksek sicakliklarda olan akis hakkindaki bilgiyi
genisletip ¢esitli modellerin karsilastirilarak incelenmesidir. Ayrica fiziksel
modellerin karsilagtirllmasinin yani sira hesaplama yontemlerinin etkinligi de

hesaplanip karsilastiriimistir.

Anahtar Kelimeler: Atmosferik Giris, Hipersonik Akis, Ger¢cek Gaz Etkileri,
Kimyasal Dengesizlik, Titresimsel Dengesizlik, iki sicaklik Modeli
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The advancements in the computer technology lead to the development and the
extend usage of computational tools for the most of the engineering studies. In the
most of aerospace engineering studies, Computational Fluid Dynamics (CFD) is
one of the important tools used. The advancement of the spacecraft design strictly
depends on the accurate prediction of flow field during the reentry. Because of the
experimental difficulties in hypersonic flow, CFD is extensively used to analyze
the flow field and to improve design parameters of spacecrafts [1]

Atmospheric re-entries to the Earth’s and other planets with considerable
gravitational force are characterized by high speed and high enthalpy flow. Because
of the high Mach number and high temperature, hypersonic flow fields occurred
during re-entries contain dissociation, exchange, charge exchange, dissociative
recombination, electron impact ionization and dissociation reactions. Moreover,
radiation and the exchange between energy modes which are vibrational,
translational, rotational and electric-electronic, occur. Modelling these extreme
conditions require sufficient understanding of real gas behaviours and

nonequilibrium conditions.

Due to transition of high kinetic energy to thermal energy, the ionization of species
takes place frequently; hence, the flow field contains many positive and negative
charged species. These charged species cause plasma layer around the body. The
number density of charged particles affects frequency of plasma. When the
frequency of the plasma layer is higher than the communication band frequency,
there will be communication blackout. The accurate prediction of flow field and the



modification of re-entry vehicle have importance on prevention of moral and
financial damage and even death. Therefore, accurate modelling of re-entries are

important to have successful and safe flights.

1.2 Objective

The understanding of chemical nonequilibrium and vibrational relaxation and then
developing a flow solver with consideration of real gas effects are main objectives

of this study.

The influence of different thermochemical approaches have been investigated in
terms of accuracy, convergence behaviour and computational cost. In addition to
ideal gas assumption, code has been extended to investigate real gas effects. To
model chemical nonequilibrium, different models and assumptions are examined
and compared with available experimental and theoretical data. The coupling
chemical reactions and vibrational nonequilibrium with different controlling
temperature models are taken into account. After the investigation of high
temperature effects with different assumptions, choosing a proper model for future

studies with our developed codes is basic consideration of physical modelling.

The computational efforts to simulate physical processes during atmospheric re-
entries are studied. Various splitting methods and discretization orders are
reviewed. In this study, Newton and Newton GMRES methods is used to simulate
hypersonic re-entries with different temperature models. Moreover, Apollo
Command Module is chosen as a geometry to evaluate and to verify the developed

code.



1.3 Flow Characteristics

During atmospheric re-entries, the change of kinetic energy into internal energy
produce enormously high aerodynamic heating; therefore, to simulate effects of this
extreme heating during atmospheric re-entries, flow characteristics must be defined.
First of all, re-entries are characterized by very high speed and high temperatures.
The maximum velocity during the re-entry to Earth’s atmosphere was achieved in
2006 by the Stardust Capsule, 12.8 km /s, and the maximum temperature was
around 25,000 K [2]. Around this temperature, many reactions start such as

dissociation, exchange and ionization.

The flow field during atmospheric re-entries strictly depends on the composition of
the atmosphere. Different chemical properties of species in atmosphere yield
different flow field characteristics because each species has different mass, energy
levels and different chemical bonding structures. In this study, re-entries to the
Earth’s atmosphere cases are studied. Therefore, initial composition of atmospheric
air is considered as 21% of O2and 79% of N>. The species composition is important
because of the different reaction characteristics and different energy exchange
mechanism between species. The high temperature and nonequilibrium effects
make ideal gas assumption invalid; thus, real gas assumption is more suitable. ldeal
gas assumption states that gas is in thermally and calorically perfect state.
Therefore, following assumptions yield for ideal gases that collisions in between
gases occur elastically, there are not any forces between species, and motions of
gases are random where distance in-between species are greater than the molecule
size [4]. In the hypersonic flow, most of these assumptions are invalid and real gas
effects should be considered. Real gas assumptions can affect the shock standoff
distance, thermal heating at surface and energy exchange between modes [1]. The
physical phenomena, assumptions and available equations through spacecraft
motion in atmosphere are summarized in Figure 1.1 which is derived from NASA

report [3] and Tirsky’s study [7].
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Figure 1.1 Variations of physical phenomena with trajectory of a space shuttle on

Earth’s atmosphere.

One of the important parameters to observe the flow field characteristics is Knudsen
number. Knudsen number is obtained by dividing the mean free path of molecule
to the length of spacecraft. The mean free path is the average distance between

collisions of two flow components.

The validity of the Navier Stokes equations are restricted with Knudsen number.
The applicability of Navier Stokes and Euler equations require enough number of
collisions of the flow components; therefore, the exchange between momentum and
energy modes are satisfied. Clearly, to solve Navier Stokes and Euler equations, the
flow field should be dense enough. In regions where Knudsen number less than
0.01, the flow field can be considered as continuum and the transport equations can
be used [5].



The region with Knudsen number in between 0.01 and 10 is named as rarified or
translational regime [5]. In these regions, the interactions between particles are low;
hence, transport equations are not applicable. However, Boltzmann equations are
valid in these regions. Therefore, to obtain solution for these regions, discrete
particle models which are based on kinetic theory are used.

For higher values of Knudsen number, Kn > 10, the flow field is defined free-
molecular region where number of collisions between particles are poor because of
very small number of particles as in Figure 1.1. In these regions, due to lack of the
interactions in between components of flow field, shock layer cannot be observed
[6]. In these regions, the solution method is based on the statistical mechanics
equations: Boltzmann and collisionless Boltzmann equations. In the atmospheric
re-entries, Knudsen number varies with the altitude of the re-entry vehicle, and the

variation of Knudsen number with the altitude can be observed through Figure 1.1.

Even though global Knudsen number satisfies continuum regime condition, there
are locally transition regions. The distinction between local and global Knudsen
number must be stated clearly. Instead of considering global Knudsen number,
calculation of local Knudsen number will result in more accurate simulations if the
flow field has different regions: continuum and transition. Flow solver should be
adapted according to these regions. Global and local Knudsen number which are

based on the gradient of the flow variable can be written as:

A qdy 1.1
=1 Knoca = |z .

where v is the global flow field variable such as density, pressure and so on, A is

the mean free path and the L is the length of the vehicle.



Determination of whether flow is in thermal and chemical equilibrium or non-
equilibrium is done with Damkoéhler number which is the ratio of the flow residence
time to the chemical reaction time. This non-dimensional number can be written
as:

TC

Da

where t. is the required time for the chemical reactions to reach chemical
equilibrium and 7, is the characteristic flow residence time. When the chemical
reaction time scale approaches zero due to very fast reactions, Damkohler number
approaches infinity. Therefore, these fast reactions yield equilibrium state. If the
chemical reaction time scale is very large compared to the fluid time scale, then the
flow field is considered as frozen. That means there is an inadequate change in the
flow field composition because of the lack of the chemical reactions. In between

equilibrium and frozen state, flow field can be considered as in nonequilibrium.

The high temperature during the re-entry results in ionization reactions; thus, the
number of ionized particle increases. The existence of electrons and ions can
provide a medium which has plasma dynamic characteristics. The ionization
fraction can be obtained through Equation 1.3.

D (1.3)

Xi

where nj, nn represents number of ionized particles and neutral particles
respectively. When x; approaches to 1, plasma is considered as the fully ionized
plasma. For the case of smaller fraction value, plasma is considered as weakly
ionized plasma. Most of the studies assume that flow field is weakly ionized

because fully ionized flow field is difficult to model and to compute.



1.4  Literature Survey

There are various models which have been developed to simulate hypersonic flow
field by considering thermal, chemical and vibrational nonequilibrium. Models
vary with respect to their assumptions for the flow field and the physical
characteristics of flow field. The most of the studies focused on the continuum
assumption in order to use Navier- Stokes and Euler equations. Moreover, there are
various studies with real or ideal gas assumptions. Ideal gas assumptions are useful
in terms of computational effort and time; however, results with ideal gas
assumptions have different characteristics from the real flow field data especially

in terms of temperature values [8].

The other important model mainly developed for the transition region is Direct
Simulation of Monte Carlo (DSMC). The Monte Carlo methods are numerical
techniques based on presenting solutions to physical processes or problems which
are obtained from randomness of solution point in a statistical approach. DSMC
uses Kinetic theory of gases that is also a statistical way to describe distribution
functions of flow variable. DSMC was introduced by Bird [9] and many
applications with different assumptions were obtained [10]. Unlike the transport
equations, DSMC methods are capable of working in both continuum and transition
region. However, in continuum regime, DSMC methods require high computational
time because of the high number density of species. Therefore, multi scale flow
assumptions have been studied by various authors [11] & [12]. Multi scale flow
consideration helps to deal with continuum and rarefied flow field regions by
reducing computational cost.

The most of the studies differs from each other with temperature usage. For the
initial studies, only one temperature is used to define translational and rotational
temperatures. To consider vibrational energy, vibrational temperature was
introduced by Park [13]. In the two temperature model, exchange between
vibrational and electronic energy mode was assumed to be very fast; thus, electronic
energy modes of species can be defined with vibrational temperature. Also, there

is the assumption to take into account concerning effects of vibrational and



translational temperatures; this assumption is known as Park’s two temperature
model. Currently, many researchers are using three temperature model for
translational- rotational mode, vibrational mode and electronic mode [14] & [15].
The energy exchange mechanism between these three modes must also be
considered for the accuracy of physical modelling. In the Boyd study [14], one of
the approaches to the correlation of these modes via temperatures is presented.
Recently, to simulate rotational energy mode effects, four temperature model has
been introduced, [16] although the exchange between translational and rotational
energy mode is so fast, and it is expected that the temperature values for
translational and rotational modes are close to each other due to fast exchange.

The variety in flow solvers provides opportunity to choose a solver according to the
flow field characteristics. There are various flow solvers: explicit, implicit and fully
implicit to solve flow field equations. Explicit methods are generally not applicable
for the hypersonic flow field computation because governing equations should be
solved in coupled equations due to convergence characteristics. Commonly,
implicit methods are used to implement governing equations. Splitting and source
term of the governing equation can be done in a fully coupled manner to prevent

stiffness problem [17].

There are various studies to model chemical nonequilibrium by using finite rate
chemistry. The calculations of forward reaction rate in finite rate chemistry is
obtained by a curve fitting to experimental data. There are many coefficients sets
developed for air reactions by Gupta [18], Dunn Kang [19], Park [20], and Gardiner
[21].The reactions are important factors on chemical composition and
characteristics of flow. Moreover, to calculate backward reaction rate, two models
are commonly used in modelling of hypersonic re-entries. The first one is Gibb’s
free energy minimization and the second one is Park’s polynomials with curve fitted
coefficients [20]. It is mentioned in following chapter that vibrationally excited
molecules are most likely to dissociate. There are many approaches to couple
vibrational temperature and chemical reactions, the most well-known and the
simplest method of which is using Park’s average temperature on dissociation

reactions. The modification on Park’s temperature is suggested by Sharma [22].



The dissociation probabilities are introduced to couple two modes by Treanor [23].
Knab extended Treanor study with the assumption stating that chemical reactions
would not affect vibrational mode of molecules [24]. Lastly, Macheret’s model
based on dissociation reactions of upper levels is related with vibrational
temperature whereas translational temperature is used for low energy levels [25].

1.5  Scope of Thesis

The physical modelling of flow field are given in Chapter 2 in addition to
assumptions done for modelling chemical and vibrational nonequilibrium, and
governing equations are given in general form. In the thermodynamic
nonequilibrium part, ideal and real gas assumptions and the characteristics of flow
field with an increasing temperature are explained. In the chemical nonequilibrium
part, reactions for different species number are listed. Finite rate chemistry and
coupling between reactions and vibrational temperature are given in detail.
Moreover, different curve fit coefficients and models to simulate chemical
nonequilibrium are mentioned. Lastly, vibrational energy and source terms are
explained. The computation steps of vibrational and translational temperature are

also clarified in this chapter.

Chapter 3 introduces the numerical method to solve equations which are defined in
the previous chapter. Transformations of the Euler equations from physical spaces
to computational space are given where transformations are shown in flow variables
and flux vectors. First order and higher order spatial discretizations are given. The
limiters which are used to provide oscillations in the higher order reconstruction are
also stated. Van Leer and Steger Warming flux splitting schemes are modified for
real gas assumptions. As a solver, Newton GMRES method, inexact, is explained
with the comparison of an exact solver. Lastly, boundary conditions of flow domain

are given.



