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Abstract

Engineering applications that include flows with thermodynamic non-equilibrium and rarefac-
tion effects require modelling with an increased level of physical detail. Practical problems often
involve more than one constituent in the flow and therefore the capability to analyse gas mixtures
is important. Extending kinetic model equations of the Bhatnagar-Gross-Krook (BGK)-type
from a single-species gas to a gas mixture presents a number of difficulties. These are further
pronounced when diatomic gas mixtures are considered, due to the addition of internal energy.
This is a challenging research area and available models present a number of shortcomings.
This thesis presents new mathematical models for high-speed flow applications with moderate
levels of rarefaction. The novel kinetic models are derived for mixtures of binary gases: two new
models for mixtures of monoatomic gases and a model for mixtures of diatomic gases are intro-
duced. The novel kinetic models are shown to have good mathematical properties and demon-
strate significant advances over models in the literature. Transport properties in the continuum
limit are obtained through the Chapman-Enskog (CE) type expansion and shown for each model.
The models account for separate species-mean velocity such that the species diffusion and veloc-
ity drift are accurately represented. For mixtures of monoatomic gases a Shakhov-based model
and an Ellipsoidal-Statistical (ES)-based model are derived. The main advantage of the newly
introduced models is the recovery of three correct transport coefficients in the hydrodynamic
limit and as a result having a correct Prandtl number for the mixture. For the diatomic mixture
model, the key improvement is the inclusion of separate species velocities, species- translational,
-rotational and -vibrational temperatures and three-step relaxation process.

Furthermore, the new models are numerically evaluated for a range of high-speed flows with
strong thermodynamic non-equilibrium. Validation and good agreement with results from the
Boltzmann model and the direct simulation Monte Carlo (DSMC) demonstrates the models’
capabilities and limitations. A parametric study shows the variation of flow properties under
varied free-stream conditions. A numerically efficient gas-kinetic scheme (GKS) based on the
monoatomic Shakhov-based mixture model is also presented and the results show good accu-
racy, while reducing the required computational time. Overall, the newly-introduced gas mix-
ture models demonstrate promising computational results for relevant applications. The current
work can form the basis for further work on improved kinetic modelling of high-speed non-

equilibrium flows.
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Chapter 1

Introduction

1.1 Motivation

Continuum flow modelling dominates industrial aerodynamics [1]. Computational fluid dy-
namics (CFD) based on the Navier-Stokes (NS) equations is traditionally used for aeronautical
applications. However, advances in engineering sciences have led to an increasing amount of
complex products in all length scales: from nanoscale devices to spacecrafts. Many of these
applications involve a rarefied gas environment.

In order to identify if the flow is in the continuum or rarefied regime, the concept of characteristic
length scale is introduced. This means that a consideration of the distance between molecules is
taken in reference to the characteristic length (CL) of the flowfield considered. The ratio of these
two lengths is an important quantity in rarefied gas dynamics and is known as Knudsen number,
which is defined in more detail in Section[I.3.4] For example, an airliner cruising at approxi-
mately 10 — 11 km altitude will have an average distance between molecules of 1076 m [10].
A typical characteristic length of an airliner is the chord of the wing which is of the order of
meters. Therefore, at this altitude and at that characteristic length, the number of molecules and
collisions is large enough to consider the flow a continuum fluid. Another example of aerospace
interest is the Space Shuttle orbiter. At reentry it passes from altitudes where the distance be-
tween particles is of the order of 20,000 m (at 300km altitude) to 0.3 m (at 100km) and then to
sea level with distance of 0.6x10~7 m between molecules [1]], [10]. If the characteristic length
of the Space Shuttle is chosen to be the fuselage length, the overall flow can be considered
continuum below 100 km. However, a continuum assumption is not accurate when localized
effects need to be considered, e.g. for the flow at the nose, flaps or trailing edges of the shuttle,
a more appropriate CL is to be considered, e.g. the nose radius of the shuttle or the flap chord.
The number of molecules present in these regions are so low that continuum concepts cannot
be applied and rarefaction effects are considered. The characteristic length is selected for each
individual test case and is an important variable. Moreover, due the to low number of molecules

a low number of collisions occur. Thermodynamic equilibrium is established in a gas through
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molecular collisions and a reduced collision rate means the flow requires more time to relax to
equilibrium than in a higher density environment. Non-equilibrium thermodynamic effects are
to be considered. These effects will be described in detail in the theoretical background section.
Conventional computational methods (e.g. modern-day CFD methods) are based on the Navier-
Stokes equations and are limited to the continuum limit, i.e. with the mean-free path between
successive molecular collisions much smaller than the characteristic length scales of the flow.
The Navier-Stokes equations stop working at a Knudsen number (ratio between the mean-free
path and CL) around 0.001, which can be extended upto 0.1 when applying the slip boundary
conditions [3]]. Classical solvers based on continuum equations find a the solution for the flow-
field macroscopically: by considering changes in pressure, density, velocity, etc. They are based
on the concept of mass, momentum and energy conservation for the fluid. In rarefied gas flows
this type of modelling is not sufficient and is inaccurate.

Furthermore, the failure of the Navier-Stokes equations is further pronounced for high Knudsen
number flows combined with high Mach number flows, e.g. shockwaves will create larger devi-
ation from thermal equilibrium. Therefore, for some practical applications a more detailed level
of modelling is required.

An important first question to pose is when rarefaction effects actually appear. It occurs in one
of two occasions. The first is when the characteristic length of the device is reduced to the dis-
tance between particles while air density is close to sea-level conditions, e.g. nanoscale devices.
The second occasion is caused by the opposite effect: when the distance between molecules is
increased to the characteristic length of a macroscopic device, e.g. a reduction in the density
in the upper stages of the atmosphere during a spacecraft launch or re-entry. Matter on the
microscopic level is composed of atoms and molecules, which are in constant motion, and the
most detailed level modelling means inspecting the individual movement of each particle. Such
modelling is governed by molecular dynamics (MD) and suitable applications are e.g. devices
on the micro- and nanoscale and also modelling of liquids and liquid-vapor mixtures. This is
a very detailed approach and is very accurate for all flow regimes. However the computational
time (CPU) and memory required limit its applicability to very small flow domains so that num-
ber of particle remains acceptable for MD simulations. For gas flows, MD is computationally
inefficient due to the combination of the small time-steps required to model the collisions and
the relatively long macroscopic time scales at which flow changes take place. Most practical
flows include a wide range of sizes of the flow domain and combine regions of both continuum
and rarefied flows, often referred to as transitional regime. Therefore, accounting for each par-
ticle movement and collision is computationally unfeasible for most engineering applications
due to excessively large number of particles that needs to be considered. The direct simulation
Monte Carlo (DSMC) is a statistical approach simulating a large number of particles and their
behaviour, which will be discussed in more detail later in this Chapter. The link between molec-

ular dynamics and classical hydrodynamics is provided by kinetic theory of gases. It is capable
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of modelling the motion of all particles, based on probability and statistical physics. What ki-
netic theory does is that it considers the behaviour of particles on the microscopic level to find a
solution for the overall behaviour of the gas on the macroscopic level [2].

Kinetic modelling has been widely studied, due to the increasing number of possible applica-
tions. The focus of this thesis is on applying kinetic modelling to aerospace applications, more
specifically on vehicles experiencing rarefied flow conditions. Examples include supersonic and
hypersonic vehicles, e.g. SR-71, X-15, X-51 etc., shown in Fig. (ﬂ;f[) These vehicles will en-
counter different levels of rarefaction related to their corresponding flight altitude. Note that the
cruising altitudes of SR-71 and X-51 are lower in comparison to X-15 due to the requirements
imposed by their air-breathing engine.The thermodynamic non-equilibrium effects will vary, but

chemical reactions are unlikely. The flow around these vehicles at high altitudes (above 20 km),
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(c) X-51

Figure 1.1: Supersonic and hypersonic aircraft: applications of kinetic models

which is the domain of hypersonic vehicles, can be characterised as partly continuum with re-
gions of rarefaction. Therefore, the non-equilibrium effects are localised to parts of the vehicle.
Modelling this flow is a challenging task, since computational modelling requires code coupling
or the development of a new efficient methodology for multi-scale problems. The capability
to model the flow around these vehicles accurately is vital to their design and development. A

rocket launched from Earth and a re-entry vehicle coming back to Earth (Fig. [I.2)) are examples
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of applications where all regimes are experienced: from continuum through transitional to free-
molecular flow. Such vehicles experience equilibrium thermodynamics as well as high levels of
non-equilibrium thermodynamics, including high levels of chemistry in the flow. These flows
are often solved by coupled solvers, e.g. [11H14], while alternatively different techniques try to
build a single solver that models the whole spectrum of regimes, e.g. [15}/16]. Kinetic models
provide the basis of many of these solvers. Therefore, all challenges that kinetic models face,

e.g. including chemical reactions, are inherited by the solvers.

Lol | h 5 |
(a) Rocket Launch (b) Capsule

Figure 1.2: Spacecrafts: applications of kinetic models

Outside the scope of aerospace science (Fig. [I.3)), other engineering applications of kinetic the-
ory include nanoscale devices, e.g. microelectromechanical systems (MEMS) are being used
as biochips in biotechnology, pressure sensors in medicine, accelerometers and gyroscopes in
inertial sensing, etc. These are only a few of many examples of nanodevices and the possible

PH.~ ani pg’
Hot Cold
Side Side
[
v
(a) MEMS (b) Knudsen Pump (c) Plasma

Figure 1.3: Engineering devices: applications of kinetic models
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applications. The current industry of MEMS has been identified as one of the most promising
of the century with the prediction of market value reaching £105.8 billion by 2026 [17]. Other
common uses of kinetic modelling study is utilised for flows including plasmas, gas purification,
Knudsen pumps, etc. Kinetic models can go a step further, outside of engineering applications,
with capabilities in social and natural sciences (Fig.[T.4). Models are used for radiotherapy, bac-
teria, traffic flow calculations, opinion formation, financial and economic market applications,

etc. see for example [[18+H21]] and references therein.
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(a) Radiotherapy (b) Traffic Flow (c) Financial Market

Figure 1.4: Social and natural sciences: applications of kinetic models

In summary, since kinetic models consider the microscopic level in order to model macroscopic
properties, many systems that require statistical analysis of large data can utilise such modelling.
There are many applications in numerous disciplines, some of which were detailed in this sec-
tion, but many more can be found in the literature. In this thesis the focus is on aerospace-related

applications, in particular high-speed flows.

1.2 Scope of the Thesis

The goal of this thesis is to propose new modelling solutions for flows consisting of mixtures
of gases, since these are of practical interest. For aerospace engineering that gas mixture is
comprised of diatomic molecules. However, due to the challenging nature of kinetic modelling,
the majority of available models in the literature is for a single-species monoatomic gas.
Therefore, the scope of this thesis is to create and apply numerically a new kinetic model for
a gas mixture comprised of diatomic molecules. This will allow a significant improvement
over existing models. The model is to posses good mathematical properties (i.e. continuity,
compatibility, positive macroscopic fields, etc.) and be consistent with other models and kinetic
theories in the literature. Furthermore, beyond defining and proving the model mathematically,
the model is to be applied numerically in order to test its capabilities.

All of the above criteria will be addressed and analysed in this thesis. A multi-step approach
is applied and is described in greater detail in the objectives of the thesis, which are presented

at the end of this chapter. Before that, the next sections will briefly review some of the vital
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theoretical definitions forming the basis of high-speed kinetic modelling and also provide an

extensive review of the available kinetic models and their capabilities.

1.3 Theory

This theoretical section briefly reviews basic concepts that are well-established and a full account
can be found in standard books on hypersonic flight and kinetic modelling, e.g. [22]], [1], [23]],
[2], [24]] etc. It presents the background of this thesis and is an important stepping stone in the

literature survey.

1.3.1 High-speed Flow Properties

In aerodynamics the velocity of a fluid is often used to define the flowfield and it’s main prop-

erties. It is often expressed with a non-dimensional quantity: the Mach number, defined as the

magnitude of the gas velocity u, divided by the local speed of sound a as: M = % = %,

where ¥ is the ratio of specific heats, R is the gas constant and 7 the temperature of the gas.
Even though the definition of a Mach number is a well-established concept, for cases where the
fixed y assumption is not valid or R is defined for a mixture, the definition of the speed of sound
a and consequently the Mach number definition is a more involved process.

The different flow regimes are characterised according to the Mach number: from subsonic to
hypervelocity regimes. In this thesis the focus is on supersonic and hypersonic flows. The
normal shock wave is the simplest form of non-equilibrium phenomena and are an essential
part of many high-speed flows. Through a shock wave the variables defining the flow field, i.e.
density, velocity, pressure, temperature etc., change drastically in a short period of time. The
change in variables though the shock is solely dependent on the free-stream Mach number and
expressed through the Rankine-Hugoniot relationship [22]. Note these equations are strictly
valid for ideal gases. Increasing the Mach number leads to a higher jump in the flow conditions
with the limiting case for M_ — oo resulting in:

pr_ (r+1) uy _ (r=1) L . (L.1)

p— (r=1) u- (r+1) T

The Rankine-Hugoniot equations are used to initialize the flow in the normal shock simulations
in this thesis for monoatomic gases. The equations are valid only for calorically perfect gases
and to accommodate the jump conditions for a diatomic gas with excited vibrational degrees of
freedom and with a variable 7, an iterative procedure, detailed in [1] is required.

When a high-speed flow meets a solid surface an oblique or bow shock is created. Additional
complexity is added by the interactions between the flow and the wall of the solid in the boundary
layer. In contrast to slower speeds, boundary layers thickens. This is due to the higher kinetic

energy inducing a higher temperature close to the wall, which in turn propagates viscous effects.
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It is inherent to high-speed flows to have a thin shock layer (bow and oblique shocks move close

to the body) and the higher the Mach number, the closer the shock wave lies to the surface [1]].

1.3.2 Molecular Motion & Energy Modes

Clearly, the definition of the free-stream Mach number and the flowfield variables are dependant
on the specific heat ratio 7y, which is a function of the excited degrees of freedom of the consid-
ered gas. For air the focus is on nitrogen and oxygen which are both diatomic molecules that
can be modelled using a "dumbbell" model []1], i.e. two spheres connected with a spring. There
are four types of motion for a molecular gas that also correspond to the four types of energy,
comprising the total energy of a molecule: translational, rotational, vibrational and electronic
(shown in Fig.[[.5). Energy is quantised and the different types of energy have different spacing
between each quantised level. How many levels of energy levels are populated depends on how

excited that state is, which is directly related to the temperature of the gas [25]. The transla-

Diatomic molecule @ ——@
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Figure 1.5: Modes of energy (adapted from Anderson [1]])

tional kinetic energy is based on the movement of the molecule in the three space coordinates
and corresponds to three degrees of freedom. The quantised levels of translational energy are so
close to each other that it is considered a continuous range. The rotational energy is due to the

rotational motion of the molecule. The number of degrees of freedom for a diatomic molecules
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is two, since the rotation along the axis of the molecule is ignored, since the moment of inertia in
the third direction is negligible. The spacing between rotational energy levels is bigger in com-
parison to the translational energy. However, for most aerospace applications the temperature of
the gas is high enough to assume the rotational energy fully excited and treat it as continuous.
Vibrational energy is due to the movement of the atoms of the molecule with respect to each
other as if they are connected by a spring [[1]. Two degrees of freedom are associated with this
energy type for diatomic molecules due to the kinetic energy of the moving atoms and the po-
tential energy of the intermolecular forces.

The most commonly used model for these forces is demonstrated by the harmonic oscillator,
while the anharmonic oscillator represents a more realistic modelling method. The internal
potential energy is shown to depend on the distance between the atoms of the molecule. The

harmonic oscillator is an idealised case and is shown as an infinite parabola (see Fig.[I.6). In

-—] r

Dissociation Energy

Energy

Y

re
Internuclear Separation (r)

Figure 1.6: Potential energy with respect to distance between atoms in a vibrating molecule
(adapted from Vincenti and Kruger [2[])

reality there is a limiting energy at which dissociation occurs when the harmonic oscillator will
fail to provide accurate results. The corresponding temperature associated with the dissocia-
tion of oxygen molecules starts at approximately 2500K and for nitrogen at around 4000K, as
demonstrated in Fig. (I.7). The harmonic oscillator is often used since the provided results are
accurate for most cases, in which the temperature is sufficiently low that no chemical reactions

occur. It is Therefore, used in the derivation of the diatomic kinetic model in this thesis.
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Electronic energy is an internal energy mode and and its detailed modelling is essential for very
high temperatures as shown in Fig. conditions that occur for example in re-entry flows.

However, since the quantised levels are so spaced out and for the flow fields of interest (su-

N —N*+e”
0O —0%+e

9000 K ———— N2 is almost completely dissociated;
A ionization begins

N,—~2N

4000 K Y N2 begins to dissociate; O, is almost

1 0,—20 completely dissociated
2500 K

02 begins to dissociate

No reactions 800 K
Vibrational

0K excitation

Figure 1.7: Temperature range for non-reacting, vibrational, dissociation and ionization pro-
cesses (adapted from Anderson [1]])

personic and hypersonic) the gas temperatures considered are unlikely to excite any levels of
electronic energy beyond the ground state level, it will not be considered in this thesis.

Clearly, monoatomic gases posses only translational and electronic energies, since at least two
atoms in a molecule are required for rotational and vibrational degrees of freedom to be possible.
Further, electronic energy is often neglected, as described previously. Such monoatomic flows
are referred to as inert and only the translational motion is accounted for. However, for inert
diatomic gases, the translational, rotational and vibrational temperatures are to be accounted for.
The rotational and vibrational DoF are referred to as internal DoF. Rotation is fully excited for
aerospace applications and the degrees of freedom are constant and equal to 2. However, the
vibrational energy is excited above 800K for air (Fig.[I.7). This means for some applications it
will not be excited and for others it can be partially excited. The degrees of freedom of vibra-
tional motion are a function of the gas temperature. It is important to note that vibrational energy
cannot be treated like translational or rotational, since a *fully excited’ vibrational state will dis-
sociate the molecule before it is reached. The number of degrees of freedom are directly related

to the amount of energy through the characteristic specific heats ¢, and cy, with ¢, = cy +k/m.

3 k rot —

-r :%E Cvib 6<T)
2m V. " om v 2

C?}’an —

, (1.2)

3=

where 6(T') corresponds to the degrees of freedom excited by vibration, which typically is a

non-integer number and depends on the temperature. The total cy is the sum of the different



CHAPTER 1. INTRODUCTION 10

contributions and for diatomic vibrationally excited gas is cy = c¢{j*" + ¢’ + c‘V}b . Figure
demonstrates the activation of rotational and vibrational degrees of freedom with temperature
for a diatomic molecule. The activation temperature for rotation is very low and can easily be
reached for nitrogen (2.9K) and oxygen (2.1K) [2]], which are the two species of main interest
to aerospace engineering. It is considered very similar, if not the same for both gases. However,
it is different for vibrational excitation. There is no single temperature after which a gas is
considered fully excited. Instead the level of excitation is dependent on the temperature of the
gas as is the number of degrees of freedom. This can be observed in the figure as well, where the
process of vibrational excitation is a slope and there is no such regime of a vibrationally fully
excited gas.

Since ¥ is the specific heats ratio y = ¢, /cy, it is fixed for a monoatomic gas,i.e. y=5/3 and

Cle
Vib, rot and
trans fully ; ____________________________________
excited :
Rot and trans 5 . :
fully excited 2 ! I
| ! [
Trans fully 3 : : :
excited 2| I Region of | Region of variable y :
| ' constant .
! | Yy=14 . :
| ! [
| : : :
| | 1 [
1 3 600 2000

Temperature [K]

Figure 1.8: Specific heat at constant volume c¢, for different temperatures (adapted from Ander-
son [[1]]).

for a diatomic gas with only translational and rotational energies fully excited, i.e. y="7/5. Itis
more complex when the vibrational energy is excited since 7y is no longer a constant and depends

on the temperature of the gas. In that case the expression becomes:

74+8(T)

Y= 51e(T) (1.3)

Diatomic dissociation and ionization occur at different temperatures for oxygen and for nitrogen.
Characteristic temperatures for chemical reactions are detailed in Fig.[[.7]and discussed in detail
in the literature [1]], [23]], [25], etc. They are beyond the scope of this thesis.
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1.3.3 Non-equilibrium Thermodynamics

The changes of pressure, temperature and composition of a gas follow the principles of thermo-
dynamics. These fundamental principles are linked to the assumption that a given system is in
equilibrium. While most systems have a tendency towards equilibrium, it does not mean that
using the equilibrium assumption is an accurate representation of said systems. Systems which
are in a non-equilibrium state have irregular and time-dependent patterns, which are often hard
to predict.

In the context of high-speed aerodynamics, it is important to note that high-temperature effects
(vibrational excitation, chemical reactions) do not necessarily mean the flow is non-equilibrium.
If these effects occur quickly, i.e. for a length of time much smaller relative to the fluid con-
vecting through the flowfield, we have vibrational and chemical equilibrium flow [1]]. At the
same time, even though the flow is in equilibrium, it is no longer calorically perfect, since the
constant y assumption no longer holds. In Fig.[I.9the difference between calorically perfect gas
and a gas in vibrational and chemical equilibrium is demonstrated by comparing the shock-layer
temperature for a number of re-entry vehicles at different re-entry velocity [1]].
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Figure 1.9: Velocity-amplitude map, demonstrating the importance of accounting for vibrational
excitation, dissociation and ionization (adapted from Anderson [1])

Next, it is important to establish when a flow is out of equilibrium. The length of time for ther-
modynamic processes to take place is connected to the number of molecular collisions, which
redistribute the internal energy between the molecular states. The number of required collisions
for each type of molecular process to reach equilibrium differ, with the translational and ro-

tational needing significantly less collisions and having shorter characteristic times [2]. Also,
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the equipartition of energy principle guarantees that no matter the cause of energy exchange,
the equilibrium state of the gas will split the energy equally between all degrees of freedom.
If translational energy is excited, the rotational and vibrational energies will slowly increase
(with different relaxation rates) to find a balanced state. The state in which these energies are
not balanced and the corresponding temperatures are not equalised is referred to as thermody-
namic non-equilibrium. Flows at low density, experiencing high-temperature effects (vibrational
excitation and chemical reactions) will have extensive non-equilibrium regions, e.g. re-entry ve-
hicles for aerospace applications.

Furthermore, the non-equilibrium that occurs related to the translational and rotational molec-
ular motions is typically due to large gradients in the flow (e.g in a boundary layer or a shock
wave), rather than low collision frequency. Examples of such transport effects due to molecular
motion are viscous stresses, heat conduction and bulk viscosity, which are discussed in great
detail in Section 1.3.11.

It is clear from this discussion that accurate modelling of non-equilibrium processes needs to
account for the different energies, dependent on the different types of temperatures. If a single
temperature is used to describe a diatomic gas, the gas temperature is significantly overesti-
mated [25]]. Therefore, mathematical models with different temperatures and relaxation rates
for each type of molecular motion are of great interest. Moreover, flow rarefaction is in im-
portant factor when establishing the length of time for sufficient collisions to occur to achieve

equilibrium and will be discussed next.

1.3.4 Rarefied Flow

A number of key aspects of high-speed flows were summarized previously. It is important to
note that flow rarefaction is not one of them. The typical domain for most classes of hypersonic
vehicles is the outer region of the atmosphere, where low - density effects occur [1]. These
effects are important and determine the choice of modelling equations.

Figure [[.10] summarises the different levels of modelling options and the laws that govern them.
A gas flow can be modelled on any of these levels. The macroscopic level regards the flow
as a continuum and a classical CFD solver considers the changes in the macroscopic variables:
pressure, density, velocity, temperature, etc. On a microscopic level matter is composed of atoms
and molecules, which are in constant motion [2] and are defined by the three dimensions in
physical space and three dimensions in velocity. Accounting for their individual movement is a
subject of molecular dynamics [23]]. The middle ground between continuum flow and individual
particle modelling is governed by the laws of kinetic theory. It is based on statistical mechanics,
which is subject to probability theory and fluctuations around the average. Kinetic theory of
gases considers the behaviour of particles on the microscopic level to find a solution for the
macroscopic properties of the flow. As such kinetic theory governs the mesoscopic level of

modelling, illustrated in Fig. [[.I0] The variables in a flow are nothing more than a macroscopic
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reflection of microscopic molecular motions [2]. These variables are local averages or statistical
moments over all molecules and that leads to defining density, velocity, pressure, etc. The
particle collisions cause molecules to change direction and velocity magnitude and as a result to

exchange momentum and energy and Therefore, cause change in the macroscopic properties.

Macroscopic Level ‘ Hydrodynamics ‘ Classical Mechanics

Laws
Y
. o Statistical Mechanics
Mesoscopic Level ‘ Kinetic Theory ‘ Laws
Microscopic Level ‘ Molecular Dynamics ‘ Quantum Mechanics

Laws

Figure 1.10: Levels of flows modelling

Continuum flow theory is based on the principle that particles collide very often and equilibrium
in a gas is reached quickly relative to macroscopic changes of the flow and typically during this
relaxation a particle travels a couple of nanometres [26]]. This is induced by the molecules being
in close proximity to each other. However, at lower densities the distance a molecule travels
before colliding with another increases, which delays equilibration of gas properties through
the flow. It is evident that the distance between molecules is crucial in defining the gas flow
modelling level (Fig.[I.10) and the laws that govern it. The mean free path of a molecule is
used to determine the density of a gas. It is defined as the average distance between successive
collisions [2]] and it is illustrated in Fig. [[.T1]

Molecular center\{.\
el

Molecule z

Actual path

Figure 1.11: Mean free path illustration (adapted from Vincenti and Kruger [2])

For the hard-sphere (HS) molecular model, the expression for the mean free path A is in the
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form:
1

A= ——,
V2rd%n

where d is the molecular diameter and » the number density of the gas. Based on the mean free

(1.4)

path, the Knudsen number K7 is commonly used to assess the level of rarefaction in a gas, where
the non-dimensional Knudsen number is defined as: Kn = A/L,, r with L, s the characteristic
length (CL) of the problem.

Figure [[.12] presents the correlation between the Knudsen number and the modelling equations
required for the different levels of rarefaction. Classical CFD solvers are based on the Navier -
Stokes equations and model air as a continuum flow and for flows with a small Knudsen number
(Kn — 0), this is sufficient. The NS equations have been modified to include slip regime and
temperature jump condition at the solid wall in order to extend their validity up to Kn ~ 0.1 [27].
However, for higher Knudsen numbers continuum hypothesis breaks down and the Navier -
Stokes solvers cannot be used to accurately predict the flow-field and a more detailed level of
modelling is required. This occurs when the mean free path is of the same order of magnitude
as the characteristic length of the problem [28], either on nanoscale or at low densities. Practical

applications were detailed previously in the Motivation section of this thesis.