In Chapter 5, obtained results are given and discussed. The geometry, Apollo
Command Module sketch and results of the verification of the code are presented.
Also, mesh refinement was examined in terms of CPU time and residual history.
Ideal gas and real gas assumptions are compared, and the influence of species
number and number of reactions are also studied. One temperature and two
temperature models effects are also clarified. There are various models discussed
in Chemical Nonequilibrium part of Chapter 2 where the comparisons of these
models are also stated. Also, different splitting methods and different orders of

discretization with different flow conditions are investigated.

At the end, conclusions and comments about this study are drawn and

recommendations for future works are summarized in Chapter 6.
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CHAPTER 2

PHYSICAL MODELLING

The simulation of the hypersonic flow field requires well defined characteristics of
flow by considering all phenomena changing properties of the flow regime. The
extreme Kinetic energy results in nonequilibrium between each energy mode,
ionization and excitation reactions. Nonequilibrium yields source term to governing
equations. Before writing governing equations, basic assumptions for this study to

compute weakly ionized hypersonic flow field can be listed as follows;

. The medium is considered as continuum region, and the modelled re-entry
altitude is approximately 40 km. Therefore, Navier Stokes and Euler equations can

be used. The calculation at rarefied and free molecular regions are neglected.

ii. Viscous effects are neglected, and Euler equations are used to define
governing equations. Also, flow is accepted as steady flow where there is no time

dependence.
ii. Heat transfer is neglected.

iv. The flow is defined as nonequilibrium flow where energy changes between
modes of species occur actively; hence, Damkdhler number is in the range of

nonequilibrium flow.

V. The number density of ionized particle is assumed as lower than the required
number density to define flow field as plasma. Therefore, the region is weakly
ionized and plasma dynamic effects are neglected.

The other assumptions for the modelling of nonequilibrium of modes are given in

each nonequilibrium section. According to these basic assumptions, governing
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equations for reacting gas flow which is in nonequilibrium can be modelled as
follows by using two temperature assumptions. In the following formulation,

equations are given in unsteady form to show flow variable vector clearly;
Species mass conservation:

d 0 i
a_tps X ]psu Ws (2.1)

Total mass conservation:

a
5tP T 3 Pw=0 (2.2)

Conservation of momentum in each direction:

9
5P k+—(pu w+P/)=0 k=1,2,3 (2.3)

Conservation of total energy:

d d
5iPEt 5 (PE+ P)u'=0 (2.4)

Conservation of vibrational energy:
9] a
FePEv T 35 PEw u=w, (2.5)

In these governing equations, source term vector has non zero values for
conservation of species mass and that of vibrational energy equation. The methods
to solve these coupled equations are mentioned in the following chapter. The source
term of species mass conservation is the production rate of species due to reactions
and rates for each species are obtained from finite rate chemistry. The other source
term includes interactions of translational- vibrational energy exchanges, chemical
reactions- vibrational energy interactions and energy transfer between electrons and
heavy particles which are ions and neutrals. For the one temperature model, species

mass, total mass, momentum and total energy conservation equations are solved;

12



thus, vibrational energy conservation is not considered. All energy modes which
are translational, rotational, vibrational and electronic are modelled with single
temperature. In the two temperature models, five equations (2.1, 2, 3, 4 and 5) are
solved, and total energy includes vibrational energy mode. Also, second
temperature is used to obtain vibrational source term and vibrational energy of
species. Moreover, ideal and real gas assumptions are explained in following

section in detail.

2.1  Mixture Properties

The atmospheres are generally a mixture of different atoms, molecules, ions and
electrons. The modelling of the re-entries requires the consideration of mixture
properties such as partial pressure, mole and mass fractions and concentrations.
The primitive flow variables are generally obtained by using mixture properties.
The mass fractions of species, Ys, are obtained as the mass of species, i, per the unit
total mass and the summation of mass fractions of each species equals to one, as in
Equation 2.6

Ns
_Ps _
Ys = 0 and ;Ys =1 (26)

The molar mass of the mixture, M from Dalton’s law can be written as:

Ny
1 Y
-2 @)
s=1

where M; is the species molar mass. The mole fractions, X; are important to

|

simulate chemical nonequilibrium.

X =M
NI (2.8)
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Also, the summation of the mole fraction of each species are equal to unity. The
physical characteristics of flow field can be obtained after considering of the
mixture properties. Pressure, gas constants, specific heat constants and the like are

obtained from each component of the mixture.

2.2  Thermodynamic Nonequilibrium

The thermophysical modelling of the flow field is based on two different
assumptions: ideal and real gas. For the low temperature (<1000 K), ideal gas
assumptions work properly; however, ideal gas assumption starts failing with
increasing temperature.  High temperature and density require real gas
consideration to obtain more correct simulation of the flow field in the hypersonic

re-entries.

2.2.1 ldeal Gas Assumption

In terms of the simplicity and the range of applicability of ideal gas assumption,
many studies have used equations derived with this assumption. However,
hypersonic flows are mostly not in the range of applicability of real gas
assumptions. The definition of ideal gas in terms of statistical kinetic theory is
based on assumptions: the attractive and repulsive interaction of species are
ignored, elastic collisions occur between gas species which are elastic, size of the
species with respect to average distance between species are close to each other,
and motion of species are freely random [4]. In terms of degree of freedom, each
species has three degree of freedom. From the view pointed by classical approach,
equipartition theory specifies that each degree of freedom has the same energy in
thermal equilibrium [20]. Species distribution functions are obtained by using
Maxwell Boltzmann distribution function. All equations derived and used in this

section are obtained by using the above assumptions and physical phenomena.
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Generally, ideal gases are known as gases which are also calorically and thermally

perfect. The equation of state can be written as follows;

N
P= Z psRT
£ (2.9)

If the behavior of gases can be modeled by using thermal equation of state, these
gases are considered as thermally perfect. Furthermore, if gases have constant
specific heat, they are accepted as calorically perfect. For the thermally perfect gas,

enthalpy and internal energy for species can be written as function of temperature.
= <6e) dc = (ah)
v =\57/, and &p =\ , (2.10)

The implementation of Equation 2.10 by considering reference value as formation
enthalpy of species can be written as Equation 2.11, where the formation enthalpy
values are obtained at absolute temperature.

T T

e =j C,dT +h? and h =f C,dT + h? (2.11)
0 0

With ideal gas assumption, specific heat ratio of air isassumed as y = C,/C, = 1.4
then total energy can be obtained from following equation. The value of specific

heat ratio is constant for ideal gas.

E=L+lp(u2+v2+wz) 212
y—1"2 (2.12)

The ideal gas assumption was examined both with reaction and without reaction.
In the simulation of flow field with reactions, total terms (enthalpy, specific heat
constants and entropy) are obtained by summing over each species; moreover, in
order to close the system of coupled equations, Dalton’s Law, Equation 2.9 is used.
Also, temperature calculation is directly obtained from the equation of state.
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One of the excepted behaviors of flow calculation is having good approximation
with ideal gas at low Mach values[26]. The importance of real gas assumption arises
with high temperature and high Mach values. The effects of ideal gas assumptions

for various conditions are shown in the Results section.

2.2.2 Real Gas Assumption

The real gas can be defined as thermally imperfect gas which require consideration
of the intermolecular forces in the thermal description of the gas flow. There are
various studies to see the effects of real gas and ideal gas assumptions on flow field
simulation. In blunt bodies, shock standoff distance is reduced due to real gas
effects; also, there are differences in surface heating rates, shock characteristics and
flow compositions [27]. Therefore, the consideration of real gas effects provides

reduced risk factor on simulation and design of re-entries.

There are different energy modes for atoms and molecules. For atoms, there are
electronic energy modes and translational energy modes. On the other hand,
nuclear motion of the molecules are modelled with translational, rotational and
vibrational energy modes. Also, energies of electrons in the molecules are modelled
with electronic energy. As a result of Schrodinger equations, there are only allowed
quantized energy levels. The required energy to excite energy levels are given in
decreasing order as electronic, vibrational, rotational and translational. The

correlation between these energy modes can be seen in Figure 2.1.
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Figure 2.1. Different energy modes for diatomic species

As it can be seen in the graph, De is the ground state of the electronic energy, and
the dissociation energy is represented with Do in the above figure. It can be noticed
that if vibration occurs at higher levels, dissociation of diatomic species are more
likely to happen. The simulation which considers all energy modes with different
temperatures gives more accurate results however computational efforts increases
with the number of temperatures. Moreover, because of the fast exchange between

energy modes, there exist equilibrium between energy modes [28].

In this study, real gas effects are examined with one temperature and two

temperature models. In the following sections, two different temperature models

are explained and formulations are given in detail.

2.2.2.1 One Temperature Model

The one temperature model is based on the assumption that all energy modes are in

equilibrium. One temperature model provides simplicity to solve governing
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equations; however, it overestimates the equilibrium rates [20]. The total energy

with one temperature can be written as:

Ny N
1
E = Z psCysT + Ep(u2 +v?+w?) + Z pshg (2.13)
s=1 s=1

The calculation of specific heat constants are obtained from curve fit equations

which are fourth order polynomials.

Cp,s
R

1 1
= ausz T Asp T Azs T AT assT? +agsT° +aysT* (2.14)

As in the Equation 2.14, specific heat at constant pressure is function of temperature
and specific heat constant is evaluated at each cell in each iteration. Also, species

enthalpies are obtained from curve fit, Equation 2.15.

hg 1 T? T3 T
R = —ajg T aysIn(T) +assT+ay > + ass 3 + ags T (2.15)
TS
+ a7,s ? + a&S

Species entropies are obtained from the same curve fit coefficients as:

S, 1 1 T2 T3
E = —al,s ﬁ - az_s F + a3,51n(T) + a4,ST + a5’s 7 + (16'5 ? (216)
T4
+ a7'5 T + ag’s

These nine coefficients are obtained from the report of NASA Glenn Research
Center, NASA Glenn Coefficients for Calculating Thermodynamic Properties of
Individual Species [29]. Coefficients are given for each species at three temperature
range. The temperature values are in the range of 200 K and 20000K. Coefficients
are given in Appendix A. For higher temperature values, there are curve fits values
up to 30000K for air [18].
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The temperature values from flow variables are obtained by using Newton’s
method. The Newton method to obtain solutions of a system of equations is

obtained as:

£

Tn+1 — Tn _
f1(am) (2.17)

The previous formulation requires initial guess and functions depends on flow

variables. The function to calculate temperature can be written as :

f(T) =pE—[ph—P+1(u2+v2+W2)] =)
Z (2.18)

The first term comes from CFD calculations and the second one is obtained from
flow properties at each cell by using curve fitted equations. Basically, the aim of
Newton’s method is to reduce the second term in Equation 2.17. With one
temperature model, thermochemical nonequilibrium is modelled; however,

vibrational nonequilibrium equations are not solved.

2.2.2.2 Two Temperature Model

In two temperature model, one temperature is used for translational and rotational
energy modes and one temperature is used for vibrational and electronic energy
modes. As in the one temperature model, vibrational temperature can be
equilibrated with translational temperature; however, equilibration processes take
time [4]. Also, it is assumed that each diatomic species is equilibrated with the same
vibrational temperature because it is shown that there are small differences between
vibrational temperature of oxygen and nitrogen gases in atmospheric re-entries to
the Earth’s atmosphere [30].
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The relation between vibrational temperature and chemical reactions plays
important role on the correct simulation of flow field. Especially, there may be some
overestimated reaction rates behind the shock with one temperature model [7]. The
coupling between vibrational temperature and chemical reactions are given in the

following section.

The total energy including vibrational mode can be written as in Equation 2.19. The
calculation of total vibrational energy is given in the Vibrational Nonequilibrium

section.

Ny Ny

1
E = Z psCosTer + E,(T,) + Ep(u2 +v% +w?) + Z pshg (2.19)
s=1 s=1

The addition of vibrational energy to the system of equations increases the length
of flow variable and flux vector. Governing equations are still coupled with each
other. Also, enthalpy and entropy calculations are obtained from Equation 2.14-16.

2.3 Chemical Nonequilibrium

In this study, re-entries to Earth’s atmosphere are studied with various species
numbers. The main components of the Earth’s atmosphere are oxygen (21%) and
nitrogen (%79). Oxygen dissociations start at approximately around 2000 K and
complete around 4000 K; also, nitrogen dissociation reactions occur nearly in
between 4000 K and 9000 K [16]. Basically, dissociation and exchange reactions
are modelled with five species: 0,,N,, NO, N and O.
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Table 2.1. Reactions for 5 species

0,+M 220+ M
Dissociation reactions
N,+M 2 2N+ M
(M:0,,N,, NO, N and O)
NO+M 2 N+0O+M

Exchange (Zel’ dovich) reactions N,+0 2 NO+N

NO+0 2 0,+N

The number of reactions for 5 species chemistry model is 17 including dissociation
and exchange reactions. lonization reactions start to generate electron with an
increasing temperature. Therefore, at very high temperature, ions and electrons
should be considered in addition to neutral species, and reactions are charge
exchange, dissociative recombination, electron impact ionization and electron
impact ionization in addition to dissociation and Zel’ dovich reactions. For the
second case, there are 11 species which are 0,,N,, NO, N, O, 0,*, N,* NO* N*,
O*and e. The modelled reaction number is 49 for the 11 species which are listed in
Table Il. In Table 11, dissociation and exchange reactions are not listed and there
are 30 different dissociation reactions obtained through different combinations with
M; 0,,N,, NO, N, O, 0,*, N,*, NO*, N*, 0*and e.
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Table 2.2. Reactions for 11 species

N+02 NO*+e

Dissociative recombination reactions: 0+0 2 05 +e

N+N 2 Nf +e

NO* +0, 2 0," +NO
NO*+N 2N, +0
NO*+0 2 0,"+N
NO*+0 2 0, + N}

Charge exchange reactions:

NO*+N 2 N, +0*
0t+N, 2 N,*+0

0*+NO 2 N* + 0,

0, " +N, 2 N,* +0,

0,"+Na2 N*+0,

Electron impact dissociation: N,+e2 2N +e

_ o N+e 2 N* +2e
Electron impact ionization:

O+e 2 0" +2e

The general formulation for each reaction is as follows:

ng ng

Kej
z O(,l,in k: Z O(”Lin i=1,2.. n, (220)
1=1 b=
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where n,. is the number of reactions, X is the species chemical symbol and o, o'’ are

the stoichiometric coefficients.

Initially, it is assumed that flow is in chemical nonequilibrium. The comparison
between time scale of flow and that of reaction allows to choose appropriate models
to solve chemical compound. Generally, atmospheric re-entries are characterized
by chemical nonequilibrium to provide adequate description to thermochemical
characteristic of flow. For the nonequilibrium flow, finite rate chemistry model is
used to obtain rate of forward and backward reaction rates. The nonequilibrium
chemistry differs from equilibrium and frozen chemistry in the rates of chemical
reactions. There are no rate processes calculation in the frozen flow and forward
and backward reaction rates are equal in equilibrium flow. The tendency of
reversible and irreversible reactions is required for modelling chemical
nonequilibrium. The forward reaction rate constants are obtained from the
Arrhenius Law, Equation 2.21.

E;

kp o(T,) = ATy Pie Ruls 2.21)

where A; is the preexponential factor, § is the temperature exponent and E is the
activation energy for each reaction. Also, the definition of temperature in the
forward reaction rate equation is one of the important factors to couple vibrational
and chemical modes. The various definitions on this controlling temperature will

be mentioned throughout this chapter.

The coefficients of Arrhenius rate equation for each reaction are given in Appendix
A. It should be noted that nonequilibrium flow simulation is very responsive to
forward and backward reaction rate. There are various coefficients developed by
Gardiner, Dunn & Kang, Gupta, curve fit, Park 85, 87, 90 and 93 models. The
response of the flow solver to different reaction rate constants is examined in this

study.
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Figure 2.2. Forward reaction rates for two different dissociation reactions
(left: 0, + N, 2 20 + N, andright: 2N, 2 2N + N,) with different reaction rate

models
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Figure 2.3. Forward reaction rates for exchange reactions (left: N, + 0 2 NO + N

and right: NO + 0 2 0, + N) with different reaction rate models

The various forward reaction rates with different reaction rate models for

dissociation reactions: 0, + N, 2 20 + N, and 2N, 2 2N + N, are represented

in Figure 2.2. In Figure 2.3, effects of forward reaction rate constants for Zel’

Dovich reactions on rate can be seen. There are various overlapped models which

have same rate constants. With an increasing temperature, differences between
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reaction rate models become significant. The determination of reaction rates is an
important source of uncertainties of the flow fields analysis and also important
factor on the stiffness of the flow solver [26]. The effects of reaction rate constants

are examined in the Results and Discussion chapter.

10°

10
~ |
ot b [ ————— N2+ [M] - [2N] + [M]
= | — = = = [N2]+[e] —[2N] + [¢]
=3 ; —mme [N] + [e] --- [N+] + [2e]
1o°pff [N] + [O] -— [NO+] + [e]
= |l ———— [N]+[N] = [N2+] + [e]
1{- ————— [O+] + [N2] --- [N2+] + [O]
10 HI ! = [N#]+ [N2] —[N2+] + [N]
Ly
I
107 ] i
Fi
! ! 1 ! ! 1 ! ! ]
10000 20000 30000

Temperature [ K]

Figure 2.4. Forward reaction rates for different reactions with Park’s coefficients

In the Figure 2.4, the responses of different reactions to temperature are examined
and logarithmic scale is used because of enormous differences in reaction rates. It
can be seen that electron impact ionization and charge exchange reactions require
higher temperatures than electron impact dissociation and dissociative
recombination reactions. It can be observed that ions and electrons are important

factors on the chemical nonequilibrium at high temperature values.

The backward reaction rate should also be computed for the sake of finite rate
chemistry. To calculate backward reaction rate constant, equilibrium constants for

each reactions should be calculated as in Equation 2.22.
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Ke;
ki =1 (2.22)

eq,i

There are two ways to compute equilibrium constant: Gibb’s free energy
minimization and curve fits methods. Equilibrium constant calculation by using

Gibb’s free energy and pressure correction is:

RuTb>a

Patm

keq,i = kp (Ty) ( (2.23)

where o = (g’ — ") is the difference of stoichiometric coefficients. The

equilibrium constant at one atmospheric pressure is k, which is evaluated as:

kp(Ty) = e 2&/RTo

ns ns (2.24)
bg= ) (" —a)g= ) (@ = ) (hy=STy)
1 1

The normalized enthalpy and entropy values used in Equation 2.24 are obtained

from Equation 2.15.

The other method used in this study to obtain equilibrium constant is the curve fit
introduced by Park [13]. Park’s fourth order exponential function can be written
as:

— e(clz‘1+c2+c3 Inz+c,z+csz?) (2.25)

k

eq,i

where z = 10000/T and coefficients for each reactions are obtained for maximum
temperature of 10000K. For the higher temperature Gupta [18] developed curve fit
values up to 30000 K to have more suitable results, Equation 2.26.

— e(c125+czz4+cgz3+c4zz+c521+c6) (2.26)

keq,i
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The coefficients used in this study to obtain equilibrium constants are given in Table
A.VIIIl. After calculation of forward and backward reaction rates, source term
calculations can be done. The change in any arbitrary species concentration because

of chemical reactions is obtained by using the law of mass action:

(2.27)

nr ng n
. ! ) ”.
W = Mg Z(a’s,i — o) [Ke; H[Xk]%‘ — kyp; H[Xk]%‘
i=1 s=1 S

s
=1

where [X] is the molar concentration of species, n, is the number of reactions and
ng is the number of species. The nondimensional form of chemical source terms are

used in this study.

In this study, one and two temperature models are used. For one temperature flow,
Ty, temperature value to obtain forward reaction rate in Equation 2.21, and T},
temperature value to obtain backward reaction rate in Equation 2.23 are chosen as
a translational temperature. However, modelling dissociation reactions only with a
translational temperature will overestimate the total dissociation because of the time
difference between translational and vibrational modes to reach maximum values
[35]. Therefore, there are many studies to couple vibrational relaxation and
dissociation reactions to consider the effects of the vibrational modes on
dissociation reactions. First of all, Park introduced the controlling temperature
which is the geometrical average of vibrational and translational temperatures [20].
The controlling temperature can be written in general form as Equation 2.28.

T, =THT, (2.28)

where the summation of p and q is 1. For the Park’s controlling temperature, p and
g equals to 0.5. Also, controlling temperature is used only in the computation of the
forward reaction rates of species. Backward reaction rate computation is done by
using translational temperature because vibrational relaxation is an important

parameter for diatomic species. However, for dissociative recombination,
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vibrational temperature is used for calculating backward reaction rate of electron
impact ionization and electron impact dissociation reactions which generate

electrons as a products [31].

The other coupling method implemented in this study was introduced by Sharma at
al. [22]. This method was derived from SSH (Schwartz, Slawsky, and Herzfeld)
theory and it states that higher order vibrational states have fast exchange with
dissociation reactions. The dependence of controlling temperature to vibrational
temperature is reduced in this method, where p is 0.7 and q is 0.3. The sensitivity

of the chosen coupling, Z, can be measured with Equation 2.29.

ke (T, T,) (2.29)

Z(T, T,) = k(1)

The comparisons between coupling methods can be obtained by using Equation
2.29. Although, the Park’s controlling temperature is based on experimental data
from a shock tube, there is no certain ways to verify coupling methods on a physical
basis [8]. Also, coupling methods are other important source of uncertainties. The

various coupling factors are examined in this study with different p and q values.

2.4 Vibrational Nonequilibrium

The total change in vibrational states of diatomic molecules are obtained by

summing over all diatomic species vibrational energy, Equation 2.30.

E, = Z Ev,sps (2.30)
s

Species vibrational energy is obtained by using Equation 2.31. It is based on the
assumption which each diatomic species is equilibrated with one common

vibrational temperature.
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_ R 6V,s
Evs =750 ~ (2.31)
)

where 0 is the characteristic vibrational temperature and 8,3 = hV/k. h is the

Planck constant, k is the Boltzmann constant. The characteristic vibrational
temperature of species are given in Table A.1. The characteristic vibrational
temperature of atoms are zero because the existence of vibrational states requires
relative motion of atoms with respect to each other by chemical bonds. The energy
equation is obtained by integrating specific heat constant at constant volume for

vibrational states, C,, , s , Equation 2.32, up to temperature T.

2 Bys
( R (%) eTv
v > for molecules
Cv,v,s = 13 %
elv —1 (2.32)
\ 0 for atoms and electrons

When the ratio of the characteristic vibrational temperature to vibrational
temperature approaches zero, C, values approach R, thus; equipartition theory holds
and vibrational energy states are fully excited [22]. Although, electronic energy
states require more energy than vibrational energy state to excite, vibrational and

electronic energy modes are assumed as equilibrated with one temperature, T, .

The vibrational source term basically includes three terms which are the exchange
of vibrational —translational modes, exchange of vibrational modes —chemical

reactions and exchange of vibrational energy of different species, Equation 2.33.

Wy, = Wy_p + Wy_p + Wy_y (2.33)

The w,_. term is used to model increase and decrease in vibrational energy due to
chemical reactions. Generally, the dissociation reactions decrease the vibrational

energy, and recombination reactions add more vibrational states. There are two
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basic models to effects of reactions on the vibrational energy levels. These methods
are known as preferential and nonpreferential models. As in Figure 2.1., higher
vibrational states are closer to dissociate than lower vibrational states. Therefore,
the preferential models consider the degree of vibrational states in the calculation
of effects of chemical reactions on vibrational energy levels. However, it is assumed
that all vibrational states have the same effects on dissociation reaction according
to nonpreferential models. The removed vibrational energy in preferential model is
more than that in the nonpreferential model so vibrational temperature has lower
values behind the shock and dissociation reactions occur slowly [32]. Also, the
effects of each vibrational states are getting closer with an increasing kinetic energy
of the flow. Therefore, nonpreferential methods are chosen in this study for the sake
of simplicity. Then, the source term,w,_., can be obtained from multiplication of
species chemical source terms,w, and vibrational energies, Equation 2.34. To
approach preferential model, Equation 2.34 is multiplied by a constant to obtain

larger values, [30].

Wy_c = Z WsEv,s (2.34)
s

The second term, w,,_; is used to model energy exchange between vibrational and
translational energies. This source term calculation is based on assumptions that
oscillations are harmonic and also relaxation occurs in between adjacent vibrational
levels. The consideration of relaxation is also based on diatomic molecules in heat
bath where molecules are in equilibrium at each energy mode. The vibrational
relaxation can be written as Equation 2.35 by using Maxwell- Boltzmann
distribution. The vibrational energy with translational temperature is used as local

equilibrium state where the nonequilibrium try to reach.

ns
_ dE, _ Z Ev,s(Ttr) — Eys(Ty) (2.35)

Ts

where t is the relaxation time depending on pressure and temperature of heat bath.

The most known relaxation time equation was developed by Landau —Teller
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experimentally. Lee [33] offered the molar averaged relaxation time for Landau-

Teller model, Equation 2.36.

_ Zs Xs

=3,
ZST_si

(2.36)

Ts

The relaxation time obtained experimentally by Millikan- White [34] for each
species can be written as in Equation 2.37. u is the effective molecular weight. The

unit of pressure is the atmosphere.

T = %e[ASi(T_1/3—0.015}1;1/4)—18.42]
1/2 (2.37)
Ag ~ 1.16x1073l/2g4/3
_ MsMi
Hsi = Ms T Mi

Previous formulations are obtained by curve fitting up to 8000K. For the higher
temperatures, Millikan- White gives over predicted relaxation time because
assumptions done for harmonic oscillators fail. Therefore, Equation 2.37 requires
correlation term for higher temperatures. Park [20] suggested molar averaged

correction term based on limiting collision cross section, Equation 2.38.

1
TP_

B csosN (2.38)

where c is the average molecular thermal speed and o is limiting collision cross

section founded empirically, Equation 2.39.