Particle Collisionless
Method Boltzmann Equation Boltzmann
Equation
Continuum/| Euler Navier-Stokes Equations Burnett X
i
Model Eq-ns Eq-ns .
1

No-Slip |Slip Conditions

Kn—0 | ! | | | Kn—» 0
107 1072 10+* 10° 10*
Continuum Slip Transition Free-molecular
Flow Flow Flow Flow

Figure 1.12: Model equations according to the flow rarefaction (adapted from Ivanov [3]))

The Boltzmann equation is capable of governing all Knudsen number regimes: from continuum
(Kn — 0) to collisionless flows (Kn — o). Both ends of this spectrum are extensively studied
and well-defined in the literature, while the transitional regimes still represents a challenging
research task. Most aerodynamics of high-speed vehicles require the modelling of the flow
as a combination of continuum, transitional and rarefied flow. For this reason, the Boltzmann
equation, simplified models of the equation and methodologies to solve the flow both efficiently

and accurately have been developed in the literature and are the main focus of this thesis.
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1.3.5 Boltzmann equation

The Boltzmann equation is a governing equation capable of modelling a variety of rarefaction
regimes and is a governing equation for a particle distribution that defines for each location in
space, the likelihood of finding a particle with a certain velocity. This distribution function is
therefore a 6-dimensional function for a monatomic gas, while for polyatomic gas (requiring
an extended form of Boltzmann equation) extra dimensions representing internal energy modes
need to be added. It considers the rate of change of a distribution function with respect to time
and position by accounting for the collision processes that take place [2]], as shown in Eq. (I.5).
The Boltzmann equation is a non-linear integro-differential equation and is complex to solve.

For a monatomic gas, the Boltzmann equation can be written as:

df(x,u,r) If(xut) 9, [ df(xut)
8t +ﬂ 85 +a_u(Flf(£;Z7t))_ |: at :|COll7 (15)

where f(x,u,t) is the velocity distribution function (VDF). The velocity distribution function

provides the fraction of the molecules with a certain velocity, in a certain physical domain at a
specific time in a flowfield [29]. The terms of the equations on the left hand side (LHS) represent
the change in time of the velocity distribution function, the convection term and the external
forces acting on the molecule, respectively. The right hand side (RHS) of the equation contains
the complex collision integral of the Boltzmann equation. It accounts for the rate of increase of
number of molecules with a certain velocity as a result of binary collisions. The elastic collisions
assumption is required, since the Boltzmann equation accounts for the change in velocity of two
molecules when they collide and the probability of the atoms to have certain velocities after
collision (see Fig. [I.13). Further, the Boltzmann equation assumes the gas is dilute and only

binary encounters occur. The Maxwellian distribution function ( Eq. (I.6)), first published in
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Figure 1.13: Velocity and directional change of two atoms colliding (adapted from Vincenti and
Kruger [2])
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1860 by Maxwell, provides the velocity distribution function for a gas in equilibrium.

Mx,u,t) = L} exp {—L ((u —up)? 4+ (v—vo)* +(w— WO)Z” , (1.6)
(27RT)> 2RT

where 7 is the number density of the flow, R is the specific gas constant, 7 the gas temperature
and u, the macroscopic velocity of the gas. The flow properties are macroscopic averages of
the distribution function. They are found by taking statistical moments of f(x,u,7) from now
on referred to as f for simplicity. The process consists of integrating the velocity distribution
function with respect to the three dimensional velocity space for different powers of the velocity.
Standard definite integrals are presented in Appendix A [2]. Using these standard integrals, the
moments of the Maxwellian distribution function and the procedure for the density (zeroth order
moment) integral is demonstrated in Appendix B. The moments of the distribution function and
their use is also discussed in Sections 1.3.7 and 1.3.8.

Crucial properties of the Boltzmann equation include the conservation of mass, momentum and
energy during collisions, entropy dissipation and collision equilibria. The Boltzmann equation
can be extended to flows with multi-monoatomic species by introducing separate distribution
functions for each species, create a governing equation for each of these and the formulation of
collision terms representing collisions between particles belonging to different species. How-
ever, as defined the Boltzmann equation is valid for monoatomic gases and includes only elastic
collisions. Extensions of the equations have been derived to include molecules with internal
degrees of freedom. The Wang-Chang-Uhlenbeck (WCU) equations [30] include both me-
chanical and quantised flow modelling. As such WCU are considered semi-classical equations.
Molecules at each different internal state are treated as different species. The complexity of the
collision term is significantly increased. The computational cost associated with a numerical
technique using a direct, deterministic discretization approach makes the Boltzmann equation
unfeasible for practical applications. The diatomic extension (Wang-Chang-Uhlenbeck equa-
tions) is two orders of magnitude more expensive to simulate numerically than the monoatomic
version (Boltzmann equation) [31]]. Therefore, for engineering applications alternative methods
are to be found. Relaxation model equations have been widely used and are constantly being
improved, with the complex collision term significantly simplified and reduced relative to the

Boltzmann or WCU equations.

1.3.6 Boltzmann Relaxation Models

The Bhatnagar-Gross-Krook (BGK) relaxation model [[32] is the oldest and yet the most widely
used kinetic approximation of the Boltzmann equation. It consists of substituting the collision
term on the RHS in Eq. (I.5) with the difference between the non-equilibrium and equilibrium
velocity distribution function divided by the time required for the flow to relax to this equilib-
rium, where no external forces are considered (Eq. (I.7)). The BGK is a simplified model of
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the Boltzmann equation, but it retains many of the features and the physical significance of the

complex collision integral [2].
of ,, Of _f'~f
8t = 8§ T

where 7 is the relaxation time and is expressed by the viscosity coefficient y and the pressure p

(1.7)

of the gas as T = u/p. As such the BGK model is a single relaxation model and the relaxation
coefficient is not velocity dependent. Note that since the relaxation coefficient T depends on
macroscopic properties that are positive then 7 > 0 is always satisfied.

As discussed in the previous section the equilibrium distribution function is the Maxwellian ve-
locity distribution or ¢ = f™_ If the gas is in equilibrium then the non-equilibrium distribution
function f is equal to ¢ and therefore to ¥ or f = f°¢ = fM. The collision term on the RHS
of the BGK equation goes to 0 in equilibrium, while on the LHS the non-equilibrium function
is substituted with f¥ or:

I afft M-

TR T =0. (1.8)

Taking moments for the collision invariants ¥ of the BGK model for quasi one-dimensional

flow in equilibrium leads to the one-dimensional Euler equations in macroscopic gas dynamics

5o

where m denotes the molecular mass y = [1, 4, 1 (?+v*+w?)]T. The moments of the Maxwellian

as briefly illustrated here.

0, (1.9)

distribution function with respect to the collision invariants are required and are shown for the

one-dimensional flow:

/77’" Mau=p; /77umedg=puo (1.10)
/]/udeu— (kT ) +p(wo); ///vadu_///Wdeu_ (k_T)
///udeu—3Puo +pup; ///u\/deu_///quf du_pu()( )

Switching the differentiation and integration, applying the moments of the Maxwellian distribu-

tion function and expressing as a system of equations leads to the well-known Euler equations
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in 1D for a monoatomic gas:

P p P puo
3 puo +a pu}+pRT =0 (1.11)
p(5RT + 3u5) puo(3RT + 3u)

The shear and normal stresses as well as the heat flux are not present in the macroscopic equa-

tions. This is expected since for a flow in thermal equilibrium these effects do not occur.

1.3.7 Chapman-Enskog Expansion

The Chapman-Enskog expansion is a derivation procedure allowing to establish a relationship
between the mesoscopic level of modelling (i.e. via the velocity distribution function) and
macroscopic level (via the flow variables). It demonstrates the continuum limit and properties of
the Boltzmann equation and the Boltzmann relaxation equations. It provides the Navier-Stokes
equations and higher orders of the expansion were shown to recover the Burnett and super-
Burnett equations. We have limited ourselves to the most common use: the NS equations. Even
though the expansion is well-known [2]], the detailed procedure is discussed in this section, since
it constitutes an important part of the construction and validation of new kinetic models and is
used on multiple occasions throughout the thesis.

The Chapman-Enskog expansion is effectively a power series (Eq. (I.12))) of the distribution

function for a small deviation from equilibrium.
F=FO4ef) 2724 (1.12)

where € < 1 is a small perturbation parameter of the order of the Knudsen number. Expressing

the relaxation coefficient as T = €% (with 7 of order O(1)) leads to:

af af 1, .
dt H'ag ef'(fq 7)
af af 1, .,
EE—’—EE.&_{ B %( =5 (115

Substituting the series expansion from Eq. (I.12)) into (Eq. (I.13))) leads to:

(0)
€ of

= (fa—fO—gfM—g2f®), (1.14)

+&

of o5 oft) 1
2 . 2 . — —
gr Ty TEMT T



CHAPTER 1. INTRODUCTION 19

up to second order. Matching the powers of € for the zeroth and first order approximations:

f(O) = fu
/0 f© 50
_T< ot i dx )

A

(1.15)

(%)

Therefore the expansion of the non-equilibrium distribution function in powers of € up to and

including first order terms leads to:

dfed pa) feq>

fzfeq—ef( 5t o (1.16)

This expansion is valid for any target equilibrium distribution function. In the case of the
BGK model [32]], the target equilibrium distribution function is the Maxwellian VDF and ¢4 =
M= (). From here onwards the CE expansion proceeds in a one-dimensional form for sim-
plicity. Taking moments of the zeroth-order expansion of the the BGK governing equation
(Eq. (I.7)) provides the 1D Euler equations in the continuum limit. When the equilibrium VDF
is a Maxwellian VDF the Euler equations are in the form:

P puo
J 2 k
- pugp —|—$ pug+p;, T =0 (1.17)
3k 1,2 Sk 1.2
P (3T +245) puo (35T + 514)
Applying the Chapman-Enskog first order expansion (up to £') for monoatomic one-dimensional
flow to the familiar BGK model recovers the one-dimensional Navier-Stokes equations in the
hydrodynamic limit. The first order expansion requires knowledge of the derivatives of the VDF
f w.r.t. time ¢ and space x. However, the VDF is a function of the macroscopic variables density,

velocity and temperature, therefore the chain rule is used:

ofd  df9dp df4duy If49T
ot dp ot  duy ot OT ot
ofd  df4dp df4duy If°49T
Ox _ 9p ox ' Juy 9x | OT ox

(1.18)

(1.19)

The time derivatives of the macroscopic variables are expressed from the Euler equations
(Eq. (1.17)). The evolution of the equilibrium distribution function when f¢¢ = fM becomes:

afea  afea g g [ (u—up) 4wt 5 oT
ot o = o T =M | (o T2 ~5p ) (e w0) 5 ]

U ) G () )
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Let the expression in square brackets be equal to A for short notation as in f = fM(1 —etA) =

M — tfMA. Taking the moments of this expression :

ﬁmfduzi]medg—r/??m MA du = p (1.21)

400 +-o00 +o0
///mufdg:///mufMdg—’c///mu MAdg:puo (1.22)
o0 +o00 +o0 3
///muzfdg:///muszdg—f///muz MAa’g:p(ET-I—uoz)—L—L”EpETﬂ (1.23)
m 3" m oJx
2 2 2 M 2 oM 2_ k. dug
///mvfdu—///mwfdu—///mvf du— ///mvf Adu—p T+— p—TW

(1.24)
oo +oo +oo
///mlffdg = ///mu3fMdg—T///mu3 MAdg

2
= pu0(3£T—|—u02)—r<4p£Tuoa—+3p<£) Ta—T) (1.25)
m m 0

m ox

/Z? muv’ fdu = /// muv* M du — /// muv* F1A du

B 2 T 2 k dug

- meuo— (p( )Ta—ngTuoa ) (1.26)
oo oo oo
///muwzfdg = ///muvszdg—1’///muv2 MAdg

ok kN2 AT 2 k.. dug

- p%Tuo—’c(p<—> 5= 5p-—Tuy 5> ) (1.27)

Taking moments of the BGK equation for the collision invariants y = [1,u, @+ v +w)]T

after substituting the expanded expression for f to the first order leads to the one-dimensional
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Navier-Stokes (NS) equations (Eq. (I.28))) for a monoatomic gas:

0
2 P 2 R 2
P pugp + = pug+p:. T o Tyx =0, (1.28)
P (33T + 5u3) puo (5T + 3u5) —qx+ Tt

where for one dimensional single species monoatomic gas flow the normal stress Ty, and the
translational heat flux g, are the only terms present due to viscosity and thermal conductivity

and are in the form:

4 k_duy 4 du 5 /k\2_0T oT
TS0 =S qxz——fp< )T———

T =370 T o =345 > ax - K U2

m

where the local relaxation time for the BGK model equation is defined as 7 = p/p. It is a well
know disadvantage of the BGK approximation that the Prandtl number in the hydrodynamic
limit is Pr = 1 [2], while for monoatomic gas it should be Pr = % We can easily observe this
result for the Prandtl number from the above expressions for the viscosity coefficient y and the
heat conduction coefficient k:

5k k
5-Tp--T
pr=CPH _ 2wt (1.30)

s (L)

Corrections to the BGK model for both monoatomic and diatomic gases exists in the literature.

For monoatomic cases the Shakhov model [33]] regards the heat flux and the Ellipsoidal Sta-
tistical (ES) model [34] treats the stress to recover the Prandtl number for a monoatomic gas.
Both approximations use a single relaxation time and the changes are in the expression for the

equilibrium distribution function. The two models will be demonstrated in the next sections.

1.3.8 Shakhov Model

The BGK relaxation model is the most widely applied, due to its simplicity and reliability. Many
models build upon it to change some of its properties and to expand the range of applications.
These changes are always on the RHS of the equation and often incorporate a modification of
the equilibrium distribution function. The Shakhov kinetic model [33]] was first introduced in
1968 and incorporates a change in the equilibrium distribution function (Eq. (1.31)), referred to
as f5" here, that directly alters the heat flux of the solution. Correspondingly , this leads to the

correct Prandtl number in the continuum limit.

4 (w) :fM@{H 2Pl w) g [ i <u—uo>2—§] } (131

5pkT /m 2kT 2
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where the pressure p = nkT, the heat flux correction is ¢g“°’” and Pr* is the target Prandtl number
and for single species monoatomic gas Pr* = 2/3. This Shakhov equilibrium function " is
inserted in the governing equation (Eq. (I.7)) instead of f°? and the governing equation is in the
form:

af L of _f"—f

T (1.32)

Note only the higher order moments (above 2nd order) are affected by the Shakhov correction.
This is expected since only the heat flux should be modified and it appears only in the energy
conservation equation, which requires these moments. For one-dimensional flow the modified

moments of the Shakhov equilibrium function are in the form:

~+o0
1—P *\ ,COrr
/// M3MfShdu=3puo<k—T> tpud . S0P
m 5

oo oo
2(1 — Pr*)gcorr
///uvszShdg: ///uwszShdg: pug <%> + ( Sr )qx (1.33)

Following the procedure of the CE expansion for the BGK equation as above, now the Shakhov

equilibrium function is substituted. The zeroth order expansion of the non-equilibrium function
becomes equal to the new equilibrium function, instead of the Maxwellian equilibrium and
f=f© = S The first order CE expansion is of order € and the difference between the
Shakhov and Maxwellian equilibrium functions is also of order €. Therefore, up to order O(&?)
the derivatives in the CE expression are of the Maxwellian equilibrium function. The non-
equilibrium distribution function in power series of € is in the form:
oM oM
Sh_ op 2
=f"—-et|—=S—+u ——|)+0(). 1.34
f=rt et T ) Oe) (134
The correction of the heat flux ¢“°’" in the equilibrium function is found as a moment of the

non-equilibrium function in the continuum limit as:

" = //7 m(z—%)%(u—zo)zfdz

/// m(ﬂ—ﬂo)%(ﬂ—ﬂo)z { fSh_,L-(% ﬂ%ﬂdw 0(e?)

g =
5 nkT oT
corr  _ 1 — Pr* corr _ gt 20 082
q (1=Pri)q Kot (&%)
1 5 nkT 0T
¢ = —t—2= 24 0(e?) (1.35)

Pr<2 m o0x
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The continuum limit is acquired with the same procedure as for the BGK model. The goal is

to receive the Navier-Stokes equations in macroscopic gas dynamics with the correct Prandtl

number in Eq. (1.36).

[y pug 0
0 d P,
EP pug +5- pud+pir -5 Tyx =0, (1.36)
P (3T + 2up) puo (35T + 315) ~qx+ Tuxito

where the normal stress stays the same, but the heat flux has an additional term leading to a

different thermal conductivity expression and therefore different Prandtl number:

k_duy 4 dug 5 k\2_0T .
— o122 _ "2 7° = = <—> T—+(1—Pr)g™" (1.37
Txx 3Tpm ax 3:“’ ax qx 2Tp ax +( r )qX ( )
15 kN2, 0T 2
- —— Trp(=) T
9= Pr*21p<m> 8x+0(8)
aT 5
= —K—=—+0(€%).
qx Kax + ( )
Inspecting the Prandtl number:
5konk
5T T 2
pr=2h o 2wt _ppr_ 2 (1.38)

Comparison between the Navier-Stokes equations before and after the Shakhov correction con-
firms that only the heat flux term in the equation is affected, which is expressed in a change of
the energy equation. The correct continuum limit for a single species monoatomic gas is pro-
vided by the Shakhov kinetic model.

Notice that if the target Prandtl number set to Pr* = 1, the NS equations (Eq. (1.36)) reduce to
the familiar form of NS provided by the BGK model (Eq. (I.28))) and Eq. (1.38) leads to Pr =1
as for the BGK model. Therefore the Shakhov model is consistent with the BGK model and can
be reduced to it. This observation will be used in the thesis when simulations of the BGK model

are preformed using the Shakhov model with Pr set to unity.

1.3.9 Ellipsoidal Statistical Model

The Ellipsoidal Statistical model (ES-model) [34]] was formulated in 1965 and is an alternative
approach to correct the Prandtl number. An anisotropic correction to the equilibrium distribu-
tion function f*/ modifies the temperature 7" into a tensor A, leading to a new ES equilibrium

distribution function f£% in the form:

) = ;eXp[—l(z—zo)-A_]-(u—zo)}, (1.39)
det (2mA) 2 -
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with the tensor defined as:

kT
A = vgs®+ (1—Vgs) (;)l (1.40)

where [ is the identity matrix and the tensor @ is based on the velocity u, and in the form:

OO

/// u—1up) @ (u—up) fdu. (1.41)

The new ES equilibrium function is inserted in the governing equation instead of the Maxwellian

Il®

VDF and the relaxation coefficient vgg is also introduced in this equation, modifying the colli-
sion term on the RHS:
af af _ fB-f

PR v T ves) (1.42)

In comparison to the Shakhov model, more of the moments for the ES model are affected and
instead of the temperature in the macroscopic properties the tensor A appears. Only moments
above the first order w.r.t. velocity are affected in comparison to the Maxwellian VDF and are

summarized for one-dimensional formulation as:

oo o0
///uzm ESqu = pAi1 + pud; ///u3m ESdu = 3pugAi1 + pug
oo oo
///vzm ESqy = ///wzm ESdu = pAs = pAss
—+oo ~+oo
///uvzm ESqu = ///uwszESdg = puglyy = puplss, (1.43)

where 411, A2; and A33 are the diagonal terms of the tensor A. The CE expansion proceeds in
a similar fashion as the Shakhov model, where the zeroth order in the power series expansion
of the non-equilibrium function is expressed by the ES equilibrium function f£5 and the higher
order moments involve the Maxwellian equilibrium function M as:

oM a ™

f:fES—e%(l—vEs)( 5 tu ax)+0( ). (1.44)
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For a quasi one-dimensional flow (ug # 0,v9 = 0,wy = 0) the elements of the matrix A can be

obtained as moments of the CE expanded non-equilibrium function as:

+oo
kTN v 2 kTN Ves4 kT du
= ) () 5 fff o= () =S5 5

+oc0
kT kT 2 kT d

n 3 mc?x

+oc0
kT kT 2 kT
Az = (1—vs) (E> +%// w fdu = (_> 1+ VES 2, B2 2H0 (1.45)

m n3 m ox

with all off-diagonal elements equal to zero. The Navier-Stokes equations are formed after the

CE expansion and substituting the tensor elements of A:

p puo 0
d d d
EP pug +5- pud+pkr — - Tex =0, (1.46)
P(5uT +3u5) puo (35T + 3u5) — G+ Tty

where the shear stress and heat flux are in the form:

4 k_duy 48uo 5 k\2_0T oT
T = ~Tp—T 22 =-2(1-vgs)T (—) 75 =k (147
3 pm ox 3 ox ax 2< £s)TP m dx dx (1.47)
Inspecting the Prandtl number:
Skonk
52Tp T 1 2
pr=h o AP _pro s (1.48)
%(1—vE5)rp<£) T ES
where the relaxation coefficient for the ES is bound by the Prandtl number as Pr = 1_—1‘,ES and
in order to achieve Pr = 2/3, it is required vgg = —1/2 for a monoatomic gas. Comparing with

the NS equations resulting from the Shakhov model (Eq. (1.36) and the heat flux expression
(Eq. (1.38))), which receive the correct Prandtl number, then Pr* = 1/(1 — vgg) = 2/3 are target

values.

1.3.10 Transport Properties

Transport mechanisms include but are not limited to convective transport and molecular trans-
port [25,35]. The convection is accounted for in governing equations for flow modelling and is
due to the bulk motion of the fluid. Molecular transport refers to the the motion of molecules

relative to the bulk motion. It is expressed by gradients in the field and this type of transport
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of mass, momentum and energy is described by the transport properties or coefficients of the
flow. For typical aerospace applications these non-equilibrium effects are usually described by
the viscosity and thermal conductivity. For gas mixtures the diffusion between the two species
is also an important quantity. Table summarizes the transport coefficients related to the flux
of mass and energy in a gas mixtures and the cause of each of these types of molecular transport.
What is different in comparison to single species gas is that the mass density gradient can create

both mass and energy flux and the temperature gradient can affect both fluxes as well.

mass gradient temperature gradient
mass flux  Fick’s law (ordinary diffusion) Soret effect (thermal diffusion)
energy flux Dufour effect (heat of transport) Fourier law (thermal conductivity)

Table 1.1: Transport properties (mass and energy flux)

Fick’s and Fourier’s laws are effects causing mass flux from diffusion and energy flux from ther-
mal conductivity, respectively. For this reason, they are known as direct effects. The Dufour and
Soret are coupled effects and reciprocal phenomena for a gas mixture according to Onsager’s
phenomenological equations.
Furthermore, the viscosity is the resistance of one fluid layer to another layer and is described
in a similar style in Table

velocity gradient temperature difference
momentum flux Newton’s law (viscosity) bulk viscosity

Table 1.2: Transport properties (momentum flux)

where the bulk viscosity is associated with diatomic and polyatomic gas, but not monoatomic,
since it is connected to rotational non-equilibrium. This effect will be further discussed in Chap-
ter 5. It is also important for the discussion of diatomic molecules that the ordinary diffusion,
Soret effect (and therefore the Dufour effect) and the viscosity for diatomic and polyatomic
molecules have the same expressions as for monoatomic gas [35]. Only the heat flux of the
system and the appearance of bulk viscosity are influenced by the presence of internal degrees
of freedom.

Note also that all of the transport coefficients are of order O(¢€) in the context of the CE expan-
sion. The study of transport properties is a big and active research area on its own and here we

just aim to summarize part of it in a simple way.

1.3.11 Gas Surface Interaction

A normal shock wave is often used through the validation of novel mathematical models for
high-speed flows, since it is the simplest form of strong non-equilibrium flow. It is also stud-

ied in great detail in this thesis. However, more complex cases: such that include a geometric
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body, are of greater interest for practical applications. These cases are more intricate due to
the increased dimensionality of the problem, higher computational expense and gas-surface in-
teractions that need to be accounted for. Different collision types are defined corresponding to
the molecules’ reaction on encountering a wall. According to the type of collision, different
boundary conditions can be imposed. If an elastic collision occurs and the incidence angle is
equal to the reflection angle, specular reflection is observed as shown in Fig.[I.14] The normal
momentum is reversed and no transfer of momentum between the molecule and the wall takes
place. After collision the particle will have the same velocity magnitude. No energy exchange

takes place due to the fully elastic collision with the wall. A diffuse reflection, also known as
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Figure 1.14: Specular reflection (adapted from Cunningham and Williams [4]))

absorptive collision [4], is such that momentum transfer is observed between the molecule and
the wall. In comparison to the specular reflection, the reflection angle of the emitted molecule
is independent of the incidence angle as demonstrated in Fig.[I.15] Assuming an isotropic wall,
the reflection of the molecule in all directions has equal probability. Therefore a Maxwellian
distribution function is imposed at the wall. This Maxwellian is defined for the imposed wall
temperature. An exchange of energy between particle and wall does take place unlike for the

specular reflection. The boundary condition, introduced by Maxwell in 1879 [36], combines the

i SR
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time

Figure 1.15: Diffuse reflection (adapted from Cunningham and Williams [4])
specular reflection and the diffuse reflection kinetic boundary conditions. The Maxwell model

uses an accommodation coefficient, which defines the ratio of specular and diffuse reflection.

The Maxwell model is one of the most widely used model with the accommodation coefficient



CHAPTER 1. INTRODUCTION 28

dependent on multiple factors, including the surface composition and material and the type of
gas. A detailed description and numerical comparison between the Maxwell model and more
advanced models is available in the recent paper by Wu and Struchtrup [37].

In this thesis fully diffusive wall (Fig. [I.15)) is used for all simulations, with an imposed half-
Maxwellian boundary condition at local surface temperature. This reflection type is selected
due to the simplicity of assuming a perfectly accommodating surface. Clearly, the different
conditions will lead to different boundary layers and effectively changing the resulting flow.
The effect of the selected reflection type is a separate topic in kinetic modelling and does not

comprise part of this thesis.

1.3.12 Numerical Discretisation

The numerical application of the kinetic models requires a numerical discretization of the dis-
cussed equations. There are two main routes- statistical (DSMC) and deterministic (i.e. DVM)
and we will use the deterministic approach. The numerical discretization consists of finite vol-
ume method (FVM) in physical space, the discrete velocity method (DVM) in velocity space
and the total variation diminishing scheme (TVD) in time. All three schemes will be summa-
rized and the discretization of the BGK governing equation, independent on the form of the
equilibrium function, is shown gradually. From the discretized distribution function by applying
the trapezoidal rule, the moments of the VDF are found, which correspond to the macroscopic
variables. These discretization choices are selected to ensure a reliable and simple numerical
application. There are more advanced approaches available in the literature, but the focus on the
thesis is not on numerical improvement, rather on the mathematical development and numerical
application.

First, the finite volume method [38]] is applied. For the one-dimensional in space single-species

BGK model:
of | of _ St
ot ox T

the finite volume scheme approximation leads to:
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In one-dimensional setup, the surface integral reduces to two fluxes on either side of the cell j:

.1 e
3fj Itz B qu_fj
e T

af; 1 _fiT

where 7 is the unit vector normal to the surface, S is the total surface area on the cell, j is the cell
index and Fj 1 and Fj_ | are the fluxes on the left and right faces of the j cell. The distribution

function and the fluxes calculation are defined in the next Section.

1.3.13 Discrete Velocity Method

The discrete velocity method (DVM) [39] is a deterministic numerical approach developed to
solve the Boltzmann equation and is widely used for applying kinetic models. The name of the
method comes from representing the continuous velocity by discrete velocities. Advantage of
the methodology are simplicity, the relatively easy computational implementation and accuracy
of the results. In this section the procedure of the discrete velocity method (DVM) is detailed.
Figure (I.16) demonstrates how the scheme is formulated for a one dimensional flow. In the
DVM approach in each cell of the mesh in space, a phase (velocity)-space is defined. Cut-off
minimum and maximum velocity bounds are set and the number of discrete velocities represent
all possible velocities in these bounds.
In each cell of the space mesh, this velocity-space is used to define discretized non-equilibrium
and equilibrium distribution functions. For each of these velocities, the numerical flux of the
non-equilibrium distribution function through each cell face is computed to represent the con-
vection part of the kinetic Boltzmann equation. For the fluxes, second order accurate upwinding
in velocity space is used on the velocity component normal to the cell face. The second order
formulation uses a min-mod limiter to suppress numerical oscillations. The discretized non-
equilibrium and equilibrium distribution functions in each cell center are used to evaluate the
collision term based on the BGK approximation. Following the discretization of the governing
equation from the previous subsection Eq. is expressed for each discrete velocity u,, and
can be shown as:

afi, 1 Fim = film

r lm + —( ]+1|m j_1|m):T—j, (1.53)
where m is the discrete velocity index. This index will be omitted in further discussions.
In each time step, the convection and collision effects create a modified non-equilibrium distri-
bution function, from which the corresponding continuum quantities are obtained from taking
moments in velocity space. Finally, an updated equilibrium distribution function is created

based on these continuum quantities in each cell center. Both the number of velocities and
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Figure 1.16: Discrete velocity method diagram [J5]].

the bounds of the velocity space depend on the considered problem. The required number of
discrete velocities for which the distribution function is evaluated increases drastically for 2D
and 3D problems, such that the DVM approach is not widely used for large-scale 2D and 3D
practical applications. Combining the DVM method with a continuum solver creates a practical

approach to simulating partially rarefied flows in case effective coupling methods are employed.

1.3.14 Total Variation Diminishing

The physical and velocity space are discretized. Next step concerns the time derivative in the
governing equation. The time marching method used is a second order total variation diminish-
ing scheme (TVD), described here. The TVD is chosen for its capability to accurately capture
extreme changes in variables without the need of a very fine mesh [40], unlike other difference
schemes. The TVD was first introduced by Harten [41]. The discretized governing equation
becomes:

= [ =1

S (P )= (1.54)
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where f" is the solution at time step n. The second order TVD [42]] discretises the time derivative
of the BGK model as:

n _ 1 n n glq_fn
L = W )+ =
Y= AL ()
it _ Lo Loy Lyt
fr = S Y AL, (1.55)

where f (1) is an intermediate solution between time level n and n+ 1. The two-step update as
shown in Eq. (1.53) is implemented in the DVM solver, requiring only one intermediate solution
to be stored. The added accuracy and numerical stability of this TVD scheme relative to a
single-step Euler-forward method justifies the extra storage requirement due to this intermediate

solution.

1.3.15 Gas Kinetic Scheme

The gas kinetic scheme (GKS) [6,43]] based on the BGK was first introduced by Xu and Prender-
gast [44,45] as a finite volume CFD solution method. It provides an alternative solution method-
ology as compared to more conventional approximate Riemann-solver based finite-volume CFD
methods, with the key difference in the flux computation. The approach taken in the gas kinetic
scheme (GKS) is completely different than the DVM and is described here. A key difference
is that in the GKS a finite volume method (FVM) for the continuum variables is constructed,
while the DVM discussed previously directly discretizes the kinetic equation. In the GKS, the
kinetic-level modelling appears only in the formulation and evaluation of the numerical fluxes
used in this finite volume method. This will be summarized in the following paragraphs.

The macroscopic variables update is found from the value of the variable on the previous time
step and the flux of the variable. The update of the conservative variables from time step n to
(n+1) is then defined as:

tn-H

1
Wil =wi— [ (B p0)=Fjp(0))dr, (1.56)
tl'l

where W ; is the vector containing the conservative variables, which for a single-species monoatomic

one-dimensional flow is expressed as:

W, = pug (1.57)



CHAPTER 1. INTRODUCTION 32

and the time-dependent flux F j41 across the cell-face j+ % in the x-direction (and similarly for

the other face F jo1 ) is defined as:

EjJr% :///umgf(xjﬂ/z,t,u)dg (1.58)

where ¥ = (1,u, 3 (u? +v?>+w?))T and the detailed derivation of the expression for distribution
function at the cell face f(x; /251, u), dependent on the equilibrium distribution function g as
defined by the kinetic model and the initial distribution function at the beginning of the time step
fo (see Fig.[I.17), is shown by Xu in [6,[43]]. The flux in Eq. is not numerically evaluated

Figure 1.17: Cell face distribution function reconstruction in a gas- kinetic scheme (adapted
from Xu [6])

in the solver, but the moments are computed analytically and then inserted in the solver as depen-
dent on the macroscopic variables. The analytical flux expression is directly related to the GKS
solver resemblance to a continuum solver in its structure and also in its computational expense.
To make this process clearer we have visualised the process in Fig. [[.I8] The red box drawn
around the considered cell face represents this reconstructed kinetic solution f(x /2:15 u). The
kinetic solution is not actually stored and the moments of the locally-constructed kinetic solution
are evaluated analytically by Eq. (I.58) on the basis of the CE expansion of the non-equilibrium
distribution function f. Note also that different to the UGKS [15] and DUGKS [16], which are
described in more detail later, the distribution function is not stored locally on the cell face and
the fluxes are not numerical moments of the non-equilibrium distribution function in the GKS.
The UGKS and DUGKS are extensions of the original GKS method that do involve storing and
updating a discretized distribution function - this extends their applicability to larger Kn, at an

increased computational cost.



CHAPTER 1. INTRODUCTION 33

GKS

(0. ou, ce) 4 (e eu, ge)
(]

J

v

Chapman-Enskog expansion

v

Non-equilibrium distribution function

v

Flux of variables

Figure 1.18: Gas kinetic scheme diagram [5]]

A limiting case of the presented gas-kinetic scheme is when the flow region is well-resolved.
The well-resolved scheme is achieved at a mesh that is fine enough so that the reconstructed
conservative variables in two neighbouring cells have similar values. It follows that the equi-
librium function g on the left and right side of the cell face has equal values and in Fig.
it becomes approximately a straight line. Similarly, the spatial and temporal derivatives on the
two sides of the face become equal. It follows that fp in Fig.[I.17]is not discontinued any longer
and is approximately a straight line. These simplifying assumptions lead to definition of the
non-equilibrium distribution function at the cell face f(x; /21, u), which depends only on the
equilibrium distribution function and the CE expansion of it at the cell face. In this thesis, we
will use the well-resolved gas-kinetic scheme to resolve a number of high-speed non-equilibrium

flows.

1.4 Literature Review

After a detailed background into the theory required for this research, this literature survey
focuses on relevant works and innovation in the sphere of kinetic models. This section also

creates a bridge between the discussed theory and the novelty of the thesis.
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1.4.1 Monoatomic Kinetic Models

The Boltzmann equation [24] is a fundamental equation of gas dynamics as detailed previously.
The relaxation models try to replicate its fidelity, while simplifying the complex collision inte-
gral. Therefore, the models resemble the structure of the Boltzmann equation and can be related
back to it. The tree diagram in Fig. demonstrates the connection between the Boltzmann
equation and the BGK model as well as the improvements based on it for single species gases.

Consequently, the complex collision integral of the Boltzmann equation is substituted by the

[ Boltzmann Transport Equation }

Y

BGK Relaxation

Model

Shakhov BGK

Ellipsoidal
Statistical Model Brull's ES model
(ES-BGK)

Model

Y A 4

Ellipsoidal
Rykov Model Statistical Model-
Diatomic

Figure 1.19: Single-species BGK-type models for monoatomic gas (BGK, Shakhov and ES) and
diatomic extensions (Rykov and ES diatomic) tree diagram.

BGK relaxation model [32], which preserves the most important mathematical and physical
characteristics of the full equation close to equilibrium. This model has a simplified mathemat-
ical form and is widely applied in numerical simulations, e.g. [6,46]. However, the BGK model
cannot concurrently determine the correct viscous and heat transfer coefficients in the hydrody-
namic limit and thus the Prandtl number is not correct.

For monoatomic gas, the issue has been addressed in two ways- the Shakhov BGK model [33]]
and the Ellipsoidal Statistical (ES) BGK model [34] (Fig.[I.19). These corrections were detailed
in earlier sections. Both models modify the Maxwellian distribution function in the original
BGK model to receive a new target equilibrium function to rectify Prandtl number. Both cor-
rections behave well in the asymptotic continuum limit and the Navier-Stokes equations can be
derived through the Chapman-Enskog expansion. The Shakhov model has shown to be more
reliable for strong non-equilibrium conditions [47], while the ES-BGK has been investigated
more thoroughly mathematically to confirm non-negativity of the distribution function and the

macroscopic fields [48-50].
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The extension of the kinetic model equations to gas mixtures is not trivial and resorting to relax-
ation models presents a substantial difficulty. There is momentum and energy exchange between
species and therefore the conservation equations are for the whole system. The hydrodynamic
limit involves species diffusion and the number of transport coefficients for monoatomic binary
mixtures increases to five - Fick, Soret, Dufour, Fourier and viscosity coefficients. Besides,
the simplified collision term can lead to non-physical effects such as a negative distribution

function and negative density or temperature regions. Mixture BGK-type approximation for a
Maxwellian potential [51-54]] and later on for an arbitrary potential [55] have been developed
and confirm the obstacles mentioned. A common weakness of these models is the breakdown
of the indifferentiability principle, which has been defined and overcome for an arbitrary poten-
tial [56]], however reintroducing the negativity problem.

Andries et al. [57]] formulated a consistent BGK mixture model, preserving positive continuum
fields and distributions, complying with the indifferentiability principle and considering entropy
decay. This model was a big step forward for kinetic modelling and despite its limitations,
it is still a widely-used approach for numerical applications [58,59]]. There are two types of
Boltzmann derived models for mixtures in regard to the formulation of the collision term of
the transport equation. The AAP model [57] is a single-relaxation based model, treating self-
and cross-collisions with one operator on the right-hand side of the equation. Another possi-
ble approach is to have a sum of collision operators, similar to the full Boltzmann equation
and model each collision type individually [[60,/61]]. A detailed comparison of the mathemati-
cal properties of the two types of models is presented by Klingenberg et al. [62]] and Bobylev
et al. [63]]. The multi-relaxation models allow treating self- and cross-collisions with different
relaxation rates, while the collisions of the single-relaxation models are treated with the same
relaxation rate. This suggests multi-relaxation models are advantageous for the modelling of
multi-species gases, specifically when the species differ significantly from each other, e.g. high
mass ratio. However, important advantages the single-relaxation models provide are the reduced
complexity and higher computational efficiency. For this reason, in this work we focus our at-
tention on studying single-relaxation models and evaluating their capabilities. We will add to
the single-species figure (Fig. [I.19), the development of the mixture kinetic models, based on a
single-relaxation coefficient in Fig. and will refer to this tree diagram as we introduce the
most recent mixture models.

The number of correctly fitted transport properties is a great challenge for BGK-type models for
gas mixtures. Table|1.3|is used to present an overview of the properties of the single-relaxation
mixture models, which are described in greater detail here. A similar formulation to the AAP
model is defined by Groppi et al. [64]. Both AAP and Groppi et al. models introduce mod-
ified species velocity and temperature in the equilibrium distribution function that differ from
the species mean velocity and temperature. These modified quantities recover the correct total

momentum and energy of the system and are directly related to the species mean variables. An
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Figure 1.20: Single-species and mixture kinetic models for monoatomic gas tree diagram.

advantage of the model by Groppi et al. is that it contains two relaxation coefficients, capable
of fitting two of the transport coefficients correctly, leading to true diffusion and viscosity as
summarized in Table [I.3] The model also guarantees positive macroscopic fields. The novel
kinetic models introduced in this thesis are based on the Groppi et al. model and for this reason
the Groppi et al. model is described in greater detail in the next chapter. Similarly, Brull’s BGK
mixture model [[65] also has species mean velocity in the equilibrium velocity distribution func-
tion. The model targets the fit of the diffusion and viscosity coefficients, but requires further
work to have a correct Prandtl number. The latest ES-BGK mixture model by Brull [66] has
a common mixture velocity in the species distribution function. Two relaxation coefficients re-
cover the exact viscosity and heat flux of the system. However, as outlined in the paper, the value
of the Fick coefficient is calculated according to the new model, but remains incorrect (see Table
[1.3). A new consistent BGK mixture model was introduced recently [63]]. Both Maxwellian and
arbitrary potential molecules are considered in the presented model. For an arbitrary number
of species, this model was shown to fulfil all consistency requirements concerning conservation
laws, equilibria and H-theorem. The number of correctly fitted transport coefficients is not de-
tailed in this work.

In this thesis two new kinetic models are presented that are more advanced than other mod-
els currently available in the literature. Key advantages of the new models include accurate
modelling of binary mixture of monoatomic gases, accounting for species-specific macroscopic
properties, velocity diffusion and the correct definition of all three transport properties, summa-

rized in Table Their detailed description and comparison with previous works is the basis
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Table 1.3: Transport properties difference between kinetic mixture models

Brull’s  Groppi’s Brull’s

AAP BGK Model ES-BGK
Ordinary Diffusion (Fick) v v
Viscosity (Newton) v v v v
Thermal Conductivity (Fourier) v
H-theorem v v v v

for Chapter 2.

1.4.2 Numerical Evaluation

The numerical modelling of the Boltzmann and the kinetic relaxation models consists of two
separate research areas. The first area is the implementation and validation of the model equa-
tions for different applications and conducting a comparison with established results. It usually
consists of a new theoretical model, applied by a well-known and reliable numerical method. It
is the initial step of numerical tests and explores the limitations and accuracy of the mathemat-
ical models. The second research area focuses on numerical efficiency and explores different
numerical representations. A well-established theory is applied with a new numerical method
with the goal of improving result accuracy or ordinarily for computational efficiency.

Gas mixtures extend further the complexity and the computational expense of this research.
However, accounting for the species diffusion in gas mixture flows is essential when strong
species gradients and temperature gradients occur. An example application where modelling the
flow as a gas mixture is important includes gas separation in order to create multiple products or
purify a single product [67,68].

In this thesis both research questions will be approached. The new kinetic models are first ap-
plied with a well-established numerical scheme, validated and compared with known results for
a variety of test cases. Then, one of the models will be applied with a numerically efficient
scheme with the purpose to reduce the computational expense.

To start with the most widely used computational methods for gas mixtures applying both the
Boltzmann and the relaxation equations will be discussed here. Further their main properties
are detailed in Table [T.4] Current techniques focused on high-speed gas mixture flows in-
clude statistical and deterministic approaches. The direct simulation Monte Carlo (DSMC)
method [23,169, (/0] is widely studied and statistically approximates solutions to the Boltz-
mann equation. It is a particle based method that is most commonly used in modelling flows
under rarefied conditions. Each DSMC simulator particle represents a large number of real
molecules/atoms and are moved ballistically, while collision events are treated stochastically

after the movement step. This makes the DSMC a widely used and reliable algorithm, par-
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Mathematical Numerical Characteristic and Problem
model model
DSMC - statistical method

Boltzmann eq. . . L - .
d - excessive noise & expensive in the transitional regime

FSM - deterministic method

Boltzmann eq. . .
d - computationally very expensive

DVM - deterministic method
- large memory overhead
- unfeasable for most practical applications

AAP UGKS - combines GKS and DVM: large memory overhead
- capable of modeling variety of levels of rarefaction
- matches only 1 transport coefficient in the continuum

AAP DUGKS - less expensive than UGKS
- capable of modeling variety of levels of rarefaction
- matches only 1 transport coefficient in the continuum
limit
McCormack DUGKS - less expensive than UGKS
- valid close to equilibrium
- matches all transport coefficient in the continuum limit

Kinetic models

Table 1.4: Numerical methods based on mixture models for monoatomic gases.

ticularly in the high Knudsen flows. The limitations of the method occur when the flow is
approaching continuum regime, lower speeds or trace gas in a mixture, where challenges arise
using DSMC due to large number of particles and long sampling times required. Therefore,
there are important applications in which a deterministic solution of the kinetic equations (such
as DVM) is desirable. The discrete velocity method (DVM), but also the Unified Gas Kinetic
Scheme (UGKS) [58]] and Discrete Unified Gas Kinetic Scheme (DUGKS) [[59] schemes are
deterministic numerical methods, which apply kinetic models. Zhang et al. [71] presented a
DUGKS method for a binary mixture based on the McCormack model with a key benefit- cor-
rect transport properties and Prandtl number. For microchannel flows, Lorenzani [72] showed
semi-analytical solutions for a linearized BGK mixture model. Without this linearization, such
semi-analytical solutions cannot be obtained and in the present work the DVM approach is used
instead. In comparison to the Monte Carlo method, typical characteristics of deterministic meth-
ods include larger memory overhead and computational time than DSMC. This limits the range
of applications of DVM. However, there are no statistical sampling errors allowing modelling of
flows in regimes that represent a challenge for DSMC.

In this thesis a detailed numerical testing and validation of the new Shakhov-based and ES-based
kinetic models for binary gas mixtures is conducted using the DVM for numerical application.

Previously, from the single-relaxation models for gas mixtures, the AAP model [57] has been
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numerically studied in different schemes, e.g. [58,59,/73]]. However, as described earlier only one
transport coefficient is recovered with this model. In these works, the authors specify that some
of the inaccuracies of the results are probably caused by the underlying kinetic model, rather
than the numerical scheme itself. It is suggested that more advanced schemes will benefit the
solution of the physical problem. Even though improved mixture kinetic models, e.g. [64-66],
are available in the literature, they have not been tested numerically yet. Therefore application
and validation of more advanced gas mixture models is required. This issue will be addressed
in this thesis.

A benchmark test case for validation of new models is the profile of a normal shock wave, since
it is the simplest form of high speed non-equilibrium flow. It is a simple step flow between two
different equilibrium states and does not involve any boundary layer or wall interactions. More-
over, it is well-inspected for binary mixtures of monoatomic gases, e.g experimentally [74,[735]]
and numerically [58,|59,7678], where all numerical papers validate their results against the
results from the full Boltzmann equation [9]]. The normal shock wave is an important first step
in the numerical validation and evaluation of the capabilities of the new kinetic models. More
complex geometries, based on the DVM, have been inspected for high-speed flows of single

species gas, e.g. [79], but not many results are available for a mixture of monoatomic gases.

1.4.3 Numerical Schemes

The discrete velocity methods (DVM) [39] require significant computational resources and for
the vast majority of aerospace applications, involving hypersonic and rarefied flows, are not
feasible. The DSMC method, in comparison, loses efficiency and potentially also accuracy for
reduced mean speeds in the considered flow as well as for increasing densities. Therefore, for
flows in the transitional regime between rarefied and continuum, particular challenges exist for
CFD methods.

The gas kinetic scheme (GKS) based on BGK relaxation models [44}45] attempts to address
these issues by providing an alternative numerical method for applying BGK-based kinetic
models and recovering the Navier-Stokes equations in the continuum limit. As originally in-
troduced, GKS methods were Navier-Stokes solvers, and more recently the GKS approach has
been extended by a number of authors, e.g. [6,146,80], with a capability to resolve thermal
non-equilibrium and flow rarefaction effects. The strength of the gas-kinetic scheme lies in its
capability to include the effect of collisions introducing a multi-scale effect which is missing
in more commonly-used Navier-Stokes schemes. Moreover, due to their nature, gas-kinetic
schemes can predict flow fields with a certain degree of rarefaction, enabling the computational
analysis of a wide range of high-speed flows from the continuum to the rarefied regime without
having to rely on different numerical methods.

For simulation of flows covering a wide range of rarefaction, Xu and co-workers introduced the

unified gas kinetic scheme (UGKS) method [15,81], more recently extended to diatomic gas
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flows with rotational relaxation [82] and vibrational and rotational relaxation [83]]. The com-
putational overhead of the UGKS is however similar to that of a DVM approach and therefore,
despite the capabilities of the UGKS methodology, further work in the development of more
computationally efficient methods is still an active line of research, e.g. [16,80,84].

Xu introduced a multicomponent gas kinetic scheme [85]] based on an inviscid gas kinetic BGK
scheme with common mean velocity and temperature. This model was extended to a chemi-
cally reacting mixture [86]] and more recently to a fourth order multi-species GKS [87] in or-
der to overcome the numerical dissipation caused by the lower order method. A unified gas-
kinetic scheme [58] has been constructed for a gas mixture, based on the single-BGK-operator
model [57], capable of recovering one transport coefficient correctly. Wang and Xu [58] vali-
date the scheme by inspecting a shock structure under different conditions and the micro channel
problem and suggest that some of the discrepancies in the results are due to the selected mixture
kinetic model. Most recently a discrete unified gas kinetic scheme (DUGKS) for a binary mix-
ture [59] has been developed, again based on the single-BGK-operator model [57]. The DUGKS
possesses all the advantages and shows excellent agreement with the UGKS, while being com-
putationally more efficient. As outlined in that paper, a limitation in both UGKS and DUGKS
is connected with the chosen kinetic model that has only one correct transport coefficient in
the continuum limit. Very recently the McCormack method was applied with the DUGKS [71]]
in order to overcome this disadvantage. All transport coefficients are correctly fitted, but the
method itself introduces a restriction on the level of non-equilibrium in the flow.

Clearly, there is a need for further improvements and investigation on numerical schemes based
on more advanced kinetic models for gas mixtures. Detail level of flow modelling combined

with numerical efficiency is key to designing the next generation of high-speed aircrafts.

1.4.4 Diatomic Kinetic Models

Most practical application include flows involving gas mixtures and in the vast majority of
cases these are not noble gases. Monatomic mixture models represent an active research area
[57,60-66,88]]. Diatomic molecules present a further modelling challenge due to the internal de-
grees of freedom (DoF). Molecules, unlike atoms, are known to have rotational and vibrational
DoF. These extra degrees of freedom and the corresponding flow-field variables associated with
the internal DoF differ for each species in a diatomic gas mixture, which makes the modelling of
a mixture of gases with internal degrees of freedom a complex task. At the same time, diatomic
gas mixtures are particularly important for aerospace applications such that in cases without
chemistry, a binary mixture of nitrogen and oxygen needs to be considered (when ignoring
small concentration of argon). Relevant engineering problems include the hypersonic rarefied
gas flows, chemical reacting flows and plasmas [[1,[25] and other applications in a variety of in-
dustries, discussed in the beginning of this chapter. Clearly, a flowfield comprised of a mixture

of gases with internal degrees of freedom is of practical interest for numerous domains. In this



CHAPTER 1. INTRODUCTION 41

section, the focus is on reviewing excising diatomic models and their characteristic features.
The simplest and most widely used simplification of the Boltzmann equation is the Bhatnagar-
Gross-Krook (BGK) model [32] for a single-species monoatomic gases. We will focus on the
extensions of the BGK model to a model for diatomic molecules, which is to include the internal
energy of the gas, and we will consider the different level of detail of each model. Then, we will
introduce a new binary mixture model for diatomic gases. Most initial models for polyatomic
gases include the internal DoF, where the rotational and vibrational components are not sepa-
rated, but represent a part of the internal energy. This kind of formalisation is demonstrated in
the works by Morse [89]], where the internal energy is quantised, and Andries et al. [48]], where
an alternative approach is used and the internal energy is continuously distributed. Notice that
the relationship between the first polyatomic relaxation model shown by Morse [89] to the more
detailed and complex WCU [30] is similar to the BGK model [32]] and the Boltzmann equa-
tion [[24]] for the monoatomic gas.

The monoatomic BGK model is modified by the Shakhov [33]] and Ellipsoidal Statistical (ES)
[34]] models to have a correct Prandtl number in the continuum limit. Similar extensions for
a polyatomic gas with a correct Prandtl number were introduced by the Rykov [90] (defined
with a continuously distributed internal energy) and ES [34] polyatomic models (as introduced
by Holway with quantum energy levels), which are extensions of the Shakhov model and the
monoatomic ES model, respectively. The 4 diatomic models, with the exception of the Andries
et al.’s model [48], have a multi-relaxation approach. Their collision term of the right-hand-
side (RHS) of the governing equation consists of two stages, splitting the process in elastic and
inelastic relaxation, while Andries et al.’s model has a single-relaxation approach. The single-
relaxation allows for a more simple formulation, but the multi-step approach better represents
the slower excitation of the internal modes. All of the models introduce translational and internal
temperatures as separate flow properties, since it is well-known that in flows with strong non-
equilibrium effects the single-temperature model is insufficient [1,25,91]]. Notice that from the
four models only the Morse kinetic model [89]] does not have a Prandtl correction. A different
approach to derive Andries et al.’s model [48]] was detailed by Brull and Schneider [50], leading
to the same expressions.

More recently the model by Andries et al. [48] was further generalized with a model by Kosuge
et al. [92] extending it from a calorically perfect gas to thermally perfect gas by introducing
temperature-dependent specific heat. The model inherits an ellipsoidal statistical (ES) correc-
tion for the Prandtl number and the continuous distribution of the internal energy. A kinetic
model, introduced by Wu et al. [93]], presents a model with continuous rotational energy and
quantum vibrational energy. The authors build upon a model previously presented by two of
them [94] that has continuously distributed energy by coupling it with the model by Morse [89],
which contributes to the quantisation of the vibrational energy. The model has a three-step relax-

ation process and separate translational, rotational and vibrational temperatures. The paper also
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features an initial numerical evaluation of the model and shows good comparison with results
obtained with DSMC for the selected initial conditions. Titarev and Frolova [95]] generalize the
Rykov [90] and the polyatomic ES models [48] to take vibrational energy into account. The
two extensions have three-step relaxation process for the translational, rotational and vibrational
relaxation. The Prandtl number correction is present, but the vibrational heat flux in the con-
tinuum limit is not accurately modelled, according to the authors. Nevertheless, the model is
comprehensive, has good mathematical properties and is validated with DSMC results. Another
recent model is presented by Mathiaud and Mieussens [96]]. The model has a single relaxation
time to a Maxwellian distribution function, which is based on a single equilibrium temperature.
The internal DoF include continuous rotational distribution and discrete vibrational energy. It
allows for calorically imperfect gases to be considered. The continuum limit and H-theorem
are shown. The simplicity of this model and the detailed description allow us to extend it to a
multi-relaxation model for gas mixtures in this article. The original model [96]] will be further
discussed in the next section.