2
8R,T 91 (50000) (2.39)

Cs = M, and o, =10

tr

N is the number density of flow field. Park correlation was developed for nitrogen

flow, however it is also used for other species.
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The last term, w,_,, is used to model vibrational energy exchange between
molecules having different vibrational energy levels. P is the exchange

probabilities determined experimentally, and N, is the Avogadro numbers.

ns
, BRT (P P 2.4
Wy_pi = Z Nao's\/EZ<PsiﬁssEv,s - PisﬁssEv,s> ( ' 0)

N

The influence of vibrational- vibrational energy exchange is lower than the other
source terms for vibrational energy [32]. Therefore, the exchanges between

vibrational states of molecules are ignored in this study.

The vibrational temperature is obtained as in Equation 2.41 from Equation 2.31.
However, this calculation misses trend of vibrational temperature. Therefore,

Newton’s method is used to obtain solution in a few iteration steps.

_ % (2.41)

The computation of vibrational temperature is the same with calculation of
translational temperature. The calculation of the vibrational temperature with the

Newton Raphson method is obtained as follows:

To compute vibrational temperature, a function or the simply residual can be written

as.
Ns Y.R.0
R(T,) = f(T,) = z e B (2.42)
s_1<eT_V B 1)

The derivative of residual with respect to vibrational temperature:
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eTv — 1

ev,s
aR af ZNs RsOy s {GYS Ysev,seT_v]

JE— _|_ _—
Oys aT, 2 (eeT_ B 1) (2.43)

9E,
aT,

The derivative terms can be indicated as:

aY;‘ 3 st+1 _ st q aEV 3 E;H-l _ E;l
aT, - Tvn+1_Tvn an aT, - Tvn+1_Tvn

(2.44)

The mass fractions are assumed as equal to each other in each cell. Therefore, the

first derivative term is zero.

Substituting the function and its derivative into Equation 2.17 can be obtained as:

Y,R.0

e e N (2.45)
)

TJH_l — Tvn _

Oy,s
Ng Rsev,s | Ysev,se Ty

s=1 7 Bvs Ovs
) A

The final formulation can be written as Equation 2.46.

n+1 n
_ Ev — Ev
n+1 n

Tv _Tv

2

e —

R.0O, .Y,
+1 SYv,s°s
By = Xs eOus/Ti — 1 (2.46)

nglgsyts‘n-i_leev'S/T;l
n 2
s (T2 (ebs/T — 1)

T =T +

The results for various situations are given in the following chapter. The

comparisons and explanations of the results are also mentioned in next chapter.
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CHAPTER 11

NUMERICAL MODELLING

3.1 Introduction

To achieve high accuracy, the physical model should be chosen in detail as much
as possible. However, detailed physical formulation could be complex and difficult
to model and to solve. Moreover, the consideration of nonequilibrium, real gas
effects and chemical source terms increase the computational cost and numerical
stiffness; thus, configurations of the numerical algorithm become difficult [17].
Euler equations are the simplified version of Navier- Stokes equations by ignoring
viscous and heat flux terms. The governing equations are given as in Equations 2.1-
5. In this study, three dimensional steady Euler equations are used. The Euler

equations in Cartesian coordinate can be written as:

JF(w) 0G(w) JdH(w) B
0x + dy * 0z —5=0 (CR)

where w is the conservative flow variable vector, F, G and H are the flux vectors

and S is the source term vector. These vectors can be written as:
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- P U] oY
pu puU + P puV
pv pvU pvV + P
pw pwlU pwV

w=|pE F =|(pE + P)U G =|(pE + P)V
P1 p1U 14
Ps psU psV
LpE,] | pE,U | | pE,V (32)
pW 0
puW 0
pvW 0
pwW +p 0
F =|(pE +P)W S=|0
pW Wi
psW Ws
pE,W | (W, |

There u, v and w are the component of velocity and U, V, and W are the
contravariant velocities. To close the system of equations, these coupled equations

require one more equation which is the equation of state.

In order to implement boundary conditions more accurately and efficiently the
generalized coordinate system has been used. This chapter continues with
transformation of physical space to computational domain, spatial discretization of
flow variables and vectors. After that, flux splitting and higher order reconstruction
of flow variables are presented. Also, Newton- GMRES solver and boundary

conditions are described.

3.2  Spatial Discretization

According to chosen topology, CFD codes are separated into two categories:
structured and unstructured. Although the unstructured grid generation requires
less time and effort to generate cells around complex geometries, the structured grid
generation generally has advantages in CPU time and accuracy. Moreover, residual
calculation requires information from neighborhood cells. Therefore, unstructured

grid needs storage of the indices or indicator of each cell to get information from
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neighbor cells whereas it can be easily achieved by reducing or adding one to
indices in structured topology. In this study, structured mesh are used to reduce
numerical modeling complexity and to save accuracy.

'\.‘
ni Ni+1 7

Figure 3.1. The representation of physical space around Apollo Command Module

In Figure 3.1, physical space around the sketch of Apollo Command Module is
represented. The transformation from physical space (X, y, z) to computational
space (1, &, ¢) are achieved by metrics. The general transformation and inverse of it

are obtained from the following equations.

x =x(1,§¢) n=nxy,z) (3.3)
y=y®¢&5) §=¢(x,y,2)
z=12(1,¢¢) ¢=¢(x,y,2)

The application of chain rule yields the following equation, Equation 3.4. The

evaluation of metrics is required to solve governing equations.
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0Fon 0Fd¢ O0Fd¢ 0Gon 0GoE 0Gdg OHOn
et ——t——t —— t—— ——
onox 0&0x 0d¢ox Odndy 0Edy dg¢dz O0nodz
N 0H 0¢ N 0H dg (3.4)
0§ 0z Odg 0z
_OF +8F +6F +aa +aa +aG +6H

+3H +6H
afEZ ach

=S

The transformation from body fitted physical space base on assumption that partial
derivatives of physical space coordinates with respect to computational domain

coordinates and vice versa are defined and are continuous. Thus, following linear
equations can be written as:

0x Xn Xy Xy][0n on

ay| =|Ye Ye Ve [afl =[] [af] ,

0z Zg  Zg  Zgllog d¢ (3.5)
an Nx My MNz1[1dx ox

[65] = [fx gy Ez] ay| = U_l] (’)y]

E)g Cx Cy Czlloz 0z

J and J~! are known as the Jacobian matrices of the transformation, and their
elements are related each other as:

_ Transpose of cofactor |71 _ 0(m,¢,¢)
B = 0(x,y,2)
1 (3.6)

- Xn (chf - Zs‘yc) - xg(zcy,, - Znyc) + xc(zs‘yn - Znyf)

[J]
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Therefore, each metric (1, My, Mz, $x: €y, €2 Sx: Sy, 62) Can be written easily from
Equation 3.6. Basically, Jacobian matrices are obtained from the ratio of the
volumes of computational space to physical spaces [36]. Substituting metrics with
Equation 3.4 yields:

3.7)

oF oG OH .
(w) 4 (w) 4 w) $
on o0& og

The flow variables, flux and source term vectors in computational space are written

as in following equations.

P - pU 0
pu pulU + Pn, 0
pv pvU + P, 0
pw . pwU + Pn, L 0
W= pE F=rl(E+P)U| S=:10
R1 p1U ‘4{1
Ps psU Ws (38)
LpE, pE,U LW,
pV pW
puV + P&, puW + Pg,
pvV + P¢, pvW + Pg,
- pwV + P¢&, _ pwW + Pg,
G=U—|(pE+P)V F=m(pE+P)W
p1V pW
psV psW
pE,V pE,W

The transformed computational domain is discretized by using Finite Volume

Method (FVM). In this method, computational spaces are divided into discrete

control volumes and these control volumes do not overlap.
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G

Figure 3.2. Control volume and flux vectors around control volume

The three dimensional control volume is shown in Figure 3.2. Flux vectors are
evaluated at the surface of the control volume. Basically, conservation laws
physically state that net flux rate leaving the control volume must be equal to the

rate of flux generated in the control volume.

§F=F 1. —F 1
T] = _ L
1+2,],k i 2,],k
5.5 = 3.9)
EG o 1]+%,k N Gl]'—%,k
Sg - Hl]',k+% 1]k—%

where § is the distance between nodal points. The discretized form of the Equation

3.7 can be written as in Equation 3.10.

a.Fw) a.Gow) d.HWw) . 3.10
n(W)+g(W)+g(W)_S_O (3.10)
An A& 0g
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The substitution Equation 3.9 in Equation 3.10 yields the following equation,
Equation 3.11. Also, the computational domain is equally spaced in each direction.
The chemical and vibrational source terms are computed at cell centers, therefore

the discretization of the source vector is not necessary.

L o S (3.11)
(Fi+%,j,k Fi—%,j,k) + (Gi,j+%,k Gi,j—%,k) + (Hi,j,k+% Hi,j,k—%)

- Si,j,k = 0

The flux calculation requires considering the interactions of neighborhood cells at
the control volume surface. There are many schemes to evaluate face values of
fluxes such as: upwind, central differencing, second order upwind, power-law
scheme and Quick schemes. In this study, first and higher order upwind schemes
are used to make assumptions about variation of flow variables between the

neighbor cell centers.

The evaluation of fluxes at cell surfaces requires flow variable interpolation from

left and right cells. The fluxes in the Equation 3.11 can be expanded as:

F =F+(w- F~(w+
i3,k i+ajk + i+3,),k

(3.12)

F =F*(w- F~(w
i-2jk Woilik tE\w i~3J.k

The values of flow variables at cell surfaces are obtained by interpolation of the
values. The order of the interpolation is an important factor on convergence. The
simplest interpolation is the first order interpolation in which values are obtained

from neighbor cells, Equation 3.13.

~ —

= W .
i+ajk LIk

3.13
Wt o1 =W 313
H'E‘]‘k i+1,j,k
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3.3 Higher Order Reconstruction

In the previous parts, finite volume method and first order spatial discretization are
presented. Flow variables are assumed as constant in each computational cell, and
fluxes are computed at the interface of the cells. For the first order accurate
interpolation, flow variables are obtained from left and right neighbor cells.
Therefore, accuracy of the first order schemes are not good as higher order schemes,
because higher order interpolation of flow variables base on the fact that flow

variables are not constant in the computational cell volume [37].

The Monotonic Upwind Scheme for Conservation Laws (MUSCL) was developed
by van Leer [37] to obtain second order spatial accuracy. MUSCL schemes can be

written as:

1

W"H%J.'k = Wijr+ 7 [(1 -1V, + (1 +1)A]

(3.14)

1
W+i+%,j,k = Wirtjk — Z [(1 - K)Ai+1 + (1 + K)Vi]

V and A are the backward and forward operators, and they are defined as Equation

3.15.

Vi=Wijr=Wi—1jk » D= Wisrjk — Wijk (3.15)

Kk is an important factor on the order of accuracy and type of spatial discretization.

K has values in between -1 and 1.

Higher order spatial discretization generates oscillations at regions where gradients
are high due to shock, and numerical solver cannot handle these oscillations. Flux
limiters are used to prevent oscillations from sharp changes. Flux limiters are
functions of the local consecutive gradient parameter which is obtained by taking
ratio of upstream flow variable gradient to downstream flow variable gradient,
Equation 3.16.
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Wik —Wisijk Vi (3.16)

Wiv1jk — Wijk A

i

The MUSCL scheme with limiter functions, ¢(r) can be written as following

equation:
__ g ¢(1;)
iljk = Wijk + Tl [T =1V + (1 + K)A]
(3.17)
_ _ ¢ (Tiv1)
Fidin = Wik = g (=080 + (14 10Vi]

When the flow field has large gradient of the flow variable, there are also big
differences between forward and backward surface of the cells. Due to this large
gradient, MUSCL scheme interpolation cannot work properly. Therefore, MUSCL
scheme has undershoot or overshoot interpolation so oscillations and instabilities
occur [36]. There are various flux limiters which are min-mod, Superbee, Van Leer,
Van Albada and, Venkatakrishnan limiters to prevent oscillations.

In this study, Van Albada [38] and the modified Van Albada limiter by

Venkatakrishnan [39] are used. The Van Albada flux limiter can be defined as:

2+ (3.18)
P00 =1y
L

Basically, at the smooth regions, values of limiter should approach one, where flux
limiters should be turned off. The flux limiter generates oscillations and instabilities
at nearly smooth regions. Venkatakrishnan introduced modified Van Albada
limiter; thus, MUSCL scheme do not apply limiter through almost smooth regions.
Venkatakrishnan flux limiter can be described by the following equations where

Equation 3.17 is rearranged as following Equation 3.19:
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1
W_H_%’j’k = Wijr + Eqb(ri)vi: Wik + (1)

(3.19)

1
+l-+%‘j‘k = Wit1jk — §¢(ri+1)Ai+1= Witsjke T ¥ (Tiv1)
¥ values can be written for the left surface of the cells with two different k values.

(A2 + €)Y, + (V2 + )4,
VZ + A7 + 2¢

Y(r;) = fork =20
(3.20)
(20% + €)V; + (V? + 2€)A;

Y(r) = fork=1/3

The small term (e = 1x10712) is added to the nominator and denominator to
prevent division by zero at smooth gradient regions. After completion of the spatial

discretization, fluxes can be splitted.
3.4 Flux Splitting

The flux vectors, F, G and H are homogenous functions of flow variable, w
according to the Euler theorem.
oFow oGow oHow oW oW oW (3.21)

e A AT B—+C—=S
awanJravvvan’awag on a§+ oc

A,B and C are the Jacobian matrices. To solve linear system of equations
eigenvalues and eigenvectors of Jacobian matrices should be obtained. At this point,

matrix M having eigenvector as elements should be defined.

A=MzA;M5;" and F = MzA;M;"W (3.22)

The splitting eigenvalue vector, A according to positive and negative entries yields

two new matrices composing A. For the Euler equations, eigenvalue splitting is
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based on velocity splitting. The flux vector with splitted eigenvectors can be written

as:

F=M;A; Mg'w + M A Mz'w = AW + A*w = F~ + F*

Bw+Btw=G¢ +¢+ (323

G =My Ay Mz'w+ Mg A§ Mz'w
F=MgA; MZ'W + Mg Af MW = C™ W+ Ctw=H +H*
At the cell faces, F* propagates information left to right and W~ values are obtained
from the left face of the computational cells. Similarly, F~ propagates information
right to left and w* values are obtained from the right face of the computational
cells. In the computation of the splitted flux vector, corresponding splitted flow
variables are used. Then, final formulation in (i, j, K) cell can be obtained as:

(3.24)

The basic upwind flux splitting scheme is written as in Equation 3.24. The aim of
the flux vector splitting is to obtain proper physical propagation of the flow variable
throughout flow. There are various flux splitting method developed for Euler
equations. In this study, Van Leer, Steger- Warming and the Advection Upstream
Splitting Method (AUSM) are used.
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3.4.1 Van Leer Flux Splitting

In this study, both ideal and real gas assumptions are used for flow field
calculations. There are some differences in the flux vectors with ideal and real gas
assumptions. Van Leer states that Steger-Warming splitting schemes are not
differentiable at stagnation and sonic regions [40]. Van Leer scheme is based on

Jacobian vector splitting, and derivatives are assumed as continuous.
M=M*+M"

1 (3.25)
J_rZ(MJ_r 1?2 M| <1

N =

(M + |M|) otherwise

Van Leer splitting can be done according to Mach number splitting. For the
supersonic flow, whole scalar value of Mach number is directed to downstream.
For the subsonic regions, the Mach number splitting is done with respect to

Equation 3.25.

Splitted flux vector in the supersonic regions can be obtained as:

Ft=FandF- =0 foru>a

(3.26)

Splitted flux vector in the subsonic regions is given by the following equation:
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1

—U +2a\.

T kei1+u
—U+2a\.

- M+ 1)2 <—_ >k, +v

Ft= pag Y 2 (3.27)

14 —U +2a\.

” kys+w

—U + 2a 7+ 2a®>  ur+v*+w?
Y +1 y—1 2

In the above equations, a is the Mach number. k is the directional cosine vectors

and U is the contravariant velocity, Equation 3.28.

SN Y N | Y R
. ¢, (3.28)

z,]
VSE+ stz

U,i= ukxj'l + vkxj'z + kaj’3

The previous formulation is written for ideal gas assumptions where gas has
constant specific heat ratio. For the real gas assumption, specific heat constant
varies in each cell; it is function of pressure and temperature. Moreover, real gas
effects are important during the chemical and vibrational nonequilibrium; thus,
chemical and vibrational terms are included in the following formulation. For the

real gas assumption, flux vector is assumed as:

F=F[paMP/y EE, (3.29)

Speed of sound for ideal gas is simply obtained from a? = yRT. For the real gas,

speed of sound is obtained from:
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oP PP (3.30)
ap ,02 de

a2

The partial derivatives of pressure with respect to p and e can be obtained from

pressure equation, P = (y — 1)pe. The specific heat constant is also function of

density and energy, therefore Equation 3.30 can be written as:

a* = % +e [(v - 1)e— - pap] I'(y—1e (3:31)

Liou, Leer and Shuen [40] introduces a new auxiliary variable, I' which is also
function of density and energy. Also, specific heat constant is calculated in each
cell at each iteration. Thus, Van Leer flux splitting algorithm for real gas with
nonequilibrium physics are obtained as in Equation 3.32 by considering Leer [40]

and Grossman and Cinnella [41] studies.

For subsonic regions, splitted flux vector can be written as:
1

) . p -
u-— kle(U + Za)—

— ko (U £ 2a) pa2
(3.32)

F,i — pa(Mi 1)2 _W_kx,3(Ui_2a)p?_

H— m(U + a)2
P1/p
ps/b
E,

h/a?
1+2h/a?’

where m is given as m = It is suggested that choosing m values as 0 to

obtain efficient and the simplest formulation [40]. In this study, m is chosen as zero.

For supersonic regions, the same manner with ideal gas assumption is applicable.
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3.4.2 Steger- Warming Flux Splitting

Steger- Warming splitting is another upwind flux splitting method based on
eigenvalue splitting. It simply splits with diagonalizing of Jacobian matrices with
eigenvectors as in Equation 3.23. Euler equations have three eigenvalues at each
direction: u, (u + a) and (u — a). Splitted eigenvalues can be written as:

. uxlu ;. (W+a)xlu+tal

AT = > A >

(3.33)
B (u—a)x|u—al
B 2

25

For the ideal gas assumptions, Steger and Warming introduce a new splitting
method as in Equation 3.34 in 1981 [42].

[2(/ — DAT + 23 + 23]
[2( = DAT + A5 + 3 |u+a(Af — 23)kyy (3.34)
2y — DA + 25 + 25 |v + a(AF — 23k,
[2(y — DAT + 23 + 23w + a(AF — A3k, 5

u? 4+ v?+w? A+t
WO s av(h - a) + 2

[2(y — DAL + 23 + 23]

Steger- Warming flux splitting has discontinuities at sonic and at stagnation points
in the calculation of derivations of flow vectors to flow variables. Therefore, there
are oscillations at those discontinuous regions. To get rid of oscillations, a small

number can be added to eigenvalue splitting as in Equation 3.35.
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(3.35)

A+ /,112 + g2
A =

2

Steger-Warming flux-vector splitting scheme with extension to nonequilibrium
flows can be obtained as implementations by Liou, Leer & Shuen [43] and

Grossman & Cinnella [43] in their studies, as shown in Equation 3.36.

B =—x (3.36)

PO 2 (g = 2 K (e - )

Lpoe 2 de/ 2 p de
iuPaP+7\§(u+alv<m)( , PaP)+A§(u+aY<X1)( PaP)
L' pode 2 2 4 p de 2 2 pde
L VPOP Af (v +aky) ( P aP) N A (v +aky,) ( P6P)
1'pde 2 2 p de 2 2 p de
}\inaP+7\+(w+akx3)< P6P) A*(w+akx3)< E@)
L p de 2 p de p de
PoP (H + ua) PoP (H — ua) PoP

1 (gt =0 #0805+ (e )
1\po T 4 p de 2 pa p de
PP AF POP\ A3 P 0P\ ]
P1 2 __Z V1B (pa2 -
/,0 )\ p(’) T 2 (pa p6e> 2 (pa p(’)e)_
POP Aj Popy A PPy ]
"o a7 (07 —55) * 3 07 5 5)
/p_1p6e+2 pa pde/ 2 pa p de/ |

The splitting for ideal gas assumptions can be derived from Equation 3.36 simply
by taking the derivatives with respect to ideal gas equations. There are still

discontinuities at sonic and stagnation points.
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35 Flow Solver

After the implementation of spatial discretization and flux splitting, the Newton
GMRES method can be applied. The nonlinear governing equations can be written

as in following Equation 3.37 where R is the residual vector.

_ OF (w) N aG(w) N oH(W) S_0 (3.37)

RW) ==+t~ T~ °°

The expansions of the Equation 3.37 with Taylor series and the elimination of
second or higher terms yield below equation:

~

- - aR\" (3.38)
R”“(W):R”(v‘f/)+< ) A"

Newton methods assume that at the next iteration level, flow variables exactly
satisfy Euler equation, thus R(n + 1) equals zero. The general form of Newton’s
methods can be written as:

oR\" _ (3.39)
o= Aw" = —R"()

Aw is the increment between flow variable at nth and (n+1)th iteration levels. The
flow variable values at next iteration level can be found by adding increment to the
value itself. dR/0w is known as the Jacobian matrices which are evaluated by
taking derivatives of residual vector with respect to flow vector. Newton method is
based on the evaluation of Jacobian matrices to linearize the governing equation
and solving the linearized equations implicitly. The complexity of the derivation
and the construction of the Jacobian matrices is increased by nonequilibrium and
real gas effects. Therefore, Newton GMRES method is used in this study to
eliminate the efforts to derive Jacobian matrices. The matrix free solvers are more
effective in solving stiff equations in terms of computational and storage

requirements [44].
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Newton GMRES method is an inexact implementation of which satisfies linearity
of equation by using GMRES methods. GMRES is the abbreviation for generalized
minimal residual method and it is also known as Krylov subspace method. Newton-
GMRES method is an inexact Newton method where the value of local linear
residual is reduced in each step [45]. The inexact Newton method should satisfy

following condition:

(3.40)

= u[|R" @

o (aR\" _
R"(W)+|=—=| AW"
aw

u is the forcing term and p € (0,1). If the forcing term is chosen as 0, the exact
Newton method is obtained. Determining the forcing term has crucial importance
on convergence characteristics of solver. To obtain faster convergence, u can be
chosen close to zero. However, small forcing terms resulted in small reduction of

the norm; thus, solver tries to catch this small reduction hardly [46].

In the GMRES part, evaluation of the Jacobian matrix is not necessary; however,
Jacobian matrix and vector multiplication is required. For the given non-linear
system of equations, multiplication is obtained explicitly from the first order
forward differencing as Equation 3.41.

ow €

<a§) R(W + ev) — R(W) (3.41)
V=

The v is normalized vector updated in each iteration level to approach Aw . € is
small positive number calculated generally in each iteration level by dividing square
root of machine epsilon to norm of the vector v. With the manner of Equation 3.41,

GMRES methods achieve matrix free calculation.

The GMRES method is basically Krylov subspace method trying to solve linear
system. To simplify comprehensibility, chosen linear system can be written as in
Equation 3.42. The following formulation are derived from Bai, Hu and Reichel
study [47].
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Ax =B (A €eR™" B €R™ X € R™) (3.42)
In GMRES method, the initial approximate value, x, and residuals are defined as:
o = b — Ax, (3.43)
The method tries to find a x value at each iteration.
X1 =Xo+ 2y € [xo + K (4,79)]
[b — Axq|| = min||b — A(xy + 2) || (3.44)

K (4,10) = span {ry, Ary, A%1y, ..., AF 11}

K, (A, o) is the kth order Krylov subspace. After that, the Arnoldi process is applied
with inputs k, x, and ry . The Arnoldi iteration is used to obtain the orthonormal
bases for the Krylov subspace. As an output, Arnoldi iteration gives Hessenberg

matrix The minimization process begins with computing orthonormal basis.

To
V1 T
lI7oll

(3.45)
Vk = [Vl, Vz, vy Vk]

Vk+1 = [Vli VZ) ""Vk+1]

V., € R™and V,,.,; € R™*1 are orthonormal vectors. Arnoldi process gives the

upper Hessenberg matrix, then the following Equation 3.46 can be written as:

AV, =V,,.,H where H € R+ (3.46)

Substituting Equation 3.46 into Equation 3.44 yields the final formulation of the

Arnoldi process.

min||ry — Azl| = minllllrplle; — Hyll (3.47)
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where e; = (1,0,0, ...,0)7,e;eR™" 1 and z = Vy. To get upper Hessenberg matrix,
series of Givens rotations are applied to dense Hessenberg matrix at the end of
iteration. The multiplication of the vector and Givens rotation matrix yields a
rotation which results zero entries at j< i-3 indices. Final form of Hessenberg matrix

can be written as

hi1  hyiy v hin
h,, hy, v hyy
0 hzz hzzs ... hay (3.48)
H= 0 hus
0 :
~ A
0 hn+ 1,n

At the end of the Arnoldi iteration, the minimization of the norm value of residual
vector becomes a least square problem. The least square method tries to find
optimum y to minimize z with QR factorization. QR factorization is a
decomposition of Hessenberg matrix into product of orthogonal matrix, Q and
triangular matrix, R.

H=QR (3.49)

QR factorization is used to solve least square methods in a computationally efficient
way. The QR factorization can be applied to Equation 3.47.