Modelling the flow as a mixture with separate species-dependent macroscopic properties in the
flow-field is important for practical applications. Even though there is a lot of work in the lit-
erature on creating models for monoatomic gas mixtures, such models for polyatomic gases
(and more specifically diatomic gases) are a less explored area. The model by Mathiaud and
Mieussens [96] is said to be extended to a mixture model in the work by Baranger et al. [97].
However, this mixture model has a single Maxwellian distribution for both species (in particular
nitrogen and oxygen mixture is discussed due to their small mass ratio) and no species-specific
variables or relationships are modelled. As such, the model is lacking detail, e.g. in describing
different levels vibrational excitation in the gases. A recent model, introduced by Klingenberg,
Pirner and Puppo [98] , is capable of modelling a binary gas mixture with internal degrees of
freedom. It demonstrates an extension from a single-species diatomic model [99]], which has
a separate rotational relaxation applied to the macroscopic variables rather than the RHS of
the governing equation. The two gases in the mixture in Klingenberg et al. [98]] have individ-
ual species-specific self- and cross- collisions, which is consistent with previous monoatomic
models from the same authors [60,/62]. An ellipsoidal correction (ES) is also demonstrated in
the paper, which corrects the Prandtl number in the continuum limit. Other ES-based models
for polyatomic gas mixtures have been detailed with particular focus on chemically-reactive
gases [[100-102]. However, these models do not model the internal energy in detail, e.g. with
a multi-relaxation collision term or separate translational, rotational and vibrational variables.
Therefore, even though these models have extended capabilities beyond inert mixtures, they do
not possess some of the features of recent models for non-reactive gas mixtures. A model focus-
ing on a mixture of polyatomic and monoatomic gases or two polyatomic gases with different
discrete internal energy levels was presented by Bisi and Travaglini [103]. The model is yet

to separate the effects of the rotational and vibrational DoF and to introduce multi-relaxation
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approach.

Computational results based on the single-species diatomic models have been demonstrated
for a variety of test cases and conditions, starting with the work by Huang et al. [104] using
the Morse model [89] as early as 1973. Numerous numerical applications based on the poly-
atomic ES model [48]] were performed by Tantos et al. [105,|106]. The model by Rykov has
also been extensively tested by Larina et al. [107]], Titarev et al. [[108]], the unified gas-kinetic
scheme (UGKS) [82], Colonia et al. [80]], etc. The papers presenting more recent kinetic mod-
els [92,93,97]] have shown results for the flow past a cylinder or the profile of a normal shock
within the same paper. Validation of these models is limited. In contrast to the models created
through extension of previous monoatomic models, a more practical approach is taken by Xu
and co-workers [83,/109,/110] in order to simulate a two or three step multi-relaxation process.
A more phenomenological approach is taken rather then a detailed mathematical derivation of
a new kinetic model. The benefit of this approach is the simplicity of the modelling procedure
and the broad variety of test cases.

There are not many results for binary mixture of non-reacting diatomic gases in the literature
based on kinetic modelling. Agarwal et al. [31] shows detailed results for the profile of a nor-
mal shock wave for a binary mixture of oxygen and nitrogen and also for a mixture of nitrogen
and argon. The model used for the simulations is the Generalized Boltzmann equations (GBE),
which is identical to the Wang- Chang- Uhlenbeck equations (WCU).

It is clear from the discussion that there is a need for a detailed kinetic model for diatomic gas

mixtures and numerical testing to show the model’s applicability.

1.5 Summary of Findings

The survey shows that kinetic models for gas mixtures are of practical interest and an active re-
search area. However, developing a model with good mathematical properties and numerically
proven capabilities is a challenging task.

Since the introduction of the first Boltzmann relaxation model, many new models and improve-
ments were demonstrated. Monoatomic mixture models in the literature can model species
properties and diffusion, while preserving the model compatibility and conservation of mass,
momentum and energy. Difficulty occurs when trying to correctly fit more than two transport
coefficients in the continuum limit. As a result, the Prandtl number is also incorrect. Further-
more, the most recent models, which demonstrate the best mathematical advantage, are not ap-
plied numerically and therefore their capabilities are not inspected beyond the theoretical point.
Consequently, more efficient numerical schemes, which allow for complex geometries and var-
ied engineering applications, rely on less advanced models.

Diatomic mixture models present a greater difficulty and in comparison to the monoatomic mix-

ture models less work is conducted. The level of detail of the modelling is insufficient and
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accurate representation of the physics of the flow is missing. Standard features of mixture mod-
els, e.g. separate species variables, are unaccounted for. The lack of mathematical development
leads to lack of numerical testing and evaluation.

This thesis will address the issues summarised here and the next section provides details of the

approach taken.

1.6 Aim & Objectives of the Thesis

The aim of the thesis is to derive and analyse a new kinetic model for a binary mixture of
gases with internal degrees of freedom for high-speed rarefied flows with improved fidelity over
existing models. The model is to be validated and evaluated mathematically and numerically.

The objectives of the thesis are as follows:

1. To analyse the existing models for mixtures of monoatomic gases and identify their limi-

tations.

2. To address the limitations by developing two new kinetic models for binary mixture of
monoatomic gases [88]. The goal is to demonstrate models with three correct transport
coefficients in the continuum limit and the correct Prandtl number recovery, while accu-

rately modelling species diffusion.

3. To implement the new models in a discrete velocity solver (DVM solver) and evaluate

them.

4. To compare with existing results in the literature to validate the models [[111,112]. To

demonstrate the changes introduced by the two models and discuss the results.

5. Moreover, to assess the models against results obtained with direct simulation Monte
Carlo (DSMC) for challenging high-speed flows.

6. After the models are evaluated with the discrete velocity method, to address the need for
higher numerical efficiency. Following the approach of the gas-kinetic scheme to derive
one of the kinetic mixture models in a gas-kinetic framework [5]. The purpose is to
achieve a numerically efficient scheme for a monoatomic gas mixture, while preserving

as much as possible the accuracy demonstrated by the kinetic model.

7. Building on the foundation of the monoatomic mixture models, to develop a binary mix-
ture model for diatomic gases [113]]. The model is to have a species translational, species
rotational and species vibrational temperatures. A multi-relaxation approach is to be
utilised to accommodate for the difference in relaxation times between translation and

rotation and rotation and vibration.
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8. To model the species velocities and diffusion consistently with the monoatomic version.

9. To obtain transport properties in the continuum limit through the Chapman-Enskog (CE)

type expansion.

10. Finally, to numerically evaluate the diatomic mixture model for a gas mixture of nitrogen

and oxygen [113]].
11. To validate the model against Monte Carlo results for the profile of a normal shock.
12. To consider more complex geometry,e.g. the flow past a circular cylinder.

13. To demonstrate the variation in flow properties through a parametric study with different

Mach numbers, vibrational collision numbers and concentration.

14. To investigate the importance of modelling the flow as a mixture by studying the effect of

the different levels of vibrational excitation in the different species.

1.7 Outline of the Thesis

The structure of the thesis is as follows:

Chapter 1 presents the motivation and the background of the thesis. A detailed literature survey
covers the development of kinetic models and their numerical applications. Limitation and chal-
lenges in the field are identified, as well as available solutions.

Chapter 2 presents two new kinetic model: Shakhov-based and ES-based models for a gas mix-
ture of monoatomic gases. The mathematical properties of the new model are demonstrated.
The diffusion behaviour between species and the transport properties in the continuum limit are
detailed.

Chapter 3 numerically evaluates the new kinetic models for monoatomic mixtures with different
mass ratios. The results are validated for a variety of test cases for the profile of a normal shock
and the flowfield around a circular cylinder.

Chapter 4 presents a numerically efficient gas-kinetic scheme (GKS) applying the novel Shakhov-
based mixture model. The GKS is evaluated against results acquired with the same kinetic model
applied with the more computationally expensive but accurate discrete velocity method (DVM)
as benchmark results. The computational benefits and limitations of the scheme are discussed.
Chapter 5 presents a new model for a gas mixture of diatomic gases with rotational and vibra-
tional degrees of freedom and three step relaxation process. The chapter contains the derivation
of the model, the continuum limit, transport properties and diffusion behaviour of the species.
Chapter 6 evaluates numerically the newly-introduced diatomic mixture model for a mixture of

nitrogen and oxygen gases. The results are compared with DSMC acquired results. Physics of
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the flow are inspected for a variety ot test condition and different cases.

Chapter 7 is the final chapter of the thesis. It contains contains conclusions and future work.
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Chapter 2
Monoatomic Mixture Kinetic Models

Gas mixtures are important for many practical applications. Extending kinetic model equations
of the Bhatnagar-Gross-Krook (BGK) type from a single-species gas to a multi-species gas mix-
ture presents a number of significant challenges. First, obtaining the correct species diffusions,
viscous stresses as well as heat conduction in the continuum limit requires a careful design of
the collision terms in the kinetic equations. Secondly, the derived model collision terms need to
guarantee positivity of the macroscopic fields and distribution functions.

In this chapter, two new kinetic models are introduced and compared: an approach based on the
Shakhov kinetic model and an approach involving an anisotropic Gaussian equilibrium func-
tion. The models are based on the work by Groppi et al. [64] with new equilibrium distribution
functions by incorporating Shakhov-type and ES-type corrections, respectively. The two new
models are capable of modelling a binary mixture of monoatomic gases, with updated defini-
tions for the relaxation parameters and target species velocities and temperature. Both methods
account for separate species-mean velocity such that the species diffusion and velocity drift are
accurately represented. The Chapman-Enskog procedure is followed to derive the asymptotic
hydrodynamic limit and provide expressions for viscosity, thermal conductivity and diffusion
coefficients.

The novelty of the two newly-introduced models lies in the capability to capture one extra trans-
port property and a correct Prandtl number in the continuum limit for binary mixtures of chem-
ically inert gases in comparison to the existing kinetic mixture models, e.g. [64-66]. The exten-
sions of the two models provide an extra relaxation parameter that allows for the correct fit of
the three transport coefficients: Fick, Newton and Fourier laws in the continuum limit. This is a
significant improvement. The models enjoy good mathematical properties, including conserva-
tion of mass, momentum and energy, indifferentiability condition and more specifically for the
ES-based model the H-theorem and the equilibrium state at maximum entropy are shown.

This chapter details the new kinetic models for binary mixtures of monoatomic gases, their

proof and comparison in the continuum limit and the closure of the models with the transport
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coefficients definitions.

2.1 Kinetic Mixture Models

The standard properties described in this section are common between different kinetic mixture
models. They are inherent to the Boltzmann equation and provide consistency between the full
equation and the simplified relaxation models. For a binary gas mixture the governing equation
is defined per species s = 1,2 (Eq. (2.1))) and the simplified collision operator Q; involves a target
equilibrium distribution function F; and the non-equilibrium distribution function f;. Single-
relaxation models are defined by a common collision rate v for all collision types. The evolution
of the species-specific distribution function is governed by the BGK-type relaxation equation:
s : -
W‘*‘E'V&fS:Qs[flafZ} ; Os=V(B—f); 5 s=1,2, 2.1)
with collision terms Q; [ f1, fz] and u the particle velocity. The common collision rate is defined
by the gas mixture properties: the pressure p and viscosity ( based on the mixture temperature
T, such that v = p/u and u is the particle velocity. The simplification of the kinetic equations
lies in the substitution of the complex collision integral of the Boltzmann equation with the
relaxation term Qg [ f1, fz] , expressed by the relaxation rate of the difference between the equi-
librium and non-equilibrium state. The target equilibrium function F; varies between kinetic
models and determines most of the main properties. However, a necessary condition for all
models is that the collision term preserves mass, momentum and energy. Note that since the gas
is a chemically inert mixture, mass conservation is per species, while momentum and energy can
be exchanged between them and it is only the sum over all species that needs to be conserved.

Therefore, the following constraints on the collision operator are imposed:

// Qsdﬂzo 5 S:1727

L,

Y /// msuQsdu =0,

s=1 i

2 o

y /// Smluf0udu=0, 2.2)
s=1 Y

where du = dudvdw. We denote with ny, p, ug and T the species macroscopic quantities: num-

ber density, density, mean velocity and temperature of a species s. They are found as moments
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of the nonequilibrium distribution function f;:

n = // fudu,
nsu, = // ufsdu,

3 . ﬁ _ 2
EnskTs = 5 /// (u—uy)” fsdu, (2.3)

where k is the Boltzmann constant and the species density is py = mgn;. From the species

macroscopic variables, the overall gas mixture properties n, p, u, and T are obtained:

2 2 1 2
n=Yng; p=Y ps; ug=—Y psit; ;
=1 s=1 ps:1

R}
2 2
Y P (e, —10)* = Y pulug|? — plug|? : 2.4)
s=1 s=1
3 2 3 12
EnkT = Z EnskTs + 3 Z Ps (Zs —20)2. (2.5)
s=1 s=1

The equilibrium solution is defined by the Maxwellian distributions as functions of common

macroscopic velocity (i) and gas temperature (7), and number densities n, for each species:

3/2
2 = () o] - g e-w)’) 26

These properties are standard for all single-relaxation mixture models and are used by the Groppi
et al. model [64] and the new Shakhov-based and ES-based kinetic models. A main difference
between kinetic models begins with the introduction of a different target equilibrium distribution
function F; in the collision term on the RHS of Eq. (2.1)). The full derivation and description of

the models follows in this chapter.

2.2 Groppi, Monica and Spiga’s Model

The two new kinetic models introduced build upon the work by Groppi et al. [64]]. This section
summarises their work and allows for a comparison of the key features of the models, including
definitions of the distribution function, target species velocity and temperature.

The collision term involves a common relaxation rate v as a standard single relaxation model,

but the equilibrium distribution function fM is substituted with the modified distribution function
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Gy, leading to the following expression for Q;:

Os=Vv(Gs—f;) 5 s=1,2. (2.7)

The modified function allows for species drift velocities gﬁg) and common modified tempera-
ture 7' that are different from the local gas mixture velocity and temperature. The modified

distribution function G is then defined as:

3/2 5
_ mg I _(9) )
Gi(u) ns(mf> exp[ S (1 )] (2.8)

The main advantage of Groppi et al’s model [64] is the introduction of a second relaxation

parameter 1), which sets a constraint on the species drift velocity equalisation:

1 r 1 o
Z///ZQI@_@///EQZ"HZ —1 (1 — uy). 2.9)

The drift velocity coefficient 7 was introduced to control the diffusion between species, which
in itself is a macroscopic quantity. The coefficient will be used to define the target velocity and
temperature and consequently the new target equilibrium distrubution function. The expression
for this coefficient is defined in section 2.7.2.

Evaluating the integrals in Eq. (2.9) and following the momentum conservation equation, the
species target velocity in G; is expressed from the local species velocity and the average gas

mixture velocity:
%(cg)=<1—%>%+%ﬂo ; s=1,2. (2.10)

The same principle is applied with the energy conservation equation to express the modified
temperature in the equilibrium functions Gj:
R 1 & 1

n\’y
T = T——;ps(gﬁg)—zo)zﬂ—%(l—;) S;Ps(ﬂs—uo)z- 2.11)

As demonstrated in the original paper [64] the relaxation ratio is limited in the bounds 0 <
n/v < 2 to ensure positive temperature fields. The second relaxation coefficient allows for two
transport coefficients to be recovered correctly in the hydrodynamic limit: the Fick and viscosity

coefficients. Building upon the discussed model, we aim to fit three transport coefficients with

two different approaches, discussed in the next sections.
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2.3 Shakhov-based Mixture Model

A Shakhov-type correction is applied to extend the kinetic model in order to correct the Prandtl
number. The Prandtl number of a binary mixture has previously been examined [7,(114,/115].
The values it takes depend on the mass ratio between species and the concentration levels as

shown in Fig.
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Figure 2.1: Prandtl number variation with concentration and mass ratio between species at 1
atm pressure and 300 K temperature. Helium-Neon (dotted), Helium-Argon (solid), Helium-
Krypton (dashed), Helium- Xenon (dot dash). (adapted from Belcher at al. [7])

For high mass ratios (e.g helium-krypton mix with mass ratio of 21) and equal species concen-
tration, the Prandtl number can drop to values as low as Pry,;x = 1/5, while the maximum values
for a monoatomic gas are reached when the gas is pure/simple (i.e. when the mixture consists of
100% of one of the species), leading to Pry,;y = Pr = 2/3. This creates a bucket’ type of shape
of the Prandtl number plot in Fig. [2.1| with maximums at both ends at 2/3. In theory increasing
the mass ratio further will lead the Prandtl number close to 0 and therefore the limits of the Pr,;;,
for monoatomic gases are Pry;; € (0, 2/ 3]. The expression for the mixture Prandtl number is
discussed further in Section 2.6.

The Shakhov model [33] modifies the Maxwellian distribution function by introducing a heat
flux correction. Similarly, expanding the described extended Gaussian distribution (Eq. (2.8)), a
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new equilibrium distribution function is introduced:

Sh mg \*? my ()
Gy'(u) = i’ls(zn_kf,) eXp[—ZkT@—m )}*
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Gy(u)
2(1 —P}") (Z_Z&g)) _qcorr m ( 2 5
1 - = S (u—ul®) =2 2.12
{ * SpskT Jm [2kT @ o ) 2} (212

with species pressure p; defined as p; = pskf" Jmg = nT and Pris a target Prandtl number. The

moments of the quasi one-dimensional Shakhov-based mixture model are detailed:

(o] [o>e)
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In the single species Shakhov model, the heat flux correction ¢“°”", which goes into the distri-
bution function, is the full heat flux. This represents the Fourier conduction effect. The heat
flux correction for two or more species is defined for each species individually and only affects
the conduction part of the heat flux. For single-species, it is computed by taking the moment of
the non-equilibrium distribution function f* (expanded by the Chapman-Enskog expansion as

described in Chapter 1 Eq. li with respect to the mean gas velocity %m(g — o) (1 —uy)? as:

g /// m(u—ug)(u—ug)? fedu. (2.14)

For a mixture of gases, the heat flux of the gas comprises of energy flux based on the temper-
ature gradient (thermal conductivity) and the mass gradient (the Dufour effect). However, the
introduced Shakhov correction is not affected by the coupled effect, but only from the direct
effect of energy flux dependent on the temperature gradient (Fourier effect). To achieve a heat

flux correction ¢{*"" that involves only the Fourier effect, the moments of the non-equilibrium
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distribution function f¢ are taken with respect to the species mean velocity: 3 (u—u)(u—u)*

0 = [Jf st ) w P @15)

The expression for € comes from the Chapman-Enskog expansion up to O(g?) order (see
Eq. (2.48) and Eq. (2.49)). The heat flux correction is found from:

///my )~ — i, fsdu—///ms “, u—u){GSh——<a§j4+gaafi/[>}dg

+0(€?). (2.16)

as:

In the continuum limit the integration yields:

[ st )3 w268 = Sk ) + (1= P+ 0(e2)

1 S €/ofM oM ns €5 nkT oT
///’"“‘(ﬂ_wi(ﬂ_%) { =5 (G ) feu= 3 5nT ag—wg) = D452 50

+0(e?), (.17

where € represents a small parameter, corresponding to the Knudsen number, used in the Chapman-
Enskog expansion (see Appendix C). Combining the two parts of the integration and substituting

the expression for ugg) (Eq. 1) leads to the expression for the heat flux correction.

corr  _ ___kS__ 1—pP corr 4 0 82 2.18
4 V2 my 8x+< r)g;"" +0(€7) (2.18)
o €5 k nkT dT )

= 2= O(e
4y v2Pr my 8)_c+ ()

The moments of the extended distribution function Ggh are unchanged up to and including sec-
ond order in molecular velocity in comparison to Groppi et al.’s model [64]. As expected from
a Shakhov-type correction, only the third order moments are affected with a correction on the
heat flux with the Prandtl number (see Eq. ). Therefore, the expressions for @Sg ) and 7" are
unchanged in comparison to the original model (Eq. and Eq. (2.T1)):

Zgg)=<1—%>ﬂs+%ﬂo ; s=1,2. (2.19)
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From the energy conservation, the modified temperature in the distribution function G is ex-

pressed:
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To preserve positive temperature fields the ratio of relaxation parameters 1/v needs inspection.
The collision rate is defined by strictly positive quantities: viscosity ¢ and pressure p and there-
fore v > 0. The second relaxation coefficient 17, defined in section 2.7.2, has the same constraint
n > 0, as imposed by the Groppi et al. [64]. Therefore, the lower bound of the ratio is /v > 0.
In Eq. (2.21) for Ty > 0, the 7 > 0 is guaranteed for (2— 1) > 0, leading to the upper bound
% < 2. The limits of the ratio of relaxation coefficients are then 0 < /v < 2. The relaxation
ratio is with the same limits for preserving positive temperature fields as the original mixture
model.

Clearly the ratio 11/v is an important part of the definition of the model and is bound by limits
defined above. It is discussed in detail for both the Shakhov- and ES-based models in section
2.17.

2.4 ES-based Mixture Model

Starting from the same original distribution function (Eq. (2.8)), an anisotropic modification
is formulated, following the approach used for the single species ES model [34] . The new

distribution function is defined as:

GES(Z) — Lexp |: —

(g) -1 (g)
u—us’ ) A (u—us) |- (2.22)
det(27A) ( Ja )}

The separate drift velocity g@ for each species is kept as in the isotropic Gaussian, while the

tensor és is introduced by the temperature 7" and the ES relaxation parameter Vgs:

1IN~

%)
A = Vi@ +(1_VES)(mS) , (2.23)



CHAPTER 2. MONOATOMIC MIXTURE KINETIC MODELS 55

where the tensor Qy is also based on the species drift velocity gﬁg )

1 oo
. /// (u—u®) ® (u—u) fidu. (2.24)
A)
For a quasi one-dimensional flow (ug # 0,vo = 0,wo = 0) the elements of the matrix A_can be
v
M= (1—VES ES/// fS du
kT Y o
Ay = (1 —VES) <—> —I-E///vszdg
mg ng

VES

as:

obtained as:

fT du (2.25)

13?3 = (1 — VES

with all off-diagonal elements equal to zero. In the continuum limit after substituting the 1st-

order CE expansion for f¢ the tensor elements become:

A =(1 —VES 4 B8 / GESd VESE e /// u—uo
offt aff ot
_z(u_u0>(u0_u§g)>+(uo_ugg))2}< g; +u af; +v g)‘] >dz
kT kT 40
T <E> —VES§E§£+O<82) (2.26)

and for A5, and A4;:

Ay =(1— VES VES /// V2GESdu

VEs€ 1—VES afM 3fsM a M
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The collision operator is also altered with the relaxation parameter Vgg and is in the form:

Oy=——(Gs—f,) + s=12, (2.28)

1_VES
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where the expression for vgg is bound by the Prandtl number and Pr = l_lvES as in [48]]. For
monoatomic gases the parameter Pr = 2/3, which leads to vgs = —1/2. This value assures the
mixture Prandtl number Pr,,;, has a correct behavior in the limit of a pure monoatomic gas for
the ES-based model, as will be demonstrated in Section 2.6. Therefore, following the relaxation

between velocities, introduced by Groppi and co-workers [64] (Eq. (2.9)):

1 7 1 o
n_l/// Qrdu =~ /// uQordu = —1 (uy — u,) (2.29)

leads to a modified relaxation of the mean species velocities:

- (@ ) = (@ ~w)| = -0y - ) (2.30)

1 —vgs
:>Zgg) —Zég) = <1 - %(1 - VES)) (uy —uy).

To finalise the definition of the new kinetic model, we examine the expressions for the species
(g)

modified velocity and temperature. The formulation of u"’ is now changed to accommodate for

the relaxation parameter, characteristic for the ES model vgg:
ul® = (1—%(1—vE5))%+%(1—vE5)% S os=1.2. 2.31)

The common target temperature 7" is also required to change to provide an energy conserving

model:

A

2 2
2 2 2
T—T- 3nk1_vES lzps 8 up) —vEss_les(zs—zO) +VESS_ZIPS(%("g)_ZS) ]
(2.32)

The expression for 7" as a function of the mean species and gas velocities is obtained by substi-
tuting gﬁg) from equation 1} into (2.32):

. 1 n 2
T o= T—%kl—;l—v&g) ; u, — up) ] (2.33)

A comparison with the original expression for 7' (Eq. ) shows that the additional term
comes from the relaxation change Vg introduced by the ES correction. Setting vgs = 0 will
eliminate the difference and the equations will reduce to Groppi et al.’s model [64]. This is
also true for the Shakhov-based model when Pr = 1. Notice that when the gas equilibrium

temperature is substituted with:

3 & 1 &2
= Y nkT; + 5 Y ps (g —up)? (2.34)
s=1 s=1
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Eq. (2.33) becomes:

o 1
kT = kT,
n ;ns + = 3

2
n(l—VEs)<2—ﬂ l_VES ) Z Lt —uo ] (2.35)

To guarantee a positive temperature, the fraction /v is in the limits 0 < /v <2/(1 — vgg).
In comparison to the Groppi model the possible range for the relaxation parameter 1) is more
restrictive due to the introduction of vgg with maximum value of /v =4/3 when the maximum

for vgg = —1/2 for a monoatomic binary mixture is reached.

2.5 Properties

The fundamental properties derived for the Boltzmann model need to be satisfied by the kinetic
models. For a gas mixture, these include the H-theorem, the equilibrium state, indifferentiability
principle, collision invariants and continuum limit and are discussed in this and the following

sections.

2.5.1 H-functional

The entropy of a system increases constantly until it reaches its maximum at the equilibrium
level. The H-theorem is an a priori statement that guarantees the second law of thermodynamics
is preserved, where the connection between H and the entropy S was indicated by Boltzmann
in 1872 [24]] and relates with an opposite sign and constant as S = —kH. This means that for
maximum entropy S, H is minimised.

The H-theorem is shown for the ES-based model in this section. For a binary gas mixture:

é /Z (fslnfs — f5)du. (2.36)

We will prove that:

at a; Z // (fslnfs — f)du < 0. (2.37)

The LHS of Eq. (2.37)) can be simplified as:

[}

atZ// (fslnfs — fs)du = é///%(fslnfs—fs)dgzsz// afslnfsdu (2.38)
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The governing equation for the ES-based model for a spatially homogeneous problem allows to
express the derivative of f:

afs o \2 ES . _
W‘l—vES(GS —f) : s=1,2, (2.39)

atZ// (fslnfs = fs)d ///1_v - (GES — fy)infydu. (2.40)

Since y(x) = xInx — x is a strictly convex function for x > 0 and y'(x) = Inx it follows that for

x=fi

,
GES — f)infudu < H(GES)—H(f,). (2.41)
21/[/< foinfdu < H(GE)~H(f)

It is sufficient to prove that H(GES) < H(f,). This is a challenging derivation and it is better to
consider the following process H(GES) < H(G%) < H(Gy) < H(fs).

The first two inequalities are deduced by analogy with the formal derivation of the ES-BGK
model [48]], where the velocity is ugg), the temperature: T, A and G) are functions of ugg ) and
T. The dlstrlbutlon functions GE® and G, are defined as before (see Eq. ( and Eq. .

respectively) and G” expressed from the tensor @ for vgg =1 as:

(o) n 1 _
G = ————exp| 5 (u—u¥) 0" (u-u?)). (2.42)
det(27® )
Following [48]]:
12 det G)
ES\ _ _ 1
H(GE) G) =3 ;nsln detA : (2.43)

0
If the RHS of Eq. (2.43) is negative, H(GES) < H(G5*) follows. This is achieved only if
det és > det @Y, the detailed derivation of which is described by Andries et al. [48,|]116]. An-

dries and Perthame [116] and the reference therein state the classical result that the entropy at a

given velocity, number density and pressure tensor (gY ) is minimised for the Gaussian defined

by that pressure tensor and therefore H (GSQ“) < H(Gy).

The final inequality (H(Gy) < H(f;)) follows the proof of the H function of the original model
[64], but with the new definition of uﬁg) and the allowed range of the relaxation parameter
0 <n <2v/(1—vgg). This is done by the direct evaluation of H(Gjy) and H( f;), where the en-

tropy evaluated at the local Maxwellian (f2“M) with the same variables of the non-equilibrium
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fs (ug, ng and Ty) is H(fE°°M) and is less than the entropy H(f;).

H(G;) = Zns(ln ns)+§ln(2nk >>—n, (2.44)

s=1

AR )

The last inequality is due to the second order Taylor expansion for [nTj, centered at T: (InTy <
InT + (T, — T)/T). From Eq. and for the allowed range of 7, it follows that nT >
Zle nsTy and therefore H(Gy) < H(f;).

Since H(GES) < H(G) < H(G,) < H(f,) then H(GES) — H(f,) <0 -

v ES
a,Z // (finfy=fdu < = —(H(G®) =H(£)) <0 (2.45)
JH
= ="

With the H function minimised, the proof is completed.

2.5.2 Equilibrium

The entropy of a gas increases with time and reaches maximum at equilibrium. To achieve the
equality of the H-functional, a necessary condition is (H(GES) — H(fLoM)) = 0, which can be
expanded as:

H(G{) —H(Gy)+H(G,) —H(f{*M) =0, (2.46)

N

7 (.
g g

where fSLOCM is the local Maxwellian defined with species variables ng, uy and 7T as described
previously. We know from the previous section that both expressions within the brackets are
non-positive. Therefore, in order to satisfy the equation, each one needs to be 0. It follows that
H(GES) — H(G,) = 0 and H(G;) — (fM) 0 or H(GES) = H(Gy) and H(Gy) = H(fM). The
first equality is based on H(GES) = (Gf) = H(G;) , following the single species Ellipsoidal
statistical model [48]. The entropies H(GES) = H (G%) are equal only if det A = det © ac-

cording to Eq. (2.43), from which the eigenvalues expression follows: 4] = A5 = A§ = misf"

(]
The entropies H(G5™) = H(Gs) are equal when Gj is expressed from the Gaussian structure and

(C] A~
equal to G5 . Substituting gs = m%Tg into Eq. (2.42) leads to the known expression for Gy

(Eq. (2.8)).

The equality H(Gy) = H(fL°M) is inspected by comparing the difference in the entropy expres-
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sion in Eq. li and holds only if nT = Zf:  nsTs. Substituting this into Eq. 1| it follows
that uy = ug, which leads to uy = ug = ugg) and T = T. Under these constrains the distribu-
tion function Gy is equivalent to the isotropic Maxwellian or Gy = fM and H(G;) = H(fM) =
H( LOCM).

. :

JdH

Therefore the equality of the H-functional is achieved at equilibrium and both species have a
Maxwellian isotropic distribution. The species target equilibrium temperature and velocities are

equal to the mean properties of the mixture.

2.5.3 Indifferentiability principle

The indifferentiability principle, described by Garzo et al. [56], requires the ES-BGK model for
two species to reduce to a single species ES-BGK model when the species are identical. To test
this principle the species masses are set equal (for a binary mixture this means m; = m, ) and
the distribution function: G = Zle GES should satisfy the ES monospecies kinetic model. A
necessary assumption [66] is that u; = ug for all species s, which leads to ugg) —upand T =T.
With equal species mass and velocity, the distribution functions differ only by number density
ng and can easily be added up to the distribution function G(n,m,uo,f"), which satisfies the
indifferentiability principle. Note that under these conditions the principle is also valid for the
Shakhov-based model.

2.6 Continuum Limit

In this section the continuum limit of the kinetic models leading to the mass, momentum and
energy equations is examined and Groppi et al.’s [64], Shakhov-based and ES-based models
are compared using the Chapman-Enskog expansion. This is performed in order to achieve the
asymptotic limit, but also to emphasize the difference between the models and how and where
the two proposed models make corrections. In the near-continuum regime, the Knudsen number
can be used as a small perturbation parameter € < 1 to perform a Chapman-Enskog expansion
up to O(&?) order, where f€ is of order O(1) after rescaling with € (see Eq. ), as described
in Chapter 1:

e(%L v uves) = v(BIEA ) s s=12 (248)

where F;=G,, G>", GES for the corresponding model, v = ﬁ for the ES model and f¢ is
expanded in powers of €. At zeroth order Fy[f}, fy] = fM, as given by Eq. (2.6)) and expressing
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the non-equilibrium distribution function from Eq. (2.48)) leads to:

M
£ =Bl 1w - (L uva) ol 2.49)

For simplicity the quasi one-dimensional flow is considered from here onwards. The evolution
of the Maxwellian distribution can be derived and after substituting the time derivatives with the

spatial gradients from the unexpanded conserved moments leads to:

ORI u (u_ w){ s - 291

o "ox s dx p dx
(u—uo) +v24w? mgp 3 oT
+(ms AT? T oT _ﬁ>{(”_”°)§}

LA 2] (N )]y

A key aspect of the kinetic model for the binary mixture is the velocity drift of the species
relative to the mean gas mixture. For the velocity component in x—direction, the following
moments involving molecular velocity u in x—direction can be used,where as before F;=G;,

th, GES for the corresponding model and v = for the ES model.

i = [ ol 5% +ua§f )

o MefLin_ngn n(l o

— (2.51)
mg

mgdx pox T
(&)

Inserting the expression for ug"’ for each model, the species velocity in the x— direction up to

1st-order in € is:

£y _”‘_T[L%_@@ ”s(l _g)gT} (2.52)

ngn Lmg dx  p dx ax]

nig

Total mass, momentum and energy of the system need to be conserved. The mass and mo-
mentum equations for the three models in the continuum limit up to O(€?) order are recovered
(Eq. and Eq. ), after substituting the expression for u‘gg), T and for the ES-based
model - the matrix elements A, as described in more detail in Appendix C: CE limit. Mass

conservation equation:

%—F%{nsuo—e% [mi%—”x - %%*E(m% - g)g—ﬂ b=o s
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From the Chapman-Enskog expansion we find for the mixture momentum equation:

8pu0

0
ot Skt MO} 0,

0
kT kT
*ox {” pug— kT 35
which for the ES-based mixture model is in the same form but with a difference of the v coeffi-

cient:

8puo

b € 4 8u0} 0

J >
+ a{nkT +puy— (1 — VES) —nkT = o
The momentum equation in the Navier-Stokes equations for a compressible one-dimensional
flow is most commonly expressed as:
0 Puop 0

4 du
- —l—ax{nkT—i—puO 35 } 0. (2.54)

From which it follows that the viscosity coefficient p is expressed as p = £nkT. This is
concluded since the viscosity coefficient is the expression expected in front of the velocity
derivative aa"o in the momentum flux. Note again, that for the ES-based model v represents
v =v/(1 — vgs) and the viscosity coefficient expression is actually u = (1 — vgs) EnkT.

The corrections in the new models affect the limit of the energy equation and the following
three equations demonstrate the introduced change, found in the underbraced temperature gradi-
ent term. Since Pr = [48] the Shakhov and ES corrections lead to the same expression for
the energy equation. Moreover, when Pr = 1 or vgg = 0 the limit reduces to the original model.
This is a desired result and shows theoretical consistency between all models. Note that by ex-
amining problems with Pr = 1 and vgg = 0, numerical consistency will also be demonstrated.

For the Groppi et al’s model the energy equation is:

e DO LA )

i é a2 12, (mﬁ) iy } —0. (255
2 \m;/ ox

The Shakhov correction shows a dependency on Pr :

13 1, SKT 1 5 (5kT 3,
51 57K+ 3P0t 45 {st"s[‘f”°+ 290+ {5 38} (10— )|

S
KT & 14 Oug 15 /kN\OT
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The ES-based model energy equation:

5kKkT 3
H{ S 3 w0 —w)|

N

dr3 1,1 9]¢ SKT 1 4
E [EnkT—f—EpOllo] +${S;msns [EEMO‘}—EMO

=~ mg/ dx

_gvai‘, [gnsuo% (11— vES)gns( £ ) aT} } —0. (257

g

2.7 Transport Properties

To define the transport coefficients, the flux vectors in the hydrodynamic limit of the kinetic
equations need to be studied. It should be noted that the same assumption for a dilute gas mixture
as in the Boltzmann equation is made and the gas is considered with low enough density so that
the three-body collisions can be ignored.

In this section the expression for transport coefficients known from the literature are compared
against the expressions from the Groppi et al. [[64]], Shakhov-based and ES-based kinetic mixture
models. The relaxation coefficients allow to match the received transport properties with the
correct values. For this reason we say the relaxation coefficients allow us to "correctly fit" the
transport coefficients and the Prandtl number of the kinetic mixture models in the continuum

limit.

2.7.1 Diffusion

The mass flux vector in the species conservation equations, excluding the external forces, is
caused by gradients of concentration, pressure and temperature. The mass flux equation is taken
from Hirschfelder’s book [35] as a standard expression and has the following form for species s:

2
_ — n d InT
J. = ngmgV, = Fmsmrgsrdr - DZ ox

(2.58)

where s, = Y is the binary diffusion coefficient and is single valued, r € {1,2} and r # s, d,

_d (n, n, nym,\0d Ilnp

Splitting the pressure gradient into concentration and temperature expressions and considering

is such that:

only the ordinary diffusion part, provides an expression for the mass flux based on the binary

diffusion coefficient %, :

ons _ &@). (2.60)
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The binary diffusion coefficient is expressed from the comparison between the mass flux from
the CE expansion from Eq. (2.53), shown explicitly in Eq. (2.6I)) and the above expression
provided by Hirschfelder (Eq. (2.60)):

ekT (d )
jo= (s _psony 2.61)
Iy n \dx pox
leading to an expression for the coefficient:
ekT
9, = P (2.62)
nnmgm,

2.7.2 Viscosity
The viscosity coefficient for the mixture is shown in Section 2.6 (Eq. (2.54)) to be in the form:
€
U= ;nkT. (2.63)

For a binary mixture the diffusion and viscosity coefficients are closely connected [35]:

mimy n%
(mi+my) A3,

, (2.64)

5
-3
where A7, is a non-dimensional coefficient, defined by the ratio of collision integrals and is in
general a function of the gas temperature and the force law between molecules. However, the
variation of A7, is limited and after inspection of the values of noble mixtures presented in the
Weissmann and Mason paper [117]], a good approximation for A}, is A}, = 1.11. Now there is
a platform to express the relaxation ratio %, required for the computation of the species target

(8)

velocity u,®’ and the modified temperature 7":

5 1 p
= 2.65
3 (myi+mp)Aj, n ( )

<=3

It is clear that the relaxation ratio will vary only in the regions where strong non-equilibrium
effects and large gradients occur and this effect will be amplified for higher mass ratios.
Moreover, it is easy to check that it is within the defined limits for the above expression (Eq. (2.65))
for the Shakhov-based model. A positive density leads to /v > 0. The upper bound requires

considering part of the expression:

mi+myn mi+my; ni+np nimi +nomy +nimy +nomq

L op_ 1 mmtmm Myt npiy <1, (2.66)

which is always less than 1 and therefore % < 314%, which in turn leads to % < 2 forall p, my,my,
12

etc. This means that the temperature field is always positive for every possible species mass or
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density for the Shakhov mixture model.

For the ES-based model, the vgg = —1/2 corresponds to the typical value for the Prandtl number
of a pure monoatomic gas (Pr = 2/3), which is the maximum value of the Prandtl number for
a gas mixture. A similar study to the Shakhov-based model of the relaxation ratio confirms it is
always positive or 17/v > 0 for all variables in Eq. (2.63). For vgg = —1/2, the upper bound is

limited to /v < 4/3, which means a necessary condition is:

5 1 P 4 1 p
<z = < 0.888, 2.67

3 (my+mp)AT, n 3 mp+my n ( )
which limits the possible species densities and masses. Note that this condition is for a strict
guarantee of positivity, while in practical applications positivity of 7' occurs for a wider range of
ratios 1 /v. For the test cases considered with the ES-based model within this thesis, the values

of T were always found to be positive.

2.7.3 Heat Flux

The model introduced by Groppi et al. [64] can recover correctly the diffusion and the viscous
coefficients due to the introduction of a second relaxation parameter. The velocity equalisation
coefficient 1 and together with the standard BGK relaxation coefficient v allows for a max-
imum of two transport coefficients to be set. The Shakhov and ES-based extensions of this
model instigate a third variable- the Prandtl number Pr and the corresponding anisotropic model
variable - vgg. The goal is to recover the thermal conductivity and have a system with three
correct transport coefficients. We inspect the thermal conductivity k; in the expression for the
heat flux, found by a standard integration with respect to the mean gas mixture velocity ug. The

non-equilibrium part is common for all models and yields:

R e e e ) 2

5 5 nkT OT
= DonkT (1, — o)~ SO 1 0(e),  (268)

. The moments with

where as before, for the ES-based model in the above expression v =

respect to the equilibrium distribution functions are expressed as:

///ms u—Ug) % ((u—up) )GSh <l_n>§nskT(u —ug) + (1= Pr)g™" +O(e %) (2.69)
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ﬁ o)y (- )?) GES

5 € 4du
:<1—%<1—VES)>(ES—M )<2nskT Ves kTS 80>+0(82). (2.70)

Combining the moment of the Shakhov and ES-based model with the corresponding CE expan-

sion, provides the heat flux g for each model.

5 €5 nkT dT
gfh: EnskT(ﬂs_HO)__Ek ’Sn o +(1—Pr)c_1§0rr+0(82),
S =
5 (1 —vgs)5 nkT AT
gfs=§nskT(ﬂs—Eo>— ( y ES)Ek:n gﬂLO(SZ)- 2.71)
A <

Substituting the previously derived expression for gg‘” " - Eq. 1} for the Shakhov model:

¢ = 2k (, — ug) — %;%% ‘Z +0(eY). 2.72)
Again, we observe consistency between the models when (1 — vgg) = 1/Pr. The species heat
flux is determined by the combination of Fourier law (term involving the temperature gradient)
and Dufour effect (term based on the diffusion effect). It is important to remember that only the
mixture energy is conserved, while species energy equations would contain a source term due
to the exchange of energy between the species. Note that if the species have the same mass, the
difference between u,; and u, will vanish and the Dufour effect will not contribute to the heat
flux.

The main advantage of the proposed models lies in the definition of the Fourier part of the heat
flux. The thermal conductivity is qualitatively and quantitatively reproduced and the thermal
conductivity coefficient k is recovered for both models as:

€5k nskT e(1—vgs)S nkT

Ky = ——— —k . 2.73
S v2Pr mg 1% 2 my ( )

2.7.4 Prandtl number

The Prandtl number for a gas mixture Pry,;, is evaluated from the gas mixture properties as:
Prmix = cppt/ K, where ¢, = %% is evaluated with the mixture mass m = p/n, u is the mixture
viscosity (Eq. (2.63))) and « is the mixture thermal conductivity coefficient in front of the tem-
perature gradient, received from summing the heat flux expressions (Eq. (2.71) for the ES-based

model and Eq. (2.72)) for the Shakhov-based model) over all species s.

Pryix = = = (2.74)
K — =
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where Pr=1/(1— vgg) for the ES-based model. The Prandtl number for a gas mixture is known
to vary with the mass and concentration of each species and the same conclusion is observed in
the expression for the Pry,;,. The maximum value of Pry,;, is found in the limiting case when

the gas mixture reduces to a pure gas and Pr,;, = Pr.

2.8 Summary of Findings

Two new kinetic models for binary gas mixtures of monoatomic gases were introduced. The
development of the two models was detailed. Both models were compared with an established
mixture model. The models were shown to have good mathematical properties and more specif-

ically:

e The Shakhov single-species and ES single-species models that address the Prandtl number
problem in the single-species BGK models are well understood. However, so far these
approaches had not been applied to gas mixtures. In this chapter the Shakhov- and ES-
based extensions were detailed correcting the Prandtl number for a binary mixture kinetic

model.

e The equilibrium functions in the collision term for the new mixture models were shown,

as well as the new target velocity and temperature values.

e The new models were shown to be consistent with previous work on mixture models.

They were shown to reduce to the initial mixture model for Prandtl number of 1.

e The models were shown to reduce to their single species Shakhov and ES models for

indifferentiable species.
e The H-theorem was proved for the ES-based mixture model.

e Conservation of mass per species, mixture momentum and mixture energy were demon-

strated for all models.

e The continuum limit for the uncorrected mixture model, the Shakhov-based mixture model
and the ES-based mixture models was derived and compared. The effect of the Prandtl

correction in the continuum limit was clearly identified.

e Species diffusion was accounted for with a relaxation parameter allowing the two species

velocities to separate.

e A third relaxation coefficient was introduced in both models to allow for the correct fit of

the thermal conductivity coefficient.
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e The three relaxation coefficients, the correctly fitted transport coefficients, as well as the
correct Prandtl number were defined and derived.

e The Shakhov-based mixture model and the ES-based mixture model were derived with
different equilibrium functions and target velocity and temperature expressions, but re-

duced to the same continuum limit.



Chapter 3

Numerical Evaluation of Mixture Kinetic
Models [

The goal of this chapter is to numerically validate the two new kinetic models introduced in
Chapter 2 for a range of high-speed flows and demonstrate their capabilities and limitations.
The mixture models are first shown to reduce to single species models for identical species and
are validated with known results. The indifferentiability principle is demonstrated numerically
in this chapter. The models are then validated against known numerical results for normal shocks
from the full Boltzmann equation, showing good agreement for species density and temperature
profiles. Moreover, the Shakhov- and ES-based models are compared with each other and with
the Groppi et al. model, showing the improvement of the shock profile caused by an extra
correct transport coefficient. Furthermore, the importance of the Prandtl number correction is
also demonstrated with the evaluation of the heat flux. A parametric study demonstrates the
variation in flow properties for different mass ratios between species and for different Mach
numbers. Finally, the models are evaluated for the more complex flow around a circular cylinder.
A parametric study shows the change in the flow-field when the temperature of the wall is varied
and when the mass ratio between species is increased. A detailed comparison of the results,
acquired with a DSMC solver, demonstrates promising results from both kinetic models.

To summarise, the novelty of the work presented in this chapter lies in the numerical application
of the two new kinetic models for gas mixtures, which are validated with well-established test

cases and assessed in detail for varied flow conditions.

3.1 Numerical Method

The two kinetic models are validated and tested for the profile of a normal shock wave and
the flow around a circular cylinder. The problem and solver setup are defined in this section,

together with the used non-dimensionalisation.

*Published in Physics of Fluids and the European Journal of Mechanics - B/Fluids.
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3.1.1 Discrete Velocity Method

The results of the kinetic models are obtained using the discrete-velocity method [39] within the
Multi Physics Code (M®C) [80, 118]] in-house framework. The method is chosen for its relative
simplicity, accuracy and deterministic nature (i.e. avoiding sampling errors). Possible molecular
velocities are uniformly spaced in a defined velocity domain. The domain varies according to
the initial conditions and is highly dependent on the Mach number. The number of molecular
velocities in the domain varies with Mach number and mass ratio between species. For the pro-
file of the normal shock wave 100 uniformly spaced discrete velocities are used, unless stated
otherwise (e.g. for mass ratios of 10 and more), while the number of discrete velocities increases
drastically for the two-dimensional cylinder case and is specified in the cylinder section for each
case. For two- and three-dimensional cases code parallelisation is necessary and for the pre-
sented cylinder case the code is parallelised in both space and velocity phase space.

The distribution function and the fluxes are evaluated for each of the velocities in every cell. The
moments of the distribution functions (macroscopic variables) are found by applying the trape-
zoidal rule. A finite-volume scheme and a second order Total Variation Diminishing (TVD)
time marching method [41},42] are used to numerically discretise the models’ governing equa-
tion. Note that in contrast to a continuum solver, which stores only the macroscopic variables
in each cell, the two kinetic solvers, based on the DVM, require much more computational time

and memory. The difference in CPU time will be discussed in detail in the Chapter 4.

3.1.2 Problems Setup

All shock profile simulations are set with the same uniform spatial domain, where x € [—75L,. ,
75L,c¢], which is discretised by 1200 cells in the x-direction. Note the domain is selected to
avoid the disturbances, downstream of the shock during the simulation, to reflect on the down-
stream boundary and affect the shock structure.

The setup of the problem is as follows: a flow with initial conditions undergoes strong non-
equilibrium changes through a normal shock wave to arrive at a different equilibrium state. The
state to state change is initialised with the Rankine-Hugoniot conditions for the macroscopic
variables and Maxwellian distributions are set at the two different initial equilibrium states.

To evaluate the models’ capability for two-dimensional flows, a high-speed flow past a cylinder
is presented. The flow is initialised with initial Mach number, species concentration, mass ra-
tio between species, rarefaction level and fixed wall temperature. Note the rarefaction level is
defined by a Knudsen number, based on the radius of the cylinder, where the radius has length
IL,.r, where L,.r depends on the reference time and reference velocity as shown in the follow-
ing subsections. Note that this is standard for kinetic modelling and it differs from the Knudsen
number definition based on the mean free path as in molecular modelling [119]. These differ-

ences are taken into account when comparison between the kinetic models and the Monte Carlo
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method is conducted. The Knudsen number is equalised between the two modelling approaches
and it is quoted based on the kinetic definition. The used geometry is a quarter of a cylinder
with a symmetry condition on the stagnation streamline as shown in Fig. The spatial grid
consists of 36 blocks and 27864 cells for the Shakhov- and ES-based models. The DSMC setup
is described in the corresponding section.

Validation for the normal shock is performed by comparing with numerical results from the full
Boltzmann equation available in the literature. The validation and comparison of the flow past
a cylinder is through a comparison with solutions acquired through DSMC with the number of

particles and samples specified for each condition.
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Figure 3.1: Mesh of cylinder and imposed boundary conditions.

3.1.3 Dimensional Reduction

In the one-dimensional formulation, the distribution functions are dimensionally reduced to
functions defined in one-dimensional velocity space to reduce computational cost [[120]. Since
the mean velocities vy, wg in the y and z-directions are zero, the species distribution function f;

reduces to translational g and thermal 4, energy component, as demonstrated in Eq. (3.1]). The
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macroscopic variables are then found by taking moments of the reduced distribution functions:

o = [ foavan
hy = // (V2 +w?) f; dvdw. (3.1)

Therefore the solver uses four velocity distribution functions: two for each species to define the
flowfield. Note the dimensional reduction for the cylinder follows the same procedure but for
two-dimensional reduced functions by integrating out only the z-direction. This also leads to
four velocity distribution functions.

The macroscopic variables. found as moments of the reduced distribution functions, are then in

the form:
ng = /gsdu7
ngy = /ugsduv
3 m| [ r 1
EnskTS = 75[/ ngdu+/hsdu] —Epsuf, (3.2)

— 00 —o0

3.1.4 Dimensionless Form

The macroscopic variables are non-dimensionalised and the reference values are described in
this subsection. The lighter species and its mass m; are taken as reference at free-stream con-
ditions. All velocities are non-dimensionalised with the most probable speed u,.r of the light
species. Elements of the anisotropic tensor for the ES-based model A} are scaled per species
to preserve the scaling of the ES distribution functions the same as the distribution functions in
the Shakhov-based model - f;, g,, h,. Note the non-dimensionalisation presented is for the one-
dimensional flow formulation. The constant B = m,/m; is the mass ratio in the expressions for

the distribution functions of the heavy gas and the reference values for non-dimensionalisation
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are:

u,ef =1/ 2kT,/m1, (33)

Pr = nymy,
kT,
A =RT, = —,
myg
ny
fr= ,
ref (ZkTr/ml)3/2
nr nr

8= Uref \/2kTr/m1
hy = NyUypef = N/ 2kTr/ml )

B =ma/my,
1 2kT,
qr = Enrmlugef = n,kT, mlr’
_ Upef  Upef  UrefHref
Lref = = = .

tref Tref Pref

In the kinetic model, the reference length L, s is defined by reference time and velocity, where
the #,. f = Ty r - the collision time, expressed from the mixture pressure and viscosity at reference
conditions. The reference viscosity is taken for a variable cross-section hard sphere model
(VHS), which depends on the molecular potential @ and the mean free path for a VHS model,
as described in [119] and by Eq. (3.4) :

15 2nkT 1
ref — ~ ‘e y 4
Hre = 5 Aret P S 20) (5 20) 4

where the mass of the mixture m,,;, = p/n. Note that for a hard sphere model, the molecular

potential is @ = 0.5, which reduces the expression for the viscosity to:

5 2nkT
Href = Elrefp

(3.5)
Minix

This allows for comparison with a variety of models, where the mean free path A,,; is taken as
a reference length. Note that in the following section the hard sphere model and Eq. (3.5) are
used for a comparison with the Boltzmann solution [9] for the normal shock wave simulations
and the variable hard sphere model and Eq. are used for the validation with DSMC for the

flow around a cylinder. The resultant reference length is:

2kT 15 27kT
\ S href 1P/ o 7 20) 5 20) 157 Momix
Ly = = )}Lref my (3.6)

nkT (7T-20)(5-20
15\/x nymi + namy
(7T—20)(5-20) "\ ‘mi(n, +ny) "
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The ratio of the two reference lengths L, for the kinetic models and A, for the validation

models is the required scaling factor with all variables taken at free-stream conditions:

Lyey _ 15Vn n + Pny (3.7)
Aref (7 - 2(1))(5 - 260) ny+ny . ’

3.1.5 Normalised Values

The macroscopic quantities presented for the shock wave are normalised following Kosuge’s
approach [9], where y is the macroscopic variable, Y_ is the pre-shock value of y and Y, is

post-shock:
y—Y_

Y, —Y_

y= (3.8)

Note that the tilde is omitted from here on for simplicity. Also, the origin of the plots (X = 0) is
defined at the location where the total number density is exactly half of the sum of the pre-shock

and post-shock values.