Hy = |Irolles
HTHy = H||rolle;
RTQ"QRy = R"Q"|Irylley (3.50)
RTRy = RTQ"lIrglle;

Ry = QT||7"0||31
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At the end of the least square method, y is minimized and final x value is obtained.
X = X0+ Hy (3.51)

Preconditioners are not used in Newton GMRES implementation, in this study.
Convergence of GMRES algorithm strictly depends on Jacobian characteristics of
governing equations. To have computationally effective method, preconditioner
can be used. The effective preconditioners have close approximation to
preconditioned matrix; hence, storage and construction of preconditioner are not
supposed to create big computational cost. There are various preconditioners and
application methods in literature; however, preconditioner are not used in this study

to prevent computational complexity.

3.6  Boundary Conditions

In this section, boundary conditions of this current study are described. To obtain
proper solution for a flow field, boundary conditions must be defined according to
the direction of the information propagation. Also ghost cells are used to obtain
proper boundary conditions. One ghost cell layer is applied to outer part of the grid
for the accurate implementation of the first order discretization. In this study, three
boundary conditions are implemented: far field, wall and symmetry line

boundaries.

For the far field boundary conditions, information from flow propagates to leave
the computational domain. The values of ghost cells which are defined at outer
boundary layer are defined as free stream values. The flow variables at outer

boundary cells are obtained by flow solver.

For the wall boundary conditions, there should not be any mass and energy fluxes
through the geometry; thus, flow tangency condition should be enforced.
Therefore, normal velocities at the wall surface is assumed as zero and the

tangential velocities are extrapolated from the interior cells. The flow variables:
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species mass, total mass, total energy and vibrational energy values are extrapolated
from the interior cells. At the wall, normal components are removed from the total
values to obtain tangential values, as in Equation 3.52.

Unormat = Uinterior- 1

(3.52)

('Duj)boundary = (puj)interior B ZpUnormalnj

n is the unit normal vectors to the wall. U,,,;-mq; 1S Obtained by multiplying normal
vector with the velocity from the interior cells. Also, due to grid topology, front and
wake of the geometry requires additional considerations. There is a symmetry line
passing through the stagnation point, thus from free stream to leading edge and from
trailing edge to far field points, values on both sides should be equal to each other.
Corresponding velocities at z direction should be pointing at opposite directions for
cells on both sides of this line. Other flow variables have the same values at these

cells which are laying on the left and right of this line.

The symmetric boundary conditions are used to have less computational
requirements. The symmetric characteristic of flow field allows to calculate flow
on half of the computational domain. At the each side of the symmetry plane, all
flow variables are equal to each other except velocity. Tangential velocity
components are also equal; however, normal component of velocities should be in

reverse direction with the same magnitude.
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CHAPTER 4

RESULTS AND DISCUSSIONS

Three dimensional Apollo Command Module is chosen as a test case due to
sufficient number of the experiment and flight data. The sketch of module is given
in Figure 4.1.

Side view
Scale: 1.1
Dimensions in milimeters

Figure 4.1. Geometrical details of Apollo Command Module
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Free stream conditions are given in the following table, Table 4.1. Different free
stream conditions are applied in various cases; however, free stream temperature

and pressure (at approximately 40 km altitude) remain the same in all computations.

Table 4.1 Free stream values

Parameter Value

Temperature (K) 220

Pressure (Pa) 664

Mach 15

Species (Case 1) 2 (N2, N)

Species (Case II) 5 (02,N2,N,0O,NO)

Species (Case 111) 11(02,N2,N,O,NO,
0%2,N2",N*,0*,NO" e)

Three different number of species are examined; also, the effects of number of the
reactions on flow characteristics are studied. In order to see effects of temperature
on the reactions characteristics, different values of free stream Mach numbers are
used.

4.1 CFD Considerations

A grid independency study has been performed in this study. The number of cells
in the domains can be seen in Table 4.2. Moreover, oriented views of medium
computational domain is given as in Figure 4.2. Although the first figure looks like

two dimensional, it is the perspective view of three dimension figure. The obtained
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figure is three dimensional. The representation of whole computational domain with

coarse mesh can be seen in Figure 4.3.

Table 4.2. List of meshes with different cell numbers

Mesh IxXjxk Number of cells
Coarse 32x16x9 4608
Medium 64x32x17 34816

Fine 128x64x35 286720

T

NN
1117

Figure 4.2 Orientation views of 3D computational domain on different planes
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Table 4.3 Effects of mesh refinement study on computation time and stagnation

condition
Mesh CPU Time Maximum Pressure | Maximum Temperature
Coarse 23 minutes 156.7 kPa 4752 K
Medium | 5 days 13 hours 147.8 kPa 4740 K
Fine 3 days 2 hours X X
(250 iterations)
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Figure 4.3. 3D representation of coarse mesh

The maximum pressure and temperature values are used to measure the effects of
mesh refinement. To reach convergence criteria (J|R||/||RO|< 102), coarse grid
requires 23 minutes whereas medium grid requires 5 days 13 hours. The fine mesh
solution completes 100 iterations in 3 days and 2 hours as given in Table 4.3.
However, the fine mesh solution could not achieve high iteration number due to

oscillations. Therefore, due to enormous CPU time and convergence characteristics
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of the fine mesh, the fine mesh was not used in this study. Results are obtained by

using the medium and coarse mesh size.

The maximum pressure and temperature values with different computational
domain are given in Table 4.3. The difference in between the peak pressure values
of the coarse and medium meshes is almost 9 kPa. The change is approximately %
6. Also, difference in between temperature values is 12 K. Therefore, the medium
mesh is a good choice to simulate flow field in this study. The most of the results

are obtained by using the medium mesh.

coarse
medium

10°

Residual Histories

-
o
&

10" |~

M | L PR | L L L
2000 3000
Iteration number

107"°

1000 4000 5000

Figure 4.4. Comparisons of convergence characteristics on coarse and medium grid

The convergence characteristics of the coarse and medium computational meshes
can be seen in Figure 4.4. The residual histories of the fine mesh are not included
in this figure because of stability and CPU time problems. As in the Figure 4.4, the
coarse grid reaches predefined convergence criteria (107?) in 1000 iterations;

whereas, medium mesh requires 5 times larger iteration steps.
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The first order and second order spatial discretizations are examined. In this study,
the second order discretization could not work properly with the real gas
assumptions and in hypersonic speed ranges. However, the second order
discretization is achieved with ideal gas assumption for hypersonic speed range in
our study. The residual histories with respect to iteration number of different
discretization order are shown in Figure 4.5. Although different flux limiters are
examined, oscillations still continue, and residual values stay high. Therefore, the
first order spatial discretization are commonly used in this study to achieve stability

of solver.

Py
=]
B
=
g
= 1storder
Q107 I- 2nd order
o=
107° |-
10—13 |
10'12 I R U E T S SR T AT T S N AT T SR T T SR SR |
1000 2000 3000 4000 5000

Iteration number

Figure 4.5. Comparisons of convergence characteristics of first and second order

spatial discretizations (M=10, 0=20)

62



i
| ; ........................ van Leer
i é ———— Steger- Warming
ji Geometry
| H
7
L 41
K=
2 i i
-a l
| =
D
S |
2F H
| ;i 1
i1
i
1 1 . . m- . 1 L
0 a ) 0 2 4
X

Figure 4.6 Comparisons of flux vector splitting methods with 5 species models
(M=15, 0=0)

Moreover, two different flux vector splitting are considered in this study: Steger-
Warming and Van Leer flux splitting. For these splittings, the non-dimensional
density and Mach contours are shown respectively in Figure 4.6 and 4.7. There are
small differences at stagnation point and the wake region. Also, both splitting
methods work properly with real gas assumption, chemical and vibrational

nonequilibrium models.
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Figure 4.7 Comparisons of flux vector splitting methods with 5 species models
(M=15, a=0)

Table 4.4 Number of flow variables with respect to different tests.

Chosen solver Number of flow variables
Ideal gas 5:p, pu, pv, pw, pE
Real gas, 2 species 6 : p, pu, pv, pw, pE, pl
Real gas , 5 species 9:p, pu, pv, pw, pE, pl, p2, p3, p4
Real gas, 11 species 15: p, pu, pv, pw, pE, pl, p2, p3, p4..... p10

Real gas, 2 species, 7:p, pu, pv, pw, pE, p1, pEv
(two temperature)

In this study, ideal and real gas assumptions are examined; also, real gas assumption
is studied with different species number and different temperature models. The

number of flow variable for each assumptions can be seen through Table 4.4.

Three dimensional representation of flow field simulation can be seen through

Figure 4.8, 4.9 and 4.10. In Figure 4.8, nondimensional total density contours

around the whole geometry are presented, and velocity vectors are also
superimposed. At the last figure, nondimensional entropy distributions are shown

at half of the computational domain. These two results are also obtained with 5
species model for Mach 15.
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Figure 4.8. Nondimensional density contours around the whole ACM (M=15, 0=0)
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Figure 4.9 Nondimensional entropy distributions at half of the computational

domain (M
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Figure 4.10 Temperature [K] contours at whole computational domain (M=15, 0=0)

4.2 Validation of Code Solver

Computations are done for Apollo Command Module to validate the flow solver.
Surface pressure around the module are compared with the wind tunnel tests results.
The various results for the normalized pressure through stagnation line are given in
Murray study [49]. These results are obtained from Bertin’s [49] and Marvin’s [51]

wind tunnel experiments with helium gas.
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Figure 4.11 Comparisons of normalized surface pressure obtained by second order
discritization with experimental data [49].

The pressure values obtained by using higher order discritization and flux limiters
are compared with experimental data as in Figure 4.11. For this case, Mach
number is 9, and angle of attack is zero. These results are obtained with the ideal
gas assumption. The converce characteristics of the second order discretization is
poor; therefore, there are big differences on the side surfaces.

In Figure 4.12, the pressure distributions for different angle of attack values in
Helium gas is represented at Mach 20 [51]. For this validation, Helium gas is used
with real gas assumption, and chemical reactions are ignored. Figure 4.12 shows a
good the consistency of pressure distributions between the experimental data and
from current solver. The normalized pressure distributions at two different angle of
attacks (0=0 and 0=25) are compared in Figure 4.12 Moreover, the real gas

assumption work properly to simulate pressure distributions at high Mach values.
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Figure 4.12 Comparisons of normalized pressure with experimental data (M=20)

In Figure 4.13, pressure distributions with different approaches are compared with
the experimental data. Experiments were done at Mach 10.18 with zero angle of
attack. The results are obtained by solving governing equation by considering real
gas assumption with different species number. The pressure distribution with two
temperature model is also compared. It should be noted that the real gas assumption

is efficient in the simulation of the flow field where ideal gas assumption holds.
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Figure 4.13 Comparisons of normalized pressure distribution by experimentally and

different computational models
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Figure 4.14 Comparisons of translational and vibrational temperature and Ermina’s

computational results (right) [52] at stagnation line
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There are not any available experimental and flight data for translational and
vibrational temperature distributions around the ACM. Therefore, these
temperature values are compared with Ermina’s study [52] as in Figure 4.14. It can
be seen that results are similar with Ermina’s results, and the peak values of both
study are close to each other. These temperature distributions are obtained for Mach
32.4.

At this section, validity of the developed code solver is examined, and it can be seen
obviously that the agreement between experimental and literature data is good. In

the next section, flow field calculations are obtained with different models.

4.3 Ideal Gas and Real Gas Results

It was mentioned that the applicability of ideal gas assumptions is restricted with
temperature. In the hypersonic speed range, the real gas assumption is more suitable
compared to ideal gas assumption. There are important change in flow
characteristics according to chosen models. First of all, the obtained shock stand of
distance with real gas assumption is shorter than that of ideal gas assumption. In
Figure 4.15, it can be seen that ideal and real gas assumptions affect the shock stand
of distance. Moreover, real gas simulation gives smaller shock stand off distance

than the ideal gas simulation.
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Figure 4.15 Mach distributions along the stagnation line with ideal gas and real
gas assumptions (M=5, 0=0)

The total density contours for various Mach numbers with ideal and real gas solver
can be seen through Figure 4.16. Angle of attack is zero in this figure. There are big
differences at the stagnation point for ideal and real gas assumptions. For the same
Mach value (M=20), the peak total density is close to 7.5 for real gas assumption
and it is approximately 4.2 for ideal gas assumption.

In Figure 4.17, non-dimensional temperature values are compared where angle of
attack is zero. The importance of real gas assumption arises with increasing
temperatures. For low Mach values, ideal and real gas assumptions have almost
same distributions around the geometry. However, there are big differences at
temperature values around geometry for high Mach values. Therefore, it can be seen

that real gas assumption is required for high temperature flow to achieve high
accuracy.
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Figure 4.17 Temperature distributions with ideal and real gas assumptions (o=0)
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Figure 4.19 Temperature contours with real gas assumption (M=15, a=0)
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Temperature contours with ideal and real gas assumptions are given in Figure 4.18

and Figure 4.19. Also, density contours are compared in Figure 4.20.

Figure 4.20 Density contours with ideal and real gas assumptions (M=15, a=0)

Lastly, assumptions change the performance of the solver. To reach the same
residual value (10°), each assumptions has different CPU time requirement as given
in Table 4.5. Computation time is getting larger with the detailed modelling as

expected.