3.2 Normal Shock Wave

3.2.1 Single Species Recovery

The numerical evaluation of the models begins with an investigation of the structure of a normal
shock wave. The first step is to demonstrate that the two models collapse to a single-species
model not only theoretically as in Chapter 2, but also numerically. This means that for the same
properties of the two species, the binary-mixture model satisfies the indifferentiability principle
and recovers the single-species Shakhov-model and ES-model respectively. We will show that
the single-species models are recovered and we will validate the results by a comparison with
the solution for a single-species normal shock wave.

There are two main points to be made here. First, a mixture of two gases with the same mass,
initial velocity and temperature is inspected. Each gas is at 50% concentration. Numerically
there is nothing to push the two gases to separate and we expect to observe equal species macro-
scopic properties through the shock, e.g. ny = no, uy = up, Ty = T, etc.

In Fig. (a) and (b) the Shakhov- and ES-based solvers respectively are tested to confirm that
the species variables will collapse into one. The species number densities, species velocities
and species temperature are plotted with a solid line for species 1 and dashed line for species 2.
The results between species 1 and 2 match exactly for each solver, confirming that for identical
species masses, the species do not separate from each other.

The second proof is to compare the total macroscopic properties of the gas p, ug, T and vali-
date the results against single species results. This test case is well-studied and there are suitable

experimental, e.g [[121], and numerical results, e.g [8,78}122]]. As described earlier, the power
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Figure 3.2: Profile of a normal shock wave with a free-stream Mach number 3.0, a mass ratio
between species f = 1 and equal concentration between the species of 50%.Comparison of
species macroscopic variables. Results for the Shakhov-based model shown in (a), with results
for ES-based model in (b).

law for the viscosity is used in the Shakhov- and ES-based solvers with a molecular potential
®. The results from Ohwada are for a hard-sphere and therefore, @ = 0.5, while the Suther-
land law is found most suitable to compare against Alsmeyer’s results. In Fig. [3.3|the results of
the Shakhov-based and ES-based models in blue and green are validated with the results from
Ohwada [8]] (red elements) for flow with free-stream Mach number M., = 3. This also allows
for a comparison between the two kinetic models. The mixture density p and velocity ug follow
closely the results from Ohwada. The Shakhov- and ES-based results have a longer upstream
tail, as can be expected in results of BGK-type models. This effect can also be observed in the
early decrease of the mixture velocity ug of the models in comparison to the mixture velocity
from Ohwada. It is further pronounced in the higher moments of the distribution function: the
mixture temperature 7', where the variation is more significant. The Shakhov-based model pre-
serves the profile of the shock better than the ES-based model for a single species gas, which has
been observed previously [47]]. The main goal of the investigation in this section was to demon-
strate numerically that the mixture Shakhov- and ES-based kinetic models have the capability
to reduce to single-species models. Indeed, the results show that for identical molecular mass of

the species the single-species Shakhov and ES models are recovered.

3.2.2 Normal Shock of a Gas Mixture

The numerical evaluation of the mixture models continues with an investigation of the structure
of a normal shock wave for a binary gas mixture comprised of two distinguishable gases. The

profile of the shock wave is studied for gases with different mass and with mean species veloc-
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Figure 3.3: Profile of a normal shock wave with a free-stream Mach number 3.0, a mass ratio
between species B = 1 and equal concentration between the species of 50%. Comparison of
total mixture variables with the single-species full Boltzmann equation [8]].

ities and temperatures that are allowed to deviate. The goal is to inspect the effect of different
free stream conditions (Mach number, ratio of masses and concentration ratio) on the profile of
the shock. A viscosity law with @ = 0.5 is used for a hard-sphere mixture model, except for one
case where the variable hard sphere with @ = 0.72 is used to inspect the effect of the molecular

potential on the shock. Test case conditions are summarised in Table[3.1]

Mo my/my nm/n  ©
1.5 2 09 05
1.5 4 09 05
1.5 4 09 0.72
1.5 2 05 05
3 2 09 05
3 2 0.5 0.5

Table 3.1: Test case conditions for a normal shock wave (DVM)

Figures[3.4]and [3.5|show the results obtained by the Shakhov-based model in blue and ES-based
model in green, while the Groppi et al.’s model is presented with black lines. For the three ki-
netic models the light gas macroscopic variables are presented with solid lines (species 1) and
the heavy gas variables are with dashed lines (species 2). We validate against the results from
the full Boltzmann equation [9]], which are presented by the red elements- squares for species 1
and triangles for species 2.

Figures [3.4] and [3.5] show the normalised number density and temperature for each species
through the shock profile under the specified conditions. Figures [3.4] (a) and (c) focus on com-
paring the Shakhov and ES-based models with Kosuge’s full Boltzmann model for two different
free-stream Mach numbers: M., = 1.5 and M., = 3 . Combining the higher velocities with a gas
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having predominantly the light component leads to an overshoot of the heavy species’ tempera-
ture, which is a known numerical result [23[]. The results from the new BGK-type models follow
closely the full Boltzmann results and match well with each other. For normal shocks at higher
Mach numbers, longer upstream tails for the species temperatures are observed. This is a known
disadvantage of all BGK-type models and the introduced corrections in the two kinetic models
cannot target this drawback. This result is also observed for the uncorrected model in figure [3.4]
(b) and (d). Comparing the results of the two new models, we can see that the upstream tail is
more pronounced in the ES model than in the Shakhov-based model, consistent with observa-
tions for single-species simulations based on ES and Shakhov models [47]. The Shakhov model
with Prandtl number Pr = 1 eliminates the introduced correction (Fig. (b)) and the same
happens when the ES-based model is simulated with vgs = 0 (Fig. [3.4] (d)). These conditions
allow to demonstrate the results that can be obtained by the original Groppi et al. model [64].
The original model follows the results of the full Boltzmann equation, but clearly reveals the
changes the new models introduce. The difference is emphasised for more extreme conditions.
For a higher Mach number (Fig. [3.4] (c) and (d)) Groppi et al.’s model moves further away from
the target solution, while the Shakhov- and ES-based models preserve the structure of the shock
wave more closely.

Further validation and parametric study show the change of the flow with the increase of the
mass ratio from 2 to 4 on figure [3.5] (a). An example setup of a mixture of noble gases with
these mass ratios are the mixtures of neon and argon and neon and krypton correspondingly.
The shock thickness increases and the shock front is more gradual with an increasing mass ratio
between species. The solutions demonstrate that increasing the mass ratio leads to changes in
the flow further upstream in the flow, since the lighter gas’s faster reaction to the shock is en-
hanced in comparison to the heavy gas. This phenomenon has previously been confirmed for
monoatomic and diatomic gas mixtures with the generalised Boltzmann equation [123].

All simulations until now were performed for a hard sphere model in order to compare with
the Boltzmann solution. The effect of molecular model is inspected by comparing at the same
free-stream conditions and changing the viscosity power law - see figures [3.5] (a)-hard-sphere
model (@ = 0.5) with (b)-variable hard-sphere model (@ = 0.72). The changes in the shock
profile from introducing the different molecular potential are small in comparison to the change
caused by the Prandtl number correction, which is the desired result.

Two more cases with 50% concentration for each component and mass ratio of 2, but under
different Mach numbers (M. = 1.5,3) allow to solely examine the effect of the ratio of light
to heavy species in the flow (Fig. [3.5] (c) and (d)). The figures show that the shock thickness
reduces with the increase of heavy species in the flow and the structure becomes steeper overall,
which corresponds to the properties of the heavy species observed until now.

Note that for any pure monoatomic gas the Prandtl number is 2/3, while it is known that for a

binary mixture of monoatomic gases it is reduced, according to the mass ratio and species con-
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Figure 3.4: Validation and comparison of the Shakhov and ES-based models with Kosuge’s
full Boltzmann model [9] and without the added corrections for flow conditions: (a) M =
1.5 my/my =2, n1/n=09O®)M=1.5, my/m =2, n/n=0.9; Pr=1.(c) M =3; my/m; =
2;n/n=09 )M =3; my/m; =2; n/n=0.9; vgg =0.

centration [114}/115]. For 90% concentration of the lighter species, the mixture Prandtl number
remains close to the target Prandtl number (Pr = 2/3), i.e. the resultant mixture Prandtl number
is Pryix = 0.638, however for ny /n = 50% and my /m; = 2 it reduces to Pry,;;; = 0.593. Increas-
ing the mass ratio to my/m; = 10, e.g. for a helium-argon mixture can decrease the mixture
Prandtl number to ~ 0.22 , making the Shakhov and ES-based corrections further pronounced.

Characteristic features of the problem are observed, including the lighter species (species 1)
reacting faster to the shock, while the temperature rise of the heavy species 75 is steeper and

crosses 1. Species mean velocities and number densities also react at different rate but unlike
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Figure 3.5: Validation of the Shakhov and ES-based models with Kosuge’s full Boltzmann
model [9] for flow conditions: (a) M = 1.5; my/my =4; nj/n=10.9 (b) M = 1.5; my/m; =
4;n/n=09;, ©=0.72. (c) M =1.5; my/m; =2; ny/n=0.5d) M =3; my/m; =2; n/n=
0.5.

the temperatures do not intersect at any point. Based on the validation and parametric study
shown, a good agreement with the results by Kosuge et al. [9]] is evident. Note that the findings
in this section are verified with the more detailed results of the full Boltzmann model and are
consistent with the trends of other BGK-based models [58}/59]]. From the results for the normal
shock waves, the Shakhov-based model shows a slightly better behavior upstream of the shock
wave in comparison to the ES-based model. Given the fact that the numerical complexity for
this model is also lower, this model is the preferred choice for normal shock wave simulations.

The relative merit for both models will be further assessed for a cylinder later in this chapter and
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for a wider range of test cases in future studies.

3.2.3 Heat Flux

The two models introduce changes that provide a correct third transport coefficient: the thermal
conductivity in the continuum limit, leading to a correct Prandtl number for the gas mixture.
This affects all variables, defining the flow, but mostly the heat flux. In the present work the
difference of the heat flux prediction is demonstrated for the Groppi et al.’s [64]], Shakhov-based
and ES-based models through the normal shock. Moreover, the results are evaluated against the
results from the full Boltzmann equation [9]]. Figure inspects the total heat flux variation
through a normal shock wave of the same test cases: for free-stream Mach numbers 1.5 and 3,
mass ratio of 2 and 90 percent light species concentration. On the plot we see the variation of
the non-dimensionalised heat flux through the normal shock, defined as:

g=— ﬂ (3.9)

)
2kT,
Pr\/ Ty

By

where here g(x) is the dimensional heat flux through the shock and the § the heat flux non-
dimensionalised as in the results provided by the full Boltzmann equation [9]] and the tilde is
omitted as we proceed. The reference pre-shock pressure and temperature are p, and 7, with

my- the heavy species mass. This non-dimensionalisation is done to match with the results of
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Figure 3.6: Non-dimensional total heat flux for the gas mixture g for the Shakhov-based, ES-
based and Groppi et al. models through a normal shock wave with free stream Mach numbers
1.5 (shown in (a)) and 3 (shown in (b)), mass ratio B = 2 and light-species concentration 90%.
Results are evaluated against gas heat flux result from the full Boltzmann equation, provided to
us by the authors of the paper showing normal shock wave results with the Boltzmann equation

[9].
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the full Boltzmann equation, provided by the authors of the paper showing normal shock wave
results with the Boltzmann equation [9]], shown with red elements in Fig. [3.6] Note that heat
flux is a combined effect between the thermal conduction and the Dufour effect. Our models fix
only the thermal conductivity coefficient and the Dufour effect is not correctly fitted, which will
offset the results for the total heat flux. However, for the described cases, this offset is small
since the thermal effect is much stronger than the diffusion effect in the flow and is dominating
the heat flux.

The heat flux, which is a macroscopic variable corresponding to a higher order moment, vary
over a more spread-out region, covering approximately 60% larger number of mean free paths.
We observe a difference between the two new models of 4.1%, while the Shakhov-based and
Groppi et al.’s models differ by a total of 20.5%. This emphasises the importance of fitting cor-
rectly the transport coefficients and in particular the thermal conductivity.

Comparing with results from the full Boltzmann equation, the results for the heat flux from the
Shakhov- and ES-based models demonstrate the capability of the two models to capture the heat
flux correctly through the shock and it’s maximum. Recovering the heat flux is a key advantage
of the two new kinetic models.

When comparing the accuracy of the models, the same longer tail, inherent to BGK-style mod-
els, is evident through the shock as in the species temperature profile. This is an expected feature
due to the relationship between the translational temperature and the heat flux. Note that the ES-
based model has an even longer upstream tail, which is further pronounced with the higher Mach
number. In Fig. [3.6| we observe that the Shakhov-based model shows good agreement with the
benchmark results, preserving the maximum and downstream tail of the heat flux.

Previously, we observed that the Shakhov-based model is matching the results for the single-
species high speed flow through a normal shock more closely than the ES-based model. Fur-
thermore, for both gas mixture cases, the Shakhov-based model performs better than the ES-
based model. Therefore, the parametric study on the species mass variation and Mach number

variation in the next sections will be performed with the Shakhov-based model.

3.2.4 Species Mass Ratio Variation

In this section a parametric study is conducted for a varying mass ratio between species. The
Shakhov-based model is used to investigate the effect. The number of discrete velocities is 100
for the smaller mass ratios, but increases to 200 for mass ratios § = 10,20 and 32.8 for better
resolution of the velocity space. The solver is initialised at the same Mach number M., = 1.5,
concentration of light species gas 90% and varied mass ratio. The velocity is defined from
a fixed Mach number, but the speed of sound a is defined with the mass of the gas mixture.
Therefore, uy, = Mwa = M., yﬁT, where my; = p/n. After non-dimensionalisation the
direct relationship between the velocity and the mass ratio 3 is clear. The velocity is initialised

from the set Mach number and the initial macroscopic variables and the non-dimensional initial
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[Y ni+n2
=My =————T; =1,2, 3.10
s 2n1—|—[3n2 s ( )

where y = 5/3 for a monoatomic gas. Therefore, for a fixed Mach number and increasing mass

velocity is in the form:

ratio 3, the initial velocity reduces. Note if the velocity is fixed instead, the Mach number will
change for each mass ratio.

Increasing the mass ratio between the two species would lead to a bigger difference between
their velocities and temperatures due to different behavior of atoms with a mass difference.
However, the initial velocity reduces due to the mass ratio increase and creates a counter-effect.
In Fig. the velocity variation ug;rr through the shock is presented, where ug;rr = up — uj.
For the initial increase of mass ratio, the variation between the species increases as expected
for species with bigger difference between their masses. However, the difference between the
species velocity increases until it reaches its limit between mass ratios § = 4 and 8 = 10. The
lower initial velocity begins to counter this effect and for bigger and bigger mass ratios of 20 or
32.8 the velocity reduction is the dominating effect. Note that a simple substitution in Eq. [3.10]
shows that the initial velocity at the specified conditions for f = 32.8 is close to half of the initial

velocity for B =2, due to the speed of sound change. Notice also that even though the peak of the
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Figure 3.7: Non-dimensional species velocity difference u, — u; through a normal shock wave
with free stream Mach number 1.5, light species gas 90% and varied mass ratio from 2 to 32.8
between species.

difference between the species velocity decreases for a higher mass ratio, the number of mean
free paths (using reference conditions) required for the velocities to become in equilibrium with
each other increases. The difference between velocities is 0 at the far upstream and downstream,
while when the flow approaches the shock this #, — 1 increases and it decrease back to 0 post
shock. In Fig. [3.7] the shock wave with the mass ratio of 2 has difference in species velocities

for approximately 24 mean free paths, while for a mass ratio of 32.8 the distance increases to 75
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mean free paths for the velocities to equalise again to the gas mixture velocity behind the shock.
This demonstrates that the flow non-equilibrium caused by the higher mass ratio between species

is governing an extended region.

3.2.5 Mach Number Variation

The variation between species velocity and species temperature is tested in this section for dif-
ferent Mach numbers. Using the Shakhov-based model a parametric study is conducted based
on a flow with light-species concentration 90% , mass ratio between species § = 2. In Fig.
the species velocity and temperature differences are plotted for Mach numbers M., = 1.5,3 and

6. The light species reacts first to the shock (i.e. furthest upstream of the centre of the shock)
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Figure 3.8: Non-dimensional species velocity difference u, —u (in (a)) and species temperature
difference 7, — T (in (b)) through a normal shock wave for a varied free stream Mach number
of 1.5, 3 and 6, mass ratio between species f = 2 and light-species concentration 90%.

and u; decreases first, creating the difference between the two velocities. The species velocity
difference increases with the increase of Mach number and for M., = 6 it is represented by a
sharp spike. Moreover, the highest Mach number creates a difference between the velocities in
the flow for a bigger range of mean free paths, due to the light gas reacting to the shock wave
very early to the shock. Meanwhile, the shock with M., = 1.5 is spread out and gradual rather
than steep. When the difference between velocities is normalised by the gas mixture velocity ug
for each Mach number, the peak value of M., = 6 is approximately 4.8 times the peak value of
M., = 1.5 test case, while M., = 3 is approximately 3.7 times the peak value of M., = 1.5 test
case.

The temperature difference Ty;rr = T, — Tj is presented in Fig. @ (b). The relative variation in
the temperature is bigger than the velocity. The lighter gas reacts quicker to the shock and the
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light species temperature 7] increases first creating a negative 7, — 7T difference. The increase
of the heavy gas is steep and the difference between 7> — 77 changes sign through the shock and
becomes positive. The difference between temperatures is evident for the M., = 1.5 test case,
but quite small in comparison to the difference created by M., = 6 test case. We confirm that
increasing the Mach number has a significant effect on the species properties. Therefore, for
higher velocities, the importance of modelling of the flow as a gas mixture is further empha-
sised.

In the next section, a more complex two-dimensional flow at Mach M., = 3.0 is investigated.

3.3 Cylinder

3.3.1 Flow Past a Cylinder

A more complex test case - a two-dimensional flow over a circular cylinder with 48 x 48 and
64 x 64 (for the higher mass ratio) uniformly spaced discrete velocity meshes, is investigated.
The Shakhov-based model is used to simulate the flow around the cylinder in this first section,
while in the next section the two kinetic models are validated and compared. In Fig.[3.9)and[3.10]
a flow with free-stream Mach number 3, Knudsen number 0.1, based on the radius of the cylinder
and the reference length at free-stream conditions with light species concentration 90 percent of
the gas is presented. The formed bow shock is well-resolved on the used mesh (27864 cells),
i.e. with on average 25 cells covering the width of the shock. Fully-accommodating diffuse wall
boundary conditions are used for the solid wall. We know from previous simulations that the
largest differences between species occur in regions with strong non-equilibrium effects. We
also know that the lighter species (species 1) reacts faster to those changes and then the heavier
gas (species 2) has to catch up until they find a balance. In Fig. [3.9]the variation between species
mean velocity is shown, while Fig. [3.10] focuses on the variation between species temperature.
In the vicinity of the shock, the velocity of the lighter gas u; starts decreasing first and the
difference between the two species up — u; increases, until species 2 catches up post shock.
Unlike the velocities, the heavy species temperature has a steeper slope, increases faster and
crosses the lighter species temperature in the shock wave. This we can clearly observe in the
plots. Temperature 7} increases first, creating a negative 7,-7T; difference in blue and then 75
catches up and surpasses 7] leading to a positive temperature difference 7>- 7 in red.

Each figure contains three plots with varied conditions. In Fig.[3.9](a) and (b) and Fig. [3.10](a)
and (b) the mass ratio between species is 2 and the assigned wall temperature is changed from
Tya1 = 1.5T in (a) to T,,,;; = 2.5T. in (b) to inspect the sensitivity of the flow field with respect
to the imposed wall temperature. The non-equilibrium effect in the flow through the bow shock,
expressed by the difference in species velocities and temperatures, is not affected by the changes

of the wall temperature. For the considered wall temperatures, the shock stand-off distance is
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not significantly changed.

(a) m2/m1 =2, Tyan = 1.5Tx (b) m2/m1 =2, Tyan =2.5T% (¢) mZ/ml =4, Ty = 1.5

Figure 3.9: Non-dimensional species velocity drift u, —#; in a binary mixture flow over a cylin-
der (velocity is non-dimensionalised with the most probable speed of the lighter gas) with initial
Mach number 3, mass ratio between species f = 2 and 4, light-species concentration 90%,
Knudsen number Kn = 0.1 and wall temperature 7,,,; = 1.5 and 2.5. Results were obtained
with the Shakhov-based model. (a) my/my = 2, Ty = 1.5T%, (b) my/my =2, T,yuy = 2.5,
(C) mz/ml =4, Twall = 1.5T..

Changing the mass ratio between species to 4, however, affects the species mean velocities and
temperatures significantly, as we can see in Fig.[3.9](c) and [3.10|(c). For the higher mass ratio,
the non-equilibrium effects and species differences are stronger. The same is observed for the
species temperature drift. This is consistent with the behaviour observed previously for the

normal shock simulations.

3.3.2 Validation with DSMC Simulations

Until now we were focused on emphasising the difference between species mean properties as
a way of establishing the non-equilibrium of the flow. The discussed results were obtained with
the Shakhov-based kinetic model. We now consider the stagnation streamline (the streamline
on which the stagnation point lies) for the same two flows past the circular cylinder with free-
stream Mach number 3, Knudsen number 0.1 and a mass ratio of 2 and 4. The goal of this study
is to compare the Shakhov- and the ES-based models with DSMC results. The DSMC solver
used in this work is dsmcFoam+ [[124] and results were provided by Dr. Craig White. To remain
consistent with the kinetic models the Mach number (M., = 3) is based on the gas constant of
the mixture and the Knudsen number is defined as for the kinetic models, as described in detail
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[

(@) my/my =2, Tyuy = 1.5Tc  (b) my/my =2, Tyuyy = 2.5Tc () my/my =4, Ty = 1.5T.

T, T, T, T, T,
0.1 0.1 0.1
0.05 0.05 0.05
0 0 0
0.05 -0.05 0.05
0.1 0.1 0.1
0.15 0.15 0.15
0.2 0.2 0.2
0.25 -0.25 0.25
0.3 0.3 0.3

Figure 3.10: Non-dimensional species temperature drift 75 — 77 in a binary mixture flow over
a cylinder with initial Mach number 3, mass ratio between species B = 2 and 4, light-species
concentration 90%, Knudsen number Kn = 0.1 and wall temperature 7,,;; = 1.5 and 2.5. Results
were obtained with the Shakhov-based model. (a) my/my =2, T,yq = 1.5T, (b) my/m; = 2,
Twall =2.5T.,, (C) I’I12/m1 =4, Twall = 1.5T...

in Section 3.1.2. In both cases, the light species is neon, with argon and krypton being used for
the mass ratios of 2 and 4, respectively. Note that the molecular mass of krypton was slightly
modified to get an exact ratio of 4. The variable hard sphere collision model is used (@ = 0.72),
with fully diffusive reflections considered for the cylinder surface interactions. As before, the
cylinder wall temperature is held constant at 1.57... The DSMC simulation is set up as described.
The numerical meshes consist of 40000 cells that are smaller near the stagnation point in order
to ensure that all cells are smaller than the local mean free path. The total freestream number
density is 3.11x10'%m =3, which consists of 90% neon and 10% argon for the first test case at
B = 2. A viscosity coefficient of 0.72 and a reference temperature of 273K is used for both
species to maintain consistency with the kinetic models developed in this work. The variable
hard sphere mean free path of the mixture is 8.54x10~2m. A freestream temperature of 300 K is
used and a velocity of 1299.8m/s to give a Mach number of 3. A time step of 5x107%s is used
and 274000 samples were taken after steady state was reached to reduce the numerical scatter in
the results. There are 70 DSMC particles per cell in the free-stream and approximately 3.04x10°
particles in the simulation at steady state. All gas-surface interactions are considered to be fully
diffusive with a wall temperature of 450 K. The described test setup is identical for the two mass
ratios. The DSMC results are shown in black lines, while the Shakhov-based and ES-based
solutions are in blue and green respectively. We plot the non-dimensional number densities and

temperatures through the shock and until the solid is reached at x/R = —1, where R is the radius
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of the cylinder (x = O at the cylinder centre).

In Fig. [3.11] the non-dimensionalized total number density n and the heavy gas number density
ny are shown. Physically, the gas undergoes a compression effect through the shock and then
towards the stagnation point of the cylinder, demonstrated by the increase in number density.

Figure [3.11] shows good agreement in the stagnation streamline density profiles predicted by
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Figure 3.11: Comparison of the total number density (in (a)) and heavy species number density
(in (b)) for the Shakhov and ES kinetic models with DSMC results for Mach number 3, mass
ratio B = 2, light species concentration 90%, Knudsen number Kn = 0.1 and 7,,,;; = 1.5T.

dsmcFoam+ and the kinetic models, with the ES-based model slightly closer to the DSMC than
the Shakhov-based model for the total number density, while the heavy gas number density’s
profile is also matching closely with the ES-based model. Notice that the number density for
both kinetic models reaches a maximum value of approximately 8 times the free-stream number
density in the center of the cell neighbouring the wall of the cylinder, while DSMC predicts ap-
proximately 7.55 times the free-stream value. A possible explanation for this effect is the better
flow resolution in the near-wall region in the kinetic simulations, originating from the finer mesh
used in this region as compared to the DSMC mesh.

The mixture temperature is shown on Fig.[3.12](a). The temperature jump is caused by the shock
and later on relaxes, going into the boundary layer of the cylinder towards the prescribed wall
temperature T,,,; = 1.5T%. The figure shows a reasonable agreement in the stagnation stream-
line temperature profile for the gas mixture. The longer tail upstream of the shock appears for
both models in comparison to DSMC, with a more pronounced effect in the solution by the ES-
based model. In this first region of the bow shock the Shakhov-based model solution matches
closer to the solution by DSMC. However, the peak of temperature provided by the ES-based
model predicts the DSMC results better than the Shakhov-based model. Near to the solid wall

the gas mixture temperature of the kinetic models closely approaches the fixed wall temperature
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Figure 3.12: Comparison of the mixture temperature (in (a)) and the species temperature drift
(in (b)) for the Shakhov and ES kinetic models with DSMC results for Mach number 3, mass
ratio B = 2, light species concentration 90%, Knudsen number Kn = 0.1 and 7,,,;; = 1.5T.

T,va1 = 1.5 in the first cell above the wall in the stagnation point for the two kinetic models
(T =1.75T.,) and so does the DSMC solution (T = 1.77T.,).