Table 4.5 CPU time requirement for different assumptions with different species

number
Model CPU time requirement
Ideal Gas without reactions 7 min 14 sec
Real gas with 2 species 34 min 43 sec
Real gas with 5 species 7 hours 48 min
Real gas with 11 species 1 day 3 hours
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To sum up, ideal gas assumption results in bigger shock standoff distance and
temperature distributions around the geometry than real gas assumption. In the
modelling of hypersonic flow field, real gas assumptions are commonly preferred

to obtain correct physical modelling.

4.4  Results for Chemical Nonequilibrium Models

At this part, the effects of chemical nonequilibrium models on flow field
characteristics are examined. The influences of forward and backward reaction

calculations are investigated separately.

4.4.1 Effects of Forward Reaction Rate Calculations
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Figure 4.21. Pressure distributions around the

reaction rate constants (M=15, 0=0)
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In the Figure 4.21, non-dimensional pressure distribution is represented with
different forward reaction rates. The figure on the right is given to analyze the
effects of coefficients on the stagnation point. Also, in Figure 4.22, temperature
distributions along stagnation line are shown. The differences can be distinguished
easily around the geometry. The influence of different coefficients on convergence
characteristics can be seen in Figure 4.23. Dunn- Kang and Park 85 coefficients

cause more oscillations in convergence.

In Figures 4.24 and 4.25, different coefficients to calculate forward reaction rate are
compared by using species mass fractions. As in the figures, different mass
fractions are obtained for different coefficients. There are big differences for
species mass fractions, and there are not any certain way to choose the most
accurate forward rate constants. These increase the uncertainty of modeling in
chemical nonequilibrium. In this study, compatibility and stability effects of these
coefficients are examined. Due to the numerical stiffness of modeling physical
phenomena during atmospheric re-entries, all models cannot provide converged

solutions. Therefore, Gardiner’s and Park’s coefficients are mainly used in this

study.
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Figure 4.24. O2 and O mass fractions along stagnation line with different forward
reaction rate coefficients (M=15, a=0)
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Figure 4.25 N2, N and NO mass fractions around the geometry with different

forward reaction rate coefficients (M=15, 0=0)

The contours of species mass fractions around geometry with Gardiner’s
coefficients can be seen in the following figure, Figure 4.26. It can be seen that
dissociation reactions occur actively behind the geometry because of the

temperature.
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Figure 4.26 Species mass fractions around the geometry with Gardiner’s forward

reaction rate constants for 5 species (Mach = 15)
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4.4.2 Effects of Backward Reaction Rate Calculations

There are two different backward reaction rate calculation methods based on
calculation of equilibrium constants: Gibb’s free energy minimization and Park’s
curve fitted fifth order polynomials. In Figure 4.27, it can be seen that backward
reaction rate calculation has an important effect on the distributions of species.
Also, there are not any available experimental or theoretical data to choose
appropriate modelling. However, Gibb’s free energy minimization method is

preferred in this study due to stability and applicability concerns.
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Figure 4.27 Species mass fractions around the geometry with different backward

reaction rate calculation methods (M=15, a=0)
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In Figure 4.28, contours of species around geometry are shown. Around body
temperature is so high; thus, dissociation and ionization reaction are more common
in this region. Behind the geometry, flow slows down and temperature is still high;

therefore, dissociation reactions occur actively.

Lastly, there are five species (O2, N2, NO, N and O) which are both solved in both
5 species and 11 species model. Therefore, to see effects of ionization and charge
exchange reactions on these species, distributions of these species are compared in
the following figure, Figure 4.29 and Figure 4.30. Hence, it is obvious that

ionization and exchange reactions change the distributions of species.
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Figure 4.30 Distribution of N2, NO and N along stagnation line with different

reaction numbers (M=15, o=0)

From Figure 4.29 and 4.30, it can be seen that ionization reactions reduce mass
fraction of N, NO and O. The main reason for this is that ionization energy of
molecules: Oz and N2 are higher than that of atoms O and N respectively. Therefore,

there is a reduction in the mass fraction of species whose ionization energy is low.
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45  Results for Vibrational Nonequilibrium Models

In this section, the effects of vibrational nonequilibrium and coupling of vibrational
temperature with dissociation reactions are examined. In the following figures, it is
assumed that flow field contains only oxygen. The translational-rotational and
vibrational-electronic temperatures are obtained as in Figure 4.31. The modelled

reactions are dissociations of oxygen. To couple vibrational temperature and

dissociation reactions, Park’s average temperature is used.
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Figure 4.31 Translational and vibrational temperature variation (M=15, a=0)

Moreover, it can be noticed that vibrational temperature values are not as high as
translational temperature. The energy transfer between energy modes occurs at fine

rate; thus, vibrational temperature values could not reach translational temperature.
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Figure 4.32 Residual histories for one and two temperature models (M=15, a=0)

The convergence characteristics of one and two temperature models have
differences as shown in Figure 4.32. Two temperature models solver faces with
oscillations and it requires more CPU time. The required CPU time to reach the
same convergence for the one and two temperature models solver are 34 minutes

and 2 hours 51 minutes, respectively.

The coupling methods for vibrational temperature and dissociation reactions are
studied in Figure 4.33. There are different assumptions to consider vibrational
temperature on dissociation reactions. The most known method is Park’s average
temperature. The different coupling methods change the distribution of oxygen
slightly. Again, there is not any certain way to prove accuracy of coupling methods.
However, it was mentioned that one temperature model overestimates dissociation
rate. Also, p and q in the controlling temperature, T, = T.T,! can be changed.
Therefore, the reduction in the p term gives reduced dissociation reactions as in
Figure 4.33.
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Figure 4.35 Translational temperature contours with Park’s two temperature model

(M=15, a=0)
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Figure 4.36 Vibrational temperature contours with Park’s two temperature model

(M=15, 0=0)
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The vibrational temperature variation for nitrogen molecules are also given in
Figure 4.34. The characteristic vibrational temperature of nitrogen molecules are
greater than that of oxygen molecules. Therefore, vibrational relaxation rate of
nitrogen is slower; it cannot achieve high temperature values of heat bath
temperature. Also, vibrational and translational temperature contours around the
ACM are given in Figure 4.35 and Figure 4.36. Also, the following figures are
obtained by using Park’s average temperature assumption where p is 0.5, and q is
0.5.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

The purpose of this study is to model hypersonic flow field around the Apollo
Command Module during re-entry to the Earth’s atmosphere by considering
chemical and vibrational nonequilibrium. The real and ideal gas assumptions are
compared, and it can be seen that real gas assumption is essential to simulate
hypersonic re-entry flow. The ideal gas assumptions lose their accuracy at high
temperature; thus, they affect flow characteristics especially shock standoff
distance and peak temperature values. At the modelling of chemical
nonequilibrium part, different methods and coefficients are studied. Seven different
forward reaction rate constants are compared, and two different backward reaction
rate calculation methods are also examined. There are not any certain way to prove
accuracy of these methods. Therefore, stability and coherence of methods are
considered to choose the most efficient models. Also, different species numbers and
reaction numbers are investigated. For the vibrational nonequilibrium part, two
temperature models are used to obtain vibrational and translational temperature
contours. Moreover, coupling between vibrational temperature and dissociation
reactions are examined by considering harmonic oscillator assumption. At these
parts, it can be seen that the chosen physical models affects flow regime properties.
Also, stiffness of real gas and nonequilibrium flow are high, convergence could not
obtained for each combinations of models. Lastly, mesh refinement, higher order
discretization and different flux splitting methods are studied. Higher order spatial
discretization is not applicable for hypersonic flow field simulation with real gas

assumptions. Also, Steger- Warming and Van-Leer flux splitting are investigated.
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For the future studies, vibrational nonequilibrium modelling can be investigated.
Currently, harmonic oscillator assumption is used; however, inharmonic oscillator
models should be used to have more accurate modelling. Also, vibrational energy
exchange between molecules can also be considered. The electronic energy and
rotational energy modes can be solved in addition to translational and vibrational
energy modes. Moreover, flow field is assumed as weakly ionized; however, for
the most of the re-entries to Earth’s atmosphere plasma field around the geometry
occurs. Therefore, simulation of flow field can be done by considering plasma
dynamics effects. Lastly, solver applicability range can be increased from

continuum regime to translational regime by using statistical methods.
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APPENDIX A

DATA FOR CHEMICAL NONEQUILIBRIUM

Table A.1 Molecular weight of the species

Species Molecular weight Characteristic
(kg/mol) Temperature (K)
O 0.032 2239.
N2 0.028 3395.
NO 0.030 2817.
0.014 0.
O 0.016 0.
02" 0. 0319994514 2239.
N2* 0. 0279994514 3395.
NO* 0. 0299994514 2817.
N* 0. 0139994514 0.
o* 0. 0159994514 0.
e 5.486x10°7 0.
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Table A2 Thermochemical coefficient of species taken by NASA Glenn research center [44]

coefl 17 coeff3 coefd coef5 coef6 coef7 coefd coeffa
o
-7,953611300E+03 1,607177787E+02 1,966226438E+00 1,013670310E-03 -1,110415423E-06 6,517507500E-10 -1,584779251E-13 2,840362437E+04 8,404241820E+00 |
2,615020262E+05 -7,298722030E+02 3,317177270E+00 -4,281334360E-04 1,036104594E-07  -5,438304330E-12 2,725038297E-16 3,392428060E+04 -6,679585350E-01 !
1,775004264E+08 -1,082328257E+05 2,810778365E+01 -2,975232262E-03 1,854997534E-07  -5,796231540E-12 7,191720164E-17 8,890942630E+05 -2,181728151E+02 |
02
3425563420604 484TO09TOE02  1,1100109616=00 4293889240603 -68363005206-07 -2023372700E:09  10390400186-12  -3391454870E+03  1849699470€+01
-1,03793%033E+06 2,344830282E+03 1,819732036E+00 1,267847582E-03 -2,188067988E-07 2,053719572E-11 -8,193467050E-16 -1,689010929E+04 1,738716506E+01 |
4,975294300E+08 -2,866106875E+05 6,690352250E+01 -6,169959020E-03 3,016396027E-07 -7,421416600E-12 7,278175770E-17 2,293554027E+06  -5,530621610E+02 |
N
0,000000000E+00 0,000000000E+00 2,500000000E+00 0,000000000E+00 0,000000000E+00  0,000000000E+00 0,000000000E+00 5,610463780E+04 4,193905036E+00
8,876501380E+04  -1,071231500E+02 2,362188287E+00 2,916720081E-04 -1,729515100E-07 4,012657880E-11 -2,677227571E-15 5,697351330E+04 4,865231506E+00
5,475181050E+08 -3,107574980E+05 6,916782740E+01 -6,847988130E-03 3,827572400E-07  -1,098367709E-11 1,277986024E-16 2,550585618E+06  -5,848769753E+02 |
N2
2,210371497E+04  -3,818461820E+02 6,082738360E+00 -8,530914410E-03 1,384646189E-05  -9,625793620E-09 2,519705809E-12 7,108460860E+02  -1,076003744E+01
5,877124060E+05 -2,23924%073E+03 6,066949220E+00 -6,139685500E-04 1,491806679E-07  -1,923105485E-11 1,061954386E-15 1,283210415E+04  -1,586640027E+01
8,310139160E+08  -6,420733540E+05 2,020264635E+02 -3,065092046E-02 2,486903333E-06  -9,705954110E-11 1,437538881E-15 4938707040E+06  -1,672099740E+03
NO |
1143916503640 1,536467592E402  34SI46B730Es00  -2,66B50236BE-03 8481390120605 7685111050609 238679765512 9,09B214410E03 6728725490400
2,239018716E+05 -1,283651623E+03 5,433936030E+00 -3!656034900E-04 0,880966450E-08  -1,416076856E-11 9,380184620E-16 1,750317656E+04  -8,501669090E+00
-9,575303540E+08 5,512434480E+05 -1,384566826E+02 1,694339403E-02 -1,007351096E-06 2,912584076E-11 -3,295109350E-16  -4,677501240E+06 1,242081216E+03
N2+ -3,474047470E+04 2,696222703E402 3,164916370E+00 -2,1322397815-0_3 6,730476400E-06 -5,637304_970E-09 1,621756000E-12 1,790004424E+05 6,832974166E+00 |
-2,845599002&06 7,058893030E+03 -2,884886385E+00 3,068677059E-03 -4,361652310E-07 2,102514545E-11 5,411996470E-16 1,340388483E+05 5,090897022E+01 |
-3,712829770E+08 3,139287234E+05 -9,603518050E+01 1!571193286E~02 -1,175065525E-06 4,1444471230E-11 -5,621893090E-16 -2,217361867E+06 8,436270947E+02
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Table A.2 continued.