It is very interesting to observe the variation between species temperature 7> — 77 (Fig. [3.12]
(b)). As in the normal shock study, the increase in 77 is faster and therefore negative difference
between the temperatures 7, — 77 is seen in the first part of the shock. Then a steeper growth of
the heavy species temperature, creates a positive 7, — Ty difference, until we reach equilibrium,
where the species temperatures are equalised. The kinetic models follow qualitatively the results
by DSMC, but the increase of the temperature of the light species is larger. The DSMC results
display some statistical scatter, since the heavy gas species is only 10% of the gas mixture and
therefore a trace species in the DSMC simulation. This means the number of particles for the
heavy species is only 10% of the total number of particles at the imposed boundary condition in
the free-stream. This makes reducing the statistical scatter challenging with the use of constant
particle weighting factors. Here we observe one of the benefits and motivations of kinetic mod-
elling with DVM - the lack of statistical scatter for these type of flows with small concentrations
of one of the species, of course at a large memory overhead.

Considering the higher mass ratio § = 4, a gas mixture of neon and krypton is simulated by
DSMC. The setup closely resembles the neon-argon mixture. Again, the total free-stream num-
ber density is 3.11x10'%m 3, which consists of 90% neon and 10% krypton. The variable hard
sphere mean free path of the mixture is 8.31x10™2m. The freestream velocity to achieve Mach
number 3 is 1194.51m/s with this gas mixture. Note that for the same Mach number and differ-
ent mass ratios, the freestream velocity has decreased. This is consistent with the findings from

the normal shock wave results in the previous section. All other simulation parameters are the
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same as for the neon-argon mixture described above. Figure [3.13]shows very good agreement

in the stagnation streamline density profiles predicted by dsmcFoam+ and the kinetic models.
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Figure 3.13: Comparison of the total number density (in (a)) and heavy species number density
(in (b)) for the Shakhov and ES kinetic models with DSMC results for Mach number 3, mass
ratio B = 4, light species concentration 90%, Knudsen number Kn = 0.1 and 7,,,;; = 1.5T.

Figure (a) shows good agreement in the stagnation streamline temperature profile for the
gas mixture. The shock stand-off distances of the two kinetic models are similar to each other
and to the DSMC results. The peak temperature is also lower in the DSMC results than for the
kinetic models, while the Shakhov-based model is closer to the DSMC prediction.

The difference between species temperatures in Fig. [3.14] (b) is well captured by the kinetic
models and DSMC in its decrease, while the increase predicted by dsmcFoam+ has a signifi-
cantly greater peak temperature difference than the kinetic models. The DSMC results do not
exhibit as much scatter as the lower mass ratio, because the non-dimensional temperature differ-
ences between the species are greater at the higher mass ratio. For the higher mass ratio, the two
kinetic models are fairly close to each other, while the Shakhov-based model matches DSMC
slightly better than the ES-based model in first part of the bow shock region.

Even though the differences between DSMC and the kinetic models are discussed in detail, they
are very small and we consider the validation of the kinetic models with DSMC successful.
Overall, the comparison between Shakhov-based, ES-based and DSMC shows good agreement
and further inspection of different parameters like Mach number and concentration are consid-

ered part of future work.

3.3.3 Surface Heat Flux and Pressure

The heat flux and pressure along the surface of the cylinder are of particular interest for indus-

trial applications. Two cases are investigated for the same conditions as in the previous section
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Figure 3.14: Comparison of the mixture temperature (in (a)) and the species temperature drift
(in (b)) for the Shakhov and ES kinetic models with DSMC results for Mach number 3, mass
ratio B = 4, light species concentration 90%, Knudsen number Kn = 0.1 and 7,,,;; = 1.5T..

and the results from the Shakhov-based mixture model and the DSMC method are compared.
The kinetic model is presented by red elements and DSMC with black elements for both heat
flux (Fig. [3.15) and pressure (Fig. [3.16)) results. Note that the heat flux non-dimensionalisation
is consistent with Kosuge’s [9] approach and is described in Section 3.2.3, while pressure is
scaled with the free-stream pressure. In the figures the heat flux and pressure are plotted on the
ordinate, while the abscissa shows the cylinder angle as measured from the center (X = 0.0),
where the stagnation streamline is in line with O degrees and 90 degrees is the point where the
cylinder surface is parallel to the free-stream.

The results from the DVM show good agreement with results from DSMC. The value of the
non-dimensional heat flux at the stagnation point is greater for the larger mass ratio. The peak
of the heat flux is at the stagnation point where the difference between DVM and DSMC results
is 0.73% for B =2 and 1.85% for B = 4. The difference between the results from the kinetic
model and DSMC decreases along the cylinder surface. At the top of the cylinder (90deg) the
non-dimensional heat flux has values under 1 (for = 2, ¢ = 0.86) and just above 1 (for f =4,
g = 1.12), as observed in Fig. [3.15](a) and (b). Some discrepancies are observed in the last few
cells, most likely due to the imposed boundary conditions. For DVM the extrapolation boundary
condition is applied on the outflow boundary face. Meanwhile, the vacuum boundary condition
imposed for DSMC is only strictly accurate for Mach number >> 1. Close to the cylinder sur-
face, the flow is subsonic and therefore both boundary conditions are not strictly valid, although
both are widely used for this kind of cylinder test cases. This is further pronounced in the results
for the pressure on the cylinder surface and discussed in more detail below.

The gas mixture pressure along the cylinder surface for the two mass ratios is shown in
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Figure 3.15: Comparison of the surface heat flux along the cylinder for the Shakhov-based
kinetic model with DSMC results for Mach number 3, mass ratio 8 = 2 (in (a)) and =4 (in
(b)), light species concentration 90%, Knudsen number Kn = 0.1 and 7,,,;; = 1.57.

Fig.[3.16|(a) and (b). There is a good comparison between the kinetic model and DSMC from the
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Figure 3.16: Comparison of the surface pressure along the cylinder for the Shakhov-based ki-
netic model with DSMC results for Mach number 3, mass ratio § = 2 (in (a)) and 8 = 4 (in (b)),
light species concentration 90%, Knudsen number Kn = 0.1 and T,,,,;; = 1.5T.

stagnation line to approximately 70deg. Beyond that, for both mass ratios the surface pressure
predicted by the kinetic model is higher than the DSMC prediction. Most likely this is due to
the outflow boundary conditions imposed by the two solvers for a flow that is not supersonic in

this region.
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34

Summary of Findings

The two newly introduced kinetic models for binary gas mixtures were tested and evaluated

through simulations examining the structure of a normal shock wave and the high speed flow

over a cylinder. Results show:

Indifferentiability principle was demonstrated numerically, showing the two species col-

lapse into one under the same conditions.

The single species profile of a normal shock wave was inspected and results for the macro-

scopic variables were validated with known results in the literature.

A detailed evaluation of the profile of a normal shock for a gas mixture with different

masses was conducted for varied free-stream conditions.

Previously, detailed numerical tests were not conducted in such detail in the literature for
single-relaxation mixture kinetic models with two or more correct transport coefficients.
In this Chapter, results acquired by the Shakhov-based, ES-based and the Groppi et al.

(with Pr = 1) mixture models were presented for varied free-stream conditions.

A detailed evaluation of the three mixture model showed the correction of the third trans-
port coefficient and the Prandtl number advantage and good agreement between the two

mixture models and the Boltzmann results was observed.

The results for the total heat flux through the shock for the two corrected models and the
uncorrected model compared with the Boltzmann results further emphasized the impor-
tance of a correct Prandtl number. While a significant difference occurred in the Groppi et
al. model, both the Shakhov-based and the ES-based model were close to the full Boltz-

mann results.

A parametric study based on the Shakhov-based mixture model for a wide range of mass
ratios and Mach numbers was conducted, which further demonstrated the importance of

modelling a flow as a gas mixture.

A parametric study varying the Mach number and the wall temperature was conducted
for a flow past a cylinder. The non-equilibrium region of the shock was clearly shown to

depend on the mass ratio between the species.

The same mass ratio variation for both the Shakhov-based and ES-based models was com-
pared with results acquired by DSMC, where a good agreement was observed in the num-

ber densities and temperatures on the stagnation streamline.

The surface heat flux and pressure on the cylinder are important aerodynamic quantities

and were also shown using the Shakhov-based mixture models and compared with DSMC.
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e The Shakhov-based mixture model generally demonstrated higher accuracy than the ES-
based model for both the single-species and multi-species flows considered here. It will

therefore be used in the future gas kinetic study as the underlying kinetic model.

The comparisons with the benchmark results for the full Boltzmann equation and DSMC respec-
tively, showed promising results from both new mixture kinetic models for a range of free-stream
conditions. Even though future tests will be beneficial, at this stage the models are considered

validated for mixtures of noble gases.



Chapter 4

Comparison of DVM and GKS for Gas
Mixtures [

The formulation of computationally efficient methods describing gas mixtures at kinetic level
suitable for demanding aerospace applications presents significant challenges. In the previous
chapters new kinetic models were derived, theoretically validated and also numerically tested
and validated using the discrete velocity method. A range of demanding high-speed flows were
shown to be well-described at the kinetic level, however the computational expense of the used
numerical method makes it unfeasible for large-scale aerospace applications. A more efficient
method to model similar level of detail is required.

In this chapter, a gas-kinetic scheme for binary gas mixtures is derived in which the kinetic
model is capable of recovering, in the continuum limit, the correct heat transfer, mixture viscos-
ity as well as species diffusion. This gas-kinetic scheme is based on the Shakhov-based mixture
model, introduced and detailed in previous chapters. The model accounts for separate species-
mean velocity such that the species diffusion and velocity drift are accurately represented and
this property is transferred to the gas-kinetic scheme.

The chapter begins with the GKS method development and its formulation. For the binary mix-
ture kinetic model, a number of sample solutions, obtained using the discrete velocity method
(DVM) and the new GKS methods are presented. The derivation of the GKS involves using a
CE expansion, which limits the scheme to flows close to equilibrium. A detailed comparison is
shown where the DVM results represent a benchmark for the GKS and assist in establishing the
extent to which GKS provides accurate results. Supersonic flows with varying species mass ra-
tios, concentrations and Knudsen number are investigated. The complex flow physics occurring
in a normal shock in a binary mixture is considered to highlight the species diffusion and veloc-
ity drift effects and their dependencies on the species atomic mass ratios and concentration. A
two-dimensional flow over a flat plate is also studied for different flow conditions, where strong

non-equilibrium effects of interest occur particularly around the leading edge of the plate. The

*Published in Journal of Thermophysics and Heat Transfer.
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key advantage of the GKS is the computational efficiency of the scheme, which is discussed in
detail for the presented baseline test cases. The limitations of the GKS for different flows and

different levels of thermodynamic non-equilibrium are examined.

4.1 Development of a Gas-kinetic Scheme

4.1.1 Governing Equations

In this section, the gas-kinetic scheme for a well-resolved flow (defined in Chapter 1) is pre-
sented, based on the newly developed Shakhov-based mixture model [[88]], presented in Chapter
2, and the original gas-kinetic BGK scheme [6,44.,/45]. It is important to note that unlike a single
species gas, momentum and energy are conserved only for the gas mixture. This means that the
species momentum equations will return a source term Ss. The source term is created due to the
difference between species velocities, which is of order O(€) (where € is a small number of the
order of the Knudsen number). The presented GKS is derived for viscous flow based on the first
order CE expansion so that O(€) terms are included. Separate species momentum equations are
used which include sources as defined previously. The species conservation follows from the

CE analysis as:

8ns+i _gli ian“_@@_i_@ i_ﬁ 8_T =0 4.1)
or ox | n|mgodx pox T\mg p)ox||] ’

where the second term within curly brackets represents the velocity drift between species mean
velocity u; and the mixture mean velocity ug, caused by diffusion in case of different molecular

masses of the species. The species momentum equation is:
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with viscosity coefficient u = (¢/v)nkT. As expected, the right-hand side of Eq. (4.2)) results
in a source term Sy for each species. The summation of the source terms over all species goes to
zero, which confirms that momentum is conserved for the mixture. The energy equation for the

gas mixture is in the form:
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4.1.2 Cell Face Distribution Function

The mathematical development of the GKS concerns with the evolution of the species distribu-
tion function at a cell face. Here, we initially follow the derivation as introduced by Xu in [6,43]]
as adapted to include the Shakhov-based mixture model. We also introduce the assumption for a
well-resolved scheme, similar to Xu. In the last step, following the work introduced by Colonia
et al. [80] for the Rykov GKS, we use cell-centered data of the two cells around the cell face to
calculate the flux, which will be detailed in this section.

In the following, a quasi-1D flow is considered. Starting from the BGK-type equation for a gas
mixture with species s and mixture collision rate v, the GKS for the mixture is detailed. The nu-
merical fluxes for a cell face (j+ 1/2) between cell j (left) and cell j+ 1 (right) can be obtained
from the time dependent distribution function (Eq. (4.4)) around the interface x; 1 /.

[s(Xjs1/2,,1) _v/ ('t u)exp(—v(t—1"))dt' +exp(—ve) f(x;j1 0 —ut,0,u), (4.4)

with X' = x 12— u(t —1t') - the particle trajectory during the time-step considered and u is
the particle velocity in the x-direction. A characteristic of the GKS method is that the inviscid
and viscous fluxes are obtained simultaneously, since the distribution function comprises of
equilibrium and non-equilibrium contributions. The initial distribution function fso around the

interface is based on a CE expansion as:

0 Sk 1 (oM oM
[y (x,0,u) = Gy (X,O)—;< FraR vl (4.5)

where G5"(x,0) is the modified Maxwellian in the mixture kinetic model evaluated for the condi-
tions in position x at time ¢ = 0, while fM are the unmodified Maxwellian distribution function.

Assuming a linear variation of the distribution function within the cells, the expression is ex-

panded as:
aGSh
£x0u) = GMxjp10,0)+ 8; (x—xj11/2)
)Cj+1/2
L(of"  of L(o*f" I*fY
_V( o U ox “v Grox T 002 = %5172),
J+1/2 Xj+1/2
1
Ox,0,u) ~ th(xj+,/2,o)+fSM[a(x—xj+1/2)—;<ua+Aﬂ, (4.6)
where a and A represent spatial and temporal derivatives as:
1 oM 9fM 9GS 1 oM
™ ox ox ox fM at
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where the derivatives are evaluated at x; 1/, and the assumption is made that the derivative
of G5 can be approximated by the derivative of f¥ for the order of accuracy in v and space
considered. The equilibrium distribution f; around the cell interface is also approximated using

a second-order accurate in space Taylor series expansion:

9 (x,t,u) = th(xjﬂ/z,O) + M [a(x—xﬁl/z) —I—At]. (4.8)

Unlike the initial non-equilibrium function f2, which is independent in time, the equilibrium
function varies within a time-step due to the fact that particle collisions are considered along with
particle convection. Using Eq. (4.8), the integral on the right-hand side of Eq. (4.4) becomes:

/ d(x',t' u) exp(—v(t—t’))a’t’:Vth(XjH/zaO)/texp(—V(t—t/))dt/
0
M ! . Y A/ o 4 d/
ML /o[ ua(t —t') + t}exp( v(t—1t'))dt

1 1
- [1—exp(—vt)}th(xjH/z,O)-l—fs — au— —i—au(t—i—;)exp(—w)

1
+ At — > [1 —exp(— W)]A] . (49
Using Eq. (4.6), the second term on the right-hand side of Eq. (4.4) becomes:

exp(— V1) £ (x;41/2,0,u) = G5 (x4 1/2,0)exp( — vt ) + [— aut — %(ua +A)] exp( — vi).
(4.10)
Combining Eq. (4.9) and @.10), for a well-revolved flow, Eq. (4.4)) becomes the time-dependent
gas distribution function on the cell face, from which the flux of macroscopic variables can be

expressed:

1
fs(Xjpryo,tu) = Ggh(xj+l/270)_[;<a”+14> —Af]ffu

_ Shy ot o oS
= G 0) =g e |

The time-derivative in the Maxwellian is ignored in our implementation, since extensive ex-

.11

amination for the single-species GKS showed that neglecting this term has a negligible effect
on flow solution [80]. Following Xu, the time-dependent numerical fluxes across the cell face

should be evaluated by taking moments of the time-dependent distribution function on the cell

—j+2 Z/// fs ]+l/27t7u>d (412)

face:
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where ¥| = (1,0,m1u,0, 3m; (u> +v? +w?))T and ¥, = (0,1,0,mou, 3m> (u® + v +w?))T.
However, following the work on the Rykov GKS by Colonia, Steijl and Barakos [80] spatial
reconstruction towards cell-face data is not carried out, but rather the cell-centred data is used
to calculate the right and left state of the equilibrium distribution function and the spatial and
temporal derivatives around the j+ 1/2 face. It follows:

. PN ) A
fs(xj,t,u) = Gy (x,0) V< o5 u el

(4.13)

is the left state calculated in cell center j and similar calculation is done for the right state in cell
center j+ 1 for fi(xji1,¢,u). The flux F j+1on the cell face is calculated by summing the two
half-spaced integrals over of all positive molecular velocities u going from left to right and all

negative velocities coming from right to left. Eq. (4.12)) then becomes:

—j+2 Z [/// fs Xj,t,u dUdVdW+ﬂ/MTsfs xj+1,t,u)dudvdw
=1

0 —o0 —o0

(4.14)

where ¥| = (1,0,m1u,0, 3m; (u> +v? +w?))T and ¥, = (0,1,0,mpu, ymz (u® + v* +w?))T.
Compared to Xu’s formulation for well-resolved flow, our implementation adds as a small
amount of additional numerical dissipation and robustness, at the price of a reduction in the
order of accuracy in space. As a benefit, the used version is less complicated to implement, i.e.
no need for limiters. For the cases considered, the meshes were selected to lead to well-revolved
flows, supporting the assumptions made in the current GKS solver implementation. The con-
served macroscopic variables W ; (Eq. (4.15)) are the variables the GKS method stores in the

cell centers and which are integrated in time:

ni
np
W, = pu . (4.15)

pus
3nkT + 3 puf

The update of the conservative variables from time step n to (n+ 1) is then defined as:

tn+1

Wit = Wit — [ (Ejp) = Ejpp0) )dr+ 810,051,907, (4.16)
t”

where the source term is defined as shown in Eq. .17):

Ss:vps(%) (wo—us) : s=12. 4.17)
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The GKS model described above for quasi one-dimensional flows was further derived for two-
dimensional flows on a curvilinear mesh. In the two-dimensional formulation, a direction-cosine
approach is followed and the cell-face normal direction replaces the x-direction in the discussion
above for 1D flows. The velocity-space integrals were worked out analytically to provide the

main efficiency gain of a GKS approach relative to the DVM method.

4.2 Numerical Evaluation

The newly developed GKS scheme is tested in the next sections and compared to DVM solutions

for the same kinetic model as shown in Fig. .1 Two different test cases, e.g. the flow through

Mixture Kinetic ]
Model J

\ 4 \ 4
Discrete Velocity «—> Gas Kinetic
Method D E— Scheme

Figure 4.1: The DVM and GKS apply the same Shakhov-based mixture kinetic model and are
compared.

a normal shock wave and the rarefied supersonic flow over a flat plate, are considered. The
normal shock test case represents the simplest problem that involves strong gradients and non-
equilibrium flow and is also well documented. The focus is on the effect of treating the gas
as a mixture, inspecting the diffusion effect and species properties. The change in the flow
is demonstrated for different Knudsen numbers and species mass ratios. The kinetic model is
implemented with the discrete velocity method (DVM) and the gas kinetic scheme (GKS). DVM
allows for strong non-equilibrium flows, since there are no underlying assumptions for small
deviations as in the CE expansion, required for the GKS. The high computational expense of the
DVM is feasible for one and two-dimensional cases, but the extension to vehicles of practical
application will require an alternative approach, e.g. the GKS method or a hybrid GKS/DVM
approach. The solutions provided by the GKS and DVM methods are compared, based on the
same kinetic model. Ideally, the results from the GKS will be as close as possible to the results

of the DVM. The computational cost of both numerical approaches is also detailed.

4.3 Normal Shock Wave

A classical problem for rarefied flows is the study of a normal shock wave for single as well as
multi-species gases. Monoatomic binary mixtures have been investigated extensively, experi-

mentally [[74}/75]] and numerically [9], providing a dataset for validation.



CHAPTER 4. COMPARISON OF DVM AND GKS FOR GAS MIXTURES 100

Table 4.1: Test case conditions for a normal shock wave (DVM vs GKS)
Mo my/my nm/n  ©
1.5 2 09 05

1.5 2 05 05
1.5 4 09 05
1.5 4 09 0.72

In this section the profile of a normal shock wave is studied for a binary mixture of gases with
different molecular masses. Test case conditions are summarised in Table Here M., is the
free-stream Mach number, my/m defines the heavy to light gas mass ratio, nj/n is the con-
centration of light gas in the flow. The @ = 0.5 refers to a hard-sphere molecular potential and
@ = 0.72 to a variable hard-sphere potential. The goal is to analyse the effect of different free
stream conditions (ratio of masses, concentration ratio and molecular potential) on the macro-
scopic flow variables.

Figure {.2] shows the normalised number density for each species and the mixture tempera-
ture through the shock under the specified conditions, starting with free stream Mach number of
1.5 and varying the concentration (50% and 90% light species) and mass (my/m= 2; 4 ) ratios
(Fig. B.2] (a)-(d)). These flow-conditions are chosen to allow for a numerical comparison with
the results from Kosuge et. al [9] for a normal shock using the full Boltzmann equation, repre-
sented by the red elements. The DVM results are in blue and the GKS results are in green. It is
important to stress that the model in Kosuge’s work is not a single-relaxation time BGK model
and therefore the DVM results for Shakhov-derived binary mixture model will also deviate from

those results. The reference length of the problem is defined as:

Lref _ Uref _ Uref _ I/tref.uref7 (418)

tref Tref Pref

where the reference viscosity is defined as in Eq. (4.19) and 7,.; is a reference relaxation time
where T = 1/v. The reference viscosity p,.s is taken for a smooth, rigid, elastic sphere [24]

with diameter d and mass of the mixture my,;x = p/n as:

5 kmm,'xT
Wrep = 1642 \/ T 4.19)

The mean free path is defined as A,.; = 1/(v/27d?n) in the solution of the full Boltzmann
equation [9]. We use the ratio between the reference length L, s and the mean free path Are r as

a scaling factor:

Ly _ 5/ [ni+Bny
Aref 8 ni+ny’

(4.20)

where the constant B = my/m; is the mass ratio. For increasing levels of thermodynamic non-
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Figure 4.2: Profile of species number densities and mixture temperature of a binary gas mixture
through a normal shock wave for Mach number 1.5 and varied inflow conditions: my/m; =
2; n1/n=0.9in (a), my/m; =2; n1/n=0.5.in (b), my/m; =4; n;/n=0.9 in (c) and mp /m; =
4; n1/n=0.9; ®=0.72. in (d).

equilibrium this difference in the used kinetic models will be more pronounced. A key aspect

of the comparison between our DVM and GKS results (both based on the same kinetic model

[88]]) is to assess for what level of thermodynamic non-equilibrium the GKS approach can be

employed.

Characteristic features of the problem include the lighter species (Species 1) reacting faster to the

shock than the heavy species (Species 2). This becomes more evident for higher concentration

of light species and with increasing mass ratios, as can be seen in Fig.[d.2] The observed GKS

solutions for the number densities and the mixture temperature match closely with the solutions
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from the DVM under different flow conditions. The number density of the heavy gas (n,),
which acts as a trace gas where the concentration of light gas is 90%, deviates more from the
Boltzmann solution for both the DVM and GKS than the number density of the lighter gas
(n1). The shock profile predicted by the GKS scheme versus the DVM is slightly steeper and
as a consequence the shock is thinner in comparison to the DVM results. This thinner shock
is in line with expectations based on single-species GKS results [80]]. This effect will be more
pronounced for higher Mach numbers. At the same time, the well-known disadvantage of the
BGK-based kinetic models, i.e. the longer upstream tail, will be reduced with the steeper profile
of the GKS solutions.

The GKS presented in this chapter is derived from the Shakhov-based mixture model, introduced
in Chapter2. A characteristic feature of the underlying kinetic model for this GKS is that it
recovers three correct transport coefficients. Compared to the established GKS mixture work
[85-87]], the species mean velocities and temperatures are allowed to deviate from each other
and from the gas mixture means. Figure 4.3 shows the normalised species velocity profiles u,
and u; through the shock wave. The difference between the velocities and their change under
varied conditions demonstrates the importance of modelling the species velocities separately.
This important limitation of most existing GKS methods for gas mixtures is overcome with the
current scheme. As with the number densities, the lighter species velocity reacts faster to the
shock than the heavy gas. Focusing on the differences between Fig. 4.3] (a),(b) and (c),(d), it is
easy to notice that the higher the mass ratio, the bigger the difference between the velocities, as
can be expected since a stronger non-equilibrium effect will occur. The GKS provides a good
match with the DVM for the solution of the species velocities. As before the shock wave profile
is slightly steeper and results for the gas with bigger concentration (species 1) are in better

agreement.
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Figure 4.3: Profile of species velocities of a binary gas mixture through a normal shock wave

for Mach number 1.5 and varied inflow conditions: my/m; = 2; ny/n = 0.9 in (a), my/m
2; n;/n=0.5.in (b), my/my =4; n1/n=0.91in (c) and my/m; =4; n1/n=0.9; 0 =0.72.

(d).

4.4 Flat Plate

A second test case considered is a supersonic rarefied flow over a flat plate. This test case

in

is

challenging due to the complex non-equilibrium boundary layer, with velocity slip as well as

a jump in temperature between the wall and the gas in the immediate vicinity for the rarefied

cases considered here. The grid is shown in Fig. {.4] together with the boundary conditions.

The changes of the flow are examined for varied species mass ratio, rarefication level and wall

temperature. The DVM and GKS solutions are compared. The baseline test case is taken at
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Figure 4.4: Mesh of cylinder and imposed boundary conditions.

M., = 1.5, mass ratio of 2, Knudsen number 0.05. Note that the Knudsen number is based on
the reference length, calculated as in Eq. (4.18). The scaling factor is not required since we
can compare the DVM and GKS based on the same reference length. This is also reference
length is used for the 2D mesh. The temperature of the wall is fixed at 1.5 times the free-stream
temperature, while a fully accommodating diffuse wall is assumed. The free-stream conditions
for all cases involve a concentration of 90% for the light species and 10% heavy species. All

test case conditions are summarised in the Table

Table 4.2: Test case conditions for a flow over a flat plate (DVM vs GKS)
Mo my/my  Kn T,

1.5 2 0.05 1.57.

1.5 2 0.025 1.5T.
1.5 4 0.05 1.57.
L.5 2 0.05 1.07.

The solutions for the flow variables for the DVM and GKS matched closely as seen from the
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normal shock wave results. For the same Mach number 1.5, the shock at the flat plate is weaker,
which leads to even better agreement between the two numerical schemes for the macroscopic
variables. In Fig. 4.5 the Mach number and the mixture temperature contours for the baseline
test case are presented. The results demonstrate a good comparison between the DVM and GKS.