NO+

N+

02+

coefl
1,398106635E+03
6,069876900E+05
2,676400347E+09

5,237079210E+03
2,904970374E+05
1,646092148E+07

-8,607205450E+04
7,384654880E+04
-1,562125524E+09

0,000000000E+00
-2,166513208E+05
-2,143835383E+08

0,000000000E+00
0,000000000E+00
0,000000000E+00

coef2
-1,590446941E+02
-2,278395427E+03
-1,832948690E+06

2,299958315E+00
-8,557908610E+02
-1,113165218E+04

1,051875934E+03
-8,459559540E+02
1,161406778E+06

0,000000000E+00
6,665456150E+02
1,469518523E+05

0,000000000E+00
0,000000000E+00
0,000000000E+00

coeff3
5,122895400E+00
6,080324670E+00
5,099249390E+02

2,487488821E+00
3,477389290E+00
4,976986640E+00

-5,432380470E-01
4,985164160E+00
-3,302504720E+02

2,500000000E+00
1,702064364E+00
-3,680864540E+01

2,500000000E+00
2,500000000E+00
2,500000000E+00

coefd
-6,394388620E-03
-6,066847580E-04
-7,113819280E-02

2,737490756E-05
-5,2882671S0E-04
-2,005393583E-04

6,571166540E-03
-1,611010850E-04
4,710837520E-02

0,000000000E+00
4,714992810E-04
5,036164540E-03

0,000000000E+00
0,000000000E+00
0,000000000E+00

coefs
1,123918342E-05
1,432002611E-07
5,317659880E-06

-3,134447576E-08
1,352350307E-07
1,022481356E-08

-3,274263750E-06
6,427083990E-08
-3,354461380E-06

0,000000000E+00
-1,427131823E-07
-3,087873854E-07

0,000000000E+00
0,000000000E+00
0,000000000E+00

coef6
-7,988581260E-09
-1,747990522E-11
-1,963208212E-10

1,850111332E-11
-1,389834122E-11
-2,691430863E-13

5,940645340E-11
-1,504939874E-11
1,167968599E-10

0,000000000E+00
2,016595903E-11
S,186834870E-12

0,000000000E+00
0,000000000E+00
0,000000000E+00

coef7
2,107383677E-12
8,935014060E-16
2,805268230E-15

-4,447350984E-15
5,046166279E-16
3,539931593E-18

3,238784790E-13
1,578465409E-15
-1,589754791E-15

0,000000000E+00
-9,107157762E-16
-1,074163268E-16

0,000000000E+00
0,000000000E+00
0,000000000E+00

coef8
1,187495132E+05
1,322709615E+05
1,443308939E+07

2,256284738E+05
2,310809984E+05
3,136284696E+05

1,345544668E+05
1,446321044E+05
-8,857866270E+06

1,879352842E+05
1,837191966E+05
-9,614208960E+05

-7,453750000E+02
-7,453750000E+02
-7,453750000E+02

coeff9
-4,398433810E+00 |
-1,519880037E+01 |
-4,324044462E+03 |

5,076830786E+00 |
-1,994146545E+00 |
-1,706646380E+01 |

2,902709750E+01 |
-5,811230650E+00 |
2,852035602E+03 |

4,393376760E+00 |
1,005690382E+01 |
3,426193080E+02 |

-1,172081224E+01 |
-1,172081224E+01 |
-1,172081224E+01



The forward reaction rate constants for 5 species and 17 reactions,

Table A.3 Gardiner Model [17]

o I e s R
1 0,+N 2 20+N 1.82E+12 -1. 59380.
2 0, +NO 2 20+ NO 1.82E+12 -1. 59380.
3 0, +N, 2 20+N, 3.64E+12 | -1. 59380.
4 20, 2 20+0, 1.64E+13 -1. 59380.
5 0,+0 230 456E+13 | -1. 59380.
6 N, +N 2 3N 1.60E+16 | -1.6 113200.
7 N, + NO 2 2N + NO 1.40E+15 -1.6 113200.
8 2N, 2 2N + N, 3.70E+15 | -1.6 113200.
9 N, +0, 2 2N + 0, 1.40E+15 | -1.6 113200.
10 N,+0 2 2N+0 1.40E+15 | -1.6 113200.
11 NO+N 2 2N+ 0 4.00E+14 | -15 75510.
12 NO+NO2N+0+N0 | 400E+14 | -1.5 75510.
13 NO+ N, 2N+0+N, 8.00E+14 | -1.5 75510.
14 NO+0, 2 N+0+0, | 800E+14 | -15 75510.
15 NO+0 2 N+ 20 8.00E+14 | -15 75510.
16 N,+0 2 NO+N 3.80E+03 1.0 20820.
17 NO+0 2 0,+N 1.82E+8 0. 38370.
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Table A.4 Dunn & Kang [15] and Gupta [14] models

Dunn & Kang model Gupta model
RN A it | BT B K AT i) | BT | i k)
1 3.60E+12 -1. 59500. 3.61E+12 -1. 59400.
2 3.60E+12 -1. 59500. 3.61E+12 -1. 59400.
3 7.20E+12 -1. 59500. 3.61E+12 -1. 59400.
4 3.24E+13 -1. 59500. 3.61E+12 -1. 59400.
5 9.00E+13 -1. 59500. 3.61E+12 -1. 59400.
6 4.08E+16 -1.5 113000. 4.15E+16 -1.5 113100.
7 1.90E+11 -0.5 113000. 1.92E+11 -0.5 113100.
8 4.70E+11 -0.5 113000. 1.92E+11 -0.5 113100.
9 1.90E+11 -0.5 113000. 1.92E+11 -0.5 113100.
10 1.90E+11 -0.5 113000. 1.92E+11 -0.5 113100.
11 3.90E+14 -1.5 75500. 3.97E+14 -1.5 75600.
12 3.90E+14 -1.5 75500. 3.97E+14 -1.5 75600.
13 7.80E+14 -1.5 75500. 3.97E+14 -1.5 75600.
14 7.80E+14 -1.5 75500. 3.97E+14 -1.5 75600.
15 7.80E+14 -1.5 75500. 3.97E+14 -1.5 75600.
16 7.00E+07 0. 38000. 6.75E+07 0. 37500.
17 3.20E+03 1. 19700. 3.18E+03 1. 19700.
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Table A.5 Curve fit [45] and Park 85 [46] models

Curve fit model Park 85 model

RN

A mors | BT B/ ) A sl | BT B
1 2.00E+14 -1.18 59500. 8.25E+12 -1. 59500.
2 1.072E+14 -1.23 59500. 2.75E+13 -1. 59500.
3 1.072E+14 -1.23 59500. 2.75E+13 -1. 59500.
4 1.072E+14 -1.23 59500. 2.75E+13 -1. 59500.
5 2.00E+14 -1.18 59500. 8.25E+13 -1. 59500.
6 2.95E+16 -1.54 113200. 1.11E+16 -1.6 113200.
7 2.74E+13 -0.99 113200. 3.70E+15 | -1.6 113200.
8 2.74E+13 -0.99 113200. | 3.70E+15 | -1.6 113200.
9 2.74E+13 -0.99 113200. | 3.70E+15 | -1.6 113200.
10 2.95E+16 -1.54 113200. 1.11E+16 -1.6 113200.
11 5.14E+13 -1.02 75600. 2.30E+11 | -05 75500.
12 5.14E+13 -1.02 75600. 2.30E+11 | -05 75500.
13 5.14E+13 -1.02 75600. 4.60E+11 | -05 75500.
14 5.00E+14 -0.984 75600. 4.60E+11 | -05 75500.
15 5.00E+14 -0.984 75600. 8.00E+11 | -0.5 75500.
16 1.70E+08 | -0.0975 | 38000. 3.18E+07 | 0.1 37700.
17 5.00E+04 0.69 19400. 2.16E+02 | 1.29 19220.
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Table A.6 Park 87 [9] and Park 90 [16] models

Park 87 model Park 90 model
RN A 0 motsd | BT | B 1K1 | 8 ord | BT Birp K
1 | 2.90E+17 | -2.00 | 59750. | L1.00E+16 | -150 | 59500.
2 | 968E+16 | -200 | 59750. | 2.00E+15 | -150 | 59500.
3 | 968E+16 | -200 | 59750. | 2.00E+15 | -150 | 59500.
4 | 968E+16 | -200 | 59750. | 2.00E+15 | -150 | 59500.
5 | 290E+17 | -2.00 | 59750. | 1.00E+16 | -150 | 59500.
6 | 160E+16 | -1.60 | 113200. | 3.00E+16 | -1.6 | 113200,
7 | 498E+15 | -160 | 113200. | 7.00E+15 | -1.6 | 113200,
8 | 370E+15 | -1.60 | 113200. | 7.00E+15 | -1.6 | 113200,
9 | 370E+15 | -1.60 | 113200. | 7.00E+15 | -1.6 | 113200.
10 | 4.98E+16 | -1.60 | 113200. | 3.00E+16 | -1.6 | 113200.
11 | 795E+17 | -2.00 | 75500. | 5.00E+11 | 0.0 | 75500
12 | 795E+17 | -2.00 | 75500. | 5.00E+11 | 0.0 | 75500
13 | 795E+17 | -2.00 | 75500. | 5.00E+11 | 0.0 | 75500
14 | 795E+17 | -2.00 | 75500. | 1.10E+11 | 0.0 | 75500
15 | 7.95E+17 | -2.00 | 75500. | L.10E+11 | 0.0 | 75500.
16 | 6.44E+11 | -1.00 | 38370. | 6.40E+07 | -1.0 | 38400,
17 | 837E+06 | 000 | 19450. | B40E+02 | 0.0 | 19400
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The forward reaction rate constants for 11 species and 49 reactions,

Table A.7 Forward reaction rates are obtained from Park study [8].

Reactions Reactions m3 - E;
number Ai /mols] Ail~l l/Ru (K]
1,2,3 0,+M 220+M
M=N,, 0, NO 2.00E+15 -1.50 59500.
- ) 2
45 0,+M 220+M
M=N O 1.00E+16 -1.50 59500.
6,7,8 0,+M 2 20+M
M= N+ 0.% NO* 2.00E+15 -1.50 59500.
- 2 2
9,10 0,+M 2 20+ M
M= N*. 0+ 1.00E+16 -1.50 59500.
11,12,13 N, +M 22N+ M
M=N,, 0,, NO 7.00E+15 -1.60 113200.
- ] 2
14,15 N, +M 2 2N+ M
M=N. O 3.00E+16 -1.60 113200.
16,17,18 N, +M 2 2N+ M
M= N+ 0.* NO* 7.00E+15 -1.60 113200.
- 21 2
19,20 N, +M 2 2N+ M
M= N+ O 3.00E+16 -1.60 | 113200.
21,22,23 NO+M 2 N+0+M
M=N,, 0, NO 5.00E+09 0.0 75500.
24,25 NO+M 2 N+0+M
M=N.O 1.11E+11 0.0 75500.
26,27,28 NO+M 2N+0+M
M= N* 0.+ NO* 5.00E+09 0.0 75500.
- 2 2
29,30 NO+M 2 N+0+M
M= N* 0+ 1.11E+11 0.0 75500.
31 N, +e2 2N +e 1.20E+19 -1.6 113200.
32 N+e 2Nt +2e 2.50E+28 -3.82 168600.
33 O+e 2 01+ 2e 3.90E+27 -3.78 158500.
34 N,+0 2 NO+N 6.40E+11 -1.0 38400.
35 NO+0 2 0,+N 8.40E+06 -0.0 19450.
36 N+0 2 NOt+e 8.80E+02 1.0 31900.
37 N+N 2 N} +e 4.40E+01 15 67500.
38 0+0 2 0; +e 7.10E-04 2.70 80600.
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39 O*+N, 2 NS +0 9.10E+05 0.36 22800.
40 0*+NO 2 N*+0, 1.40E-01 1.90 26600.
41 NO* +0, 2 0f + NO 2.40E+07 0.41 32600.
42 NOt*+N 2 NS +0 7.20E+07 0.0 35500.
43 NO*+0 2 N*+0, 1.00E+06 0.5 77200.
44 0,"+N 2 N*+0, 8.70E+07 0.14 28600.
45 0,7 +N, 2 Nf +0, | 9.90E+06 0.0 40700.
46 NO*+ N 20"+ N, 3.40E+07 -1.08 12800.
47 NOt+0 205 +N 7.20E+06 0.29 48600.
48 05 +0 20%+0, 4.00E+06 -0.09 18000.
49 Nt+N, 2 Nf+N 1.00E+06 0.5 11200.
Table A.8 Equilibrium coefficients for 5 species and 17 reactions [14]
¢ c cs cs Cs co
1to5 0.00000E+00 -0.48129E+00 -0.18309E+01 -0.82835E+00 -0.56203E+01 -0.39664E+01
6 to 10 0.00000E+00 -0.10406E+01 -0.27317E+01 -0.24633E+01 -0.11689E+02 -0.89886E+01
11to15 0.00000E+00 -0.66282E+00 -0.20677E+01 -0.12125E+01 -0.78281E+01 -0.67849E+01
16 0.00000E+00 -0.37785E+00 -0.66398E+00 -0.12508E+01 -0.38613E+01 -0.22037E+01
17 0.00000E+00 -0.21458E+00 -0.30792E+00 -0.50191E+00 -0.25374E+01 -0.31838E+01
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