We want to investigate the differences between them. Therefore, we will next focus our atten-

Temperature

1.600
1.550
1.500
1.450
1.400
1.350
1.300
1.250
1.200
1.150
1.100
1.050

y/Lref

10 5 10 20
x“-ref x/ I-ref
(a) Mach number (b) Mixture temperature

Figure 4.5: Mach number and mixture temperature variation of the baseline test case for a binary
mixture flow over a flat plate for Mach number M., = 1.5, mass ratio m/m; = 2, Knudsen
number Kn = 0.05 and 7,,,;; = 1.5T..

tion on the diffusion effects, in particular the concentration variation of the light species in the
mixture (Fig.[d.6) and the species velocity difference uy — u; (Fig.[4.7). Note that these are very
detailed plots and seemingly large variations between the GKS (in color flood) and the DVM
(black lines) are of the order of less than 1% for the concentrations and 3 — 4% for the difference
in velocities.

To highlight the effect of the Knudsen number, two different length-scales were considered in the
presented numerical results. The lower-Knudsen number case involves a flat plate length of 40
reference lengths of the flow at free-stream conditions, while the higher-Knudsen number case
involves a plate length of 20 reference lengths. The ratio of the species molecular masses is also
varied. A further aspect investigated is the imposed wall temperature, i.e. a lower wall temper-
ature will lead to thinner boundary layer and a somewhat weaker displacement effect. Fig. [4.6]
and Fig.[4.7)show the variation of concentration of the light species and the difference between
the species velocities, respectively. The strongest non-equilibrium effects will occur close to the

leading edge of the plate, where the largest gradients in the flow occur. This is evident in all the
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Figure 4.6: Light species concentration variation in a binary mixture flow over a flat plate for
Mach number M., = 1.5 and varied inflow conditions: my/m; = 2; Kn = 0.05; T,,,;; = 1.5T. in
(a), mz/ml = 2; Kn = 0.025; Twall =1.5T, in (b), mz/ml = 4; Kn = 0.05; Twall =1.5T, in (C)

and my/m; =2; Kn = 0.05; T,,4; = 1.0T in (d).

results shown in the figures. In Fig.[4.6]it can be seen that even for the considered flows without

chemistry, the non-equilibrium effects give rise to a change in species concentration, caused
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by diffusion of the species. As expected the lower level of rarefaction in the Kn = 0.025 case
leads to a slightly smaller change in concentration as compared to the baseline Kn = 0.050 case.
Clearly, for a larger ratio of molecular masses, the velocity drift is more pronounced, leading to
larger concentration changes, as can be seen in Fig. [4.6{(c). The effect of the lower wall temper-
ature can be seen by comparing Fig. 4.6(d) with the result in Fig. @.6(a). For this relatively low
Mach number, it can be seen that the effect is limited, however not insignificant. Comparing
the GKS and DVM results, overall a good agreement can be observed, considering the level of
detail highlighted. It is important to note that the GKS solver represents concentration changes
that compare well with DVM, showing that this important non-equilibrium effect is captured.
A similar comparison for the different cases and for the DVM and GKS is shown in Fig.
The non-equilibrium effect shown here is the occurrence of velocity drift, represented by the
difference between the non-dimensional species u—velocities. The extent of non-equilibrium
effects follows the pattern of that in the concentration changes, i.e. with more pronounced ef-
fects for larger Kn and mass ratio, mainly focussed in the immediate vicinity of the plate leading
edge. Comparing Fig. #.7(a) and Fig. #.7](c), it shows that the maximum and the region of the
difference between the species velocities are bigger for the larger mass ratio case.

In order to explore the limitations of the gas-kinetic scheme, we focus on the shear stress at the
wall of the flat plate. The biggest variation between the DVM and the GKS is at the leading edge
of the flat plate and in the cells just above it. Three test cases are considered with fixed Mach
number 1.5, mass ratio 2 and light species concentration 90%, while the Knudsen number is
varied. Starting at the baseline test case at Kn = 0.05 (in blue), we consider a more rarefied flow
at Kn = 0.075 (in green) and a more continuum flow at Kn = 0.0125 (in red). In Fig.[4.8(a) the
shear stress along the flat plate is presented. As expected the biggest variation between the DVM
(square symbols) and GKS(delta symbols) solutions is at the leading edge of the flat plate. The
most rarefied case with Kn = 0.075 shows the biggest difference between the DVM and GKS in
the result for the shear stress. As the flow becomes more continuum towards Knudsen number of
0.05 and 0.0125 this difference decreases. Since the GKS is based on the Chapman-Enskog and
as demonstrated in this plot, the results will keep improving as Kn — 0 (in the hydrodynamic
limit).

Focusing on the peak value of the shear stress along the flat plate, the velocity profile for the
different Knudsen numbers is plotted at that point in Fig. 4.8[(b). The velocity profile is well-
captured, but the difference between the two schemes at the plate propagates up through the
whole profile. It should be noted that the more rarefied cases seem to match the two gas
mixture velocities better, but this is only due to the scaling of the problem. The same loca-
tion on the y-axis on Fig. #.8(b), e.g. y = 20L,.y, when compared to each flat plate length
of 80L,,r(Kn = 0.0125),20L,.s(Kn = 0.05),13.3L,.(Kn = 0.075) refers to a different loca-
tion at the downstream farfield of each case. Therefore, the velocity of the most rarefied case

(Kn = 0.075) in fact takes the longest to converge to the same value.



CHAPTER 4. COMPARISON OF DVM AND GKS FOR GAS MIXTURES 108

x"-ref
(@) my/my =2; Kn=0.05; T,y = 1.5 (b) my/my =2; Kn = 0.025; T,yqy; = 1.5T

x”-ref
(c)ymy/my =4; Kn=0.05; T,ypy = 1.5T (d) my/my; =2; Kn=0.05; T,,q; = 1.0T

Figure 4.7: Non-dimensional species mean velocity difference u; — u; in a binary mixture flow
over a flat plate for Mach number M., = 1.5 and varied inflow conditions: my/m; = 2; Kn =
0.05; Twall =1.5T%in (a), mz/ml =2;Kn= 0.025; Twall =1.5T% in (b), mz/ml =4;Kn= 0.05;
Ty = 1.5T in (¢) and my /m; = 2; Kn = 0.05; T,,4; = 1.0T% in (d).

The profile of the shear stress is plotted at two different points. One is at the peak of the stress
along the plate on Fig. 4.§|(b) and the other is further downstream: at a quarter of each plate’s
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Figure 4.8: Comparison of DVM and GKS results for the shear stress along the flat plate (in
(a)) and velocity profile at peak shear stress at the flat plate (in (b)) for Mach number M., = 1.5,
mass ratio mp /m; = 2 and varied Knudsen number Kn = 0.0125; Kn = 0.05; Kn = 0.075.

length - on Fig. d.9(b) to establish how the flow develops. At the peak shear stress location the
variation between the DVM (square) and GKS (delta) values of the shear stress in the first few
cells is significant. The biggest difference is for the most rarefied case, where the GKS overpre-
dicts the value of the shear stress in the vicinity of the wall. The difference propagates in the
farfield but reduces quickly. The match between profiles of the shear stress at the downstream
location from the GKS and DVM is much better as shown on Fig. 4.9(b). The most rarefied test
case shows good agreement between the schemes, while the test case at (Kn = 0.0125) demon-
strates the convergence of the GKS when the flow goes towards the continuum limit.

From these results and the shown comparison between DVM and GKS it follows that despite
the relatively large Knudsen numbers considered for this flat plate case, the GKS performs rela-
tively well. Partly this can be explained by the Mach number of 1.5. For higher Mach numbers,
stronger non-equilibrium will occur and bigger deviations can be expected. It should be noted
that currently the GKS is limited at Mach number of 1.5 and Knudsen numbers up to 0.05 due to
stability issues discussed in Section 6 of this chapter. For this reason they have been extensively
investigated in this chapter. It was also found that Mach number of 2 and Kn=0.1 are critical
for the GKS at concentration of 90%. A more detailed investigation of this aspect forms part of
future work.

In the next section the main advantage of the GKS - the computational efficiency - is discussed.
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Figure 4.9: Comparison of the DVM and GKS results for the vertical shear stress profile at two
locations: at the peak in (a) and at a quarter of the plates’ lengths in (b) for Mach number M., =
1.5, mass ratio my /m; = 2 and varied Knudsen number Kn = 0.0125; Kn = 0.05; Kn = 0.075.

4.5 Computational Efficiency

The described results were achieved by implementing the new mixture kinetic model with a
DVM and a GKS scheme. The distribution functions are per species and vary with the mass of
the each gas. For higher mass ratios m; /m; for the DVM the number of discrete velocities needs
to be increased in order to correctly resolve the velocity distribution functions. This is also true
for an increase in the Mach number. While for a one-dimensional test the increase of velocities is
possible, it becomes computationally highly expensive to achieve the same resolution in higher
dimensions. The main goal for constructing the gas-kinetic scheme is achieving numerical effi-
ciency, which will allow for more complex cases and aerospace vehicles to be investigated. The
results for a normal shock and the supersonic flow over a flat plate under different conditions
demonstrated that the GKS is capable of preserving the physical details of the flow. There is
a good agreement between the solutions from the discrete velocity method and the gas-kinetic
scheme based on the same kinetic model for the cases considered. The shock wave grid has
1200 cells in the x-direction for the DVM and GKS simulations. Two-dimensional formulations
were used for the flat plate simulations. The flat plate’s grid is three-dimensional and has 19200
cells, but no computational effort is used in the third dimension. By comparing the computa-
tional requirements for the shock wave and flat plate problems, we observe the effect of higher
dimensionality for both the DVM and GKS simulations. For the shock wave DVM test case 100
uniformly spaced discrete velocity are sufficient, while for the flat plate DVM 32 x 32 = 1024
discrete velocities were used. Note the number of discrete velocities for the flat plate are limited

and provide a relatively course velocity grid. Notice if we have used the same number of dis-
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crete velocities as for the shock wave but in two dimensions, the flat plate test case would run
with 100 x 100 = 10000, which would increase the CPU time for the DVM significantly. The
simulations were run on a quad-core Intel®Xeon®3.30 GHz computer. Table4.3|demonstrates
the CPU time required for every 1000 steps for the DVM and the GKS for the two baseline test
cases: Mo = 1.5, my/m; =2, n;/n = 0.9 and for the flat plate also Kn = 0.05, T,,,;; = 1.5T.

The times quoted are those for simulations running on a single core. The orders of magnitude

Table 4.3: CPU time per 1000 steps (DVM vs GKS)
Shock Wave (1D) Flat Plate (2D)

DVM 64 min 376 min
GKS 22.7 sec 1 min 15 sec
Speed-up 169 301

difference between the CPU time of the DVM and the GKS methods is significant. The differ-
ences between the relative speed-ups for the shock wave and the flat-plate cases are due to the
fact that in the flat-plate DVM a two-dimensional velocity-space discretisation was used, while
for the DVM simulations of the shock wave, a one-dimensional discretisation was employed.
The CPU time difference for the GKS shock wave and flat plate simulations is directly the result
of the larger mesh for the flat-plate case, while the difference between the DVM simulations
results from both the larger mesh and the increased number of discrete velocities. For a larger
Mach number or species mass ratio, the DVM approach requires an increased number of discrete
velocities, leading to significantly larger CPU times, while the CPU time for the GKS remains
the same. Overall, the GKS method shows a significant computational advantage and promising

numerical results.

4.6 GKS vs DVM Performance

Since the gas-kinetic scheme is based on the first-order in Knudsen number Chapman-Enskog
expansion, only small to moderate levels of rarefaction can be modelled. This was demonstrated
by the numerical results with increase of the Knudsen number. The first order expansion also
means that the current scheme reduces to the Navier-Stokes equations of hydrodynamic limit.
At the same time the scheme allows to model beyond the capabilities of a continuum solver in
regions of thermodynamic non-equilibrium and provides a method to connect microscopic be-
haviour to macroscopic quantities. This summarises the theoretical part of the limitation of the
GKS. After comparing the numerical results from implementing the new kinetic mixture model
with both the DVM and GKS and discussing in detail the numerical accuracy and efficiency of
both schemes,a summary of the findings is provided in Table #.4] The strong non-equilibrium
created by high Mach numbers and high Knudsen numbers is found to be unsuitable for the

mixture GKS. As a conclusion, GKS for mixture of gases is showing promising results in terms
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Table 4.4: Comparison of DVM and GKS

DVM GKS
Accurate results Good accuracy
Accurate for high Mach numbers Limited to lower Mach numbers
Accurate for higher Knudsen numbers Limited to moderate levels of rarefaction
Computationally expensive Inexpensive
Memory overhead No memory restrictions

2D and 3D cases need parallel simulations Runs on a single PC (CPU time similar to NS)

of accuracy in comparison to the detailed, but expensive DVM method. This accuracy is demon-
strated close to continuum flow and for high Mach numbers and Knudsen numbers, the solutions
deviate from the desired results in the regions of strong non-equilibrium.

It should be noted that DVM in cases close to continuum tend to create artificial dissipation.
Therefore, differences with GKS are to be expected. However, the GKS is compared with DVM
in this chapter since the underlying kinetic model is identical,i.e. the Shakhov-based mixture

model.

4.7 Summary of Findings

e A new gas-kinetic scheme was introduced for a binary mixture of monoatomic gases based
on a new kinetic model. This model is more advanced and detailed than the kinetic models

previously used as the basis for GKS methods.
e The derivation of the gas-kinetic scheme was detailed.

e The new GKS has species velocity and the correct transport properties in the continuum
limit, i.e. recovering the correct viscosity, heat flux and diffusion coefficients and the

correct Prandtl number.

e The GKS was implemented numerically and results from high-speed flows were pre-

sented.

e A detailed comparison was presented between the results provided by the gas-kinetic

scheme and a discrete velocity method using the same underlying kinetic model as the
GKS.

e The GKS method agreed well with the DVM method for the cases of a shock wave and a
flow past a flat plate.

e The limitations of the GKS were explored. The shear stress along the flat plate computed
with GKS and DVM demonstrated that increasing the Knudsen number leads to bigger

discrepancies in the results.
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e In further work, the limitations of the GKS in terms of Kn for a wider range of test cases
needs to be investigated. Here, it needs to be remarked that for a comparison with DVM,
the computational cost of the limiting factor in terms of mesh sizes that can be used. In
particular for lower Knudsen cases, this DVM cost factor also limits the extent to which a

detailed mesh dependency study can be performed.

e The main advantage of the GKS is the computational efficiency and the speed-up of the

CPU time, shown for the shock wave and the flat plate, was significant.

e The good comparison with DVM results, together with the computational efficiency, make
this GKS scheme a viable alternative for supersonic mixture flows in the moderately rar-

efied regime.



Chapter 5

Diatomic Model for Gas Mixtures

Extending kinetic model equations of the Bhatnagar-Gross-Krook (BGK) type from a single-
species gas to multi-species gas mixtures presents a number of important challenges, as dis-
cussed in detail in Chapter 2. This challenge is further pronounced when diatomic gas mixtures
are considered due to the addition of internal energy modes.

In this chapter a diatomic binary mixture with separate translational, rotational and vibrational
temperatures is derived and the emphasis is on the procedure of deriving the model and the
additional information each temperature provides. This derivation is demonstrated as a logical
build-up with a multi-step approach from a well-described diatomic model known in the lit-
erature [96]. More specifically the changes in the collision term on the RHS of the equation
and the target equilibrium function or functions are detailed. First, starting from the existing
single species, single-temperature model, a two- temperature model with common translational
and rotational temperatures is introduced. The vibrational temperature is allowed to deviate
from the common translation-rotational temperature. Second, this model is extended to a three-
temperature model with separate translational, rotational and vibrational temperatures. All three
models’ continuum limit is obtained through the Chapman-Enskog expansion and the effect of
each additional temperature is examined in the corresponding Navier-Stokes equations.

Finally, we extend the three-temperature model with the capability to describe a mixture of two
diatomic gases. Common translational temperature between the species is assumed, while the
rotational and vibrational temperatures are defined separately for each species. Species velocity
and diffusion effects are accounted for. Transport properties in the continuum limit are obtained
through the Chapman-Enskog type expansion. The diatomic mixture model is demonstrated to
reduce to a well-known mixture monoatomic model [64], which has two correct transport co-
efficients in the continuum limit and to reduce to the known single-species single-temperature
model [96].

*Published in AIP Advances.
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5.1 Single-Temperature to Three-Temperature Model

In this section we will build up a three-temperature model with translational, rotational and
vibrational degrees of freedom and separate temperatures. Notice the emphasis here is on three
different single-species models. The goal is to observe the changes each additional temperature
provides and examine the continuum limit for all three models. The limit will differ solely due
to the different process of temperature relaxation, since these are all single-species models and
therefore no velocity relaxation occurs through this process. We will later observe that this is
a characteristic valid only for the single-species models and not for the mixture model, where

species diffusion effects can be modelled at different levels of accuracy in different models.

5.1.1 Single Temperature Model

This section summarises the work by Mathiaud, Mieussens and co-workers on a BGK model
for diatomic gases, presented in [96,97]]. The model is well-defined and proved theoretically to
be mathematically consistent. Furthermore, numerical tests for moderately rarefied gas flows
(Knudsen Kn = 0.01) demonstrate good agreement in comparison to results obtained by a
compressible-flow Navier-Stokes solver [97].
The BGK model includes rotational and vibrational degrees of freedom, where rotation is con-
sidered fully excited and similar to the translational energy: continuous, while vibrational en-
ergy is partially excited and has quantised levels. The distribution functions and the governing
equation are presented for each quantised level i, but for brevity the subscript i is omitted, e.g
the distribution function f; is written as f. The model contains a single temperature 7" and gas
velocity ug. The governing equation is in the form:

Lw L Ly, 5.0
where the collision term on the RHS of the equation is denoted Q with Q = %(meq — f) and 7 is

the relaxation time. The equilibrium distribution function is in the form:

p m(u—ug)>\ m ml
Catefmry T <_ T )ﬁp(_ﬁ)

(1 —exp <—%)) exp (—%) , 5.2)

where T is the equilibrium temperature, [ is the rotational energy, 6, is the characteristic temper-

m =

ature for vibrational excitation, m is the molecular mass and i is the considered quantised level.
The distribution function is defined at each quantised level, which is a very detailed modelling
approach. However, the complexity of the model is reduced by summing over all quantised

levels i up to infinity, where Boltzmann distribution of the vibrational states is assumed, lead-
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ing to the removal of discrete vibrational levels and a reduced form of the distribution function
m®? [96]] to two distributions Mé;"” and Mevg’. In practical applications, only a finite number of
vibrational quantum states need to be considered and this number may be different for different

diatomic species.

ran s e p m(ﬂ_ZO)Z m ( mI)
MU = m = exp| —————— | —=exp| ——= |, (5.3)
q l.;) (27t(k/m)T)3/2 ( 2kT kT kT
~ =k o(T) k p m(u—up)*\ m < ml)
M'b = i—O,m = —T exp| ————— | —exp| ——= | .
4 IZ(’) m 2 m (zﬂ(k/m)T)3/2 ( 2kT kT kT

Furthermore, the distribution function can be reduced with respect to the rotational energy /
and also the z- direction in velocity for a two-dimensional problem. This form of the equations
is a standard procedure to reduce complexity and computational expense in kinetic modelling
and it was also used in Chapter 2. It will be extensively used throughout this chapter and next
chapter but it will not be detailed for each kinetic model for single-species gas. We will refer
back to the reduced form after introducing the diatomic mixture model and will carefully de-
tail each reduced distribution function and the resulting governing equation. This is done for
the mixture model since it is the focus of this study. Furthermore, the dimensionally-reduced
form of the equation is implemented in the M®C solver, extending the previously-implemented
discrete-velocity method for the new diatomic mixture model. The reduced distribution func-
tions together with the numerical results of the study will be part of the next chapter.

Returning back to the description of the single-species single-temperature model, following the
procedure detailed in Chapter 1, the first order Chapman-Enskog expansion provides an expres-

sion for the non-equilibrium distribution function:

or T4 oy

eq eq
om . om )7 5.4)

f=mt e

where as before the collision parameter 7 is equal to T = €7.

Note that the internal energy for the single-species single-temperature model is in the form:

,_5+8(1)

RT 5.5
7 ; (3.5)

where R = k/m and 8(T) is the number of excited vibrational degrees of freedom and for the

harmonic oscillator is expressed as:

()= 20T
" ep(0,/T) -1

(5.6)

The harmonic oscillator, which was described in detail in Chapter 1, is one of the simplest and

most widely used methods for modelling intermolecular forces for the considered non-reactive
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flows. Notice that if the kinetic models presented in this chapter are extended to involve chem-
istry then the more advanced and realistic anharmonic oscillator should be considered. The
limits of the vibrational degrees of freedom 0(7'), as defined in Eq. , for low temperatures
with respect to 0, is approaching 0, while for high temperatures it approaches 2 (fully excited
state). The expression for the internal energy e based on the degrees of freedom and the cor-
responding temperatures will change with the introduction of multiple temperatures, but will
always be equal to the expression based on the equilibrium temperature 7" as shown in Eq. (5.5).
The continuum limit as well as the H-theorem are shown in the papers [96,97]] by Mathiaud
and Mieussens. This is a well-defined single temperature model including rotational and vibra-
tional degrees of freedom. We will build on it to extend the level of accuracy, physical detail
and applications. The continuum limit is shown and further discussed in the next section of this
Chapter.

5.1.2 Two Temperature Model

The described single temperature model accounts for variable degrees of freedom, but has a dis-
tinct disadvantage: the different types of internal energy are all based on one temperature, which
is the equilibrium temperature. This is an approximation, which shows that presenting a flow in
non-equilibrium with one (translational) temperature leads to significant deviation (for the case
in which the gas is compressed, e.g. in the presence of a shock, the deviation is overestimation)
of the actual value of the gas temperature [25,91] (see Chapter 1, Fig.[[.9). Park [91] discusses
this issue and provides a model for the reaction rates and equilibrium coefficients in the Navier-
Stokes equations. This model has two distinct temperatures: one governing the translation and
rotation and a second one for the vibration and electron degrees of freedom. This approach
groups temperatures with closer values and allows the deviation of the slowly reacting vibra-
tional and electron temperatures.

We use a similar approach in the extension of the single-temperature kinetic model. Here we
present a two-temperature kinetic model for a diatomic gas. The model contains a single trans-
lational and rotational temperature 7;, and a separate vibrational temperature 7, and gas velocity
ug. The typical for BGK relaxation from non-equilibrium to equilibrium state, i.e f — m®?, now
has an extra step. The relaxation is in the form f — my — m®, where my is an intermediate
equilibrium distribution function in which the temperatures 7;, and 7, are separate, while the fi-
nal equilibrium function m,, stays the same and has a common equilibrium temperature 7. The
two-step relaxation process is not uniform and the time for the non-equilibrium function f to
relax to the first (intermediate) equilibrium function m; is T as before, while it takes longer for
the vibration to relax to the translation and effectively to equilibrium, represented by a longer

relaxation time Z, T between my to m®? (Z, > 1). Typical values of the Z, coefficient are in the
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tens to hundreds and in some cases in the thousands. The governing equation is in the form:

J ) 1 1
f+u'_fzg(m2_f)+27:

5 tu s (m® —my), (5.7)

where the collision integral is Q = 1 (m; — f) + #(meq —my) and the non-equilibrium function

f and the equilibrium distribution functions are for each quantised level i, as in the previous

model. The intermediate distribution function is in the form:

my = P ex —m(E_EO) n ex (— mI) X
2T Ratkmyn, T kT, ) kT, P\ kT,

(1 —exp <—%)) exp (—%) , (5.8)

while the equilibrium distribution function is in the form:

= P M) ﬂexp(_m_l)x
(2%(k/m)T)3/2 2kT kT kT

(1 —exp <—%)) exp <—%> . (5.9

Following the expansion of the non-equilibrium distribution function procedure in powers of &€

(with € a small parameter of the order of the Knudsen number K») and utilising the assumption

that the difference between m®? and m; is of order O(¢) and therefore:

./ dmy dmyN dm dm*4 2
81(7-1-2'&—)_6)—87( P +u- ox >+0(5) (5.10)

leads to the expression for the non-equilibrium distribution function up to and including first

order terms in € for the two-temperature model :

eq eq
f:m2+i(meq—m2)—8f'<am +u- om )

7 TR (5.11)

In comparison to the single-temperature model (Eq. (5.4)), the Oth- order expansion is the inter-
mediate equilibrium function m;, while also the difference to the "Maxwellian’ equilibrium m®?

is accounted for with the relaxation coefficient Z, also involved.

5.1.3 Three-Temperature Model

Building upon the two-temperature model, a three-temperature model for a diatomic gas is in-
troduced. The next step of this process is to split the common 7;, temperature into a separate

translational and rotational temperature, while preserving the separate vibrational temperature.
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This allows for each different type of energy to be calculated based on the corresponding tem-
perature. It will also assist in solving problems with high levels of non-equilibrium where all
three internal degrees of freedom are excited at different levels and differ significantly between
each other, due to the difference in characteristic relaxation rate for translation, rotation and vi-
bration.
The new relaxation process is a three-step approach and follows the process: f — m; — my
— m®, where m is the first intermediate equilibrium function and is a function of all three
temperatures, m, is the second intermediate equilibrium function and is in the same form as
before (two temperatures) and m®? is the final equilibrium function with one temperature. The
three-temperature model contains a translational 7, rotational 7, and a vibrational temperature
T,. The gas velocity is ug. Notice that 7; would have been a logical notation for the transla-
tional temperature. However, 7' is legacy notation for the translational temperature from the
monoatomic gas mixture model, presented in Chapter 2. It will allow for consistency and easier
comparison between the monoatomic and diatomic models. Furthermore, it will be used in the
diatomic mixture model within this chapter to represent the target translational temperature of
the gas and will therefore be used in the current model. The governing equation is in the form:
O;—J;—Fu‘ g—i = %(ml —f)—l-ZlT(mz—m])—i—Z

r 1%

(m®—my), (5.12)

_1
T

relaxation process is not uniform and the delay of rotational to translational equilibration is via

(my — f) + #(mz —my)+ ZL(meq —my). The three-step

where the collision term is Q =

the rotational collision number Z,, while to vibration is via the vibrational collision number Z,
(Z, > Z, > 1). These coefficients are temperature dependent and the ratio of the two coefficients
of rotation and vibration with respect to 7 is typically 1:5:100 [31], with Z, at least one order
of magnitude higher than the other two (with values of hundreds and thousands). Here, for
simplicity, Z, and Z, are taken as constants, i.e. assumed to be independent of temperatures and
therefore fixed throughout the considered flow domain.

The first intermediate distribution function is in the form:

2
I P exp | M= t0)" ) m (sl
! (271'(k/m)T)3/2 2kT kT, kT,

(1 —exp (—%)) exp (—l%) (5.13)

The second intermediate distribution function is in the form:

my = P ex _m(g—go)z ™ ex (—msl)x
2T onmny P\ Tk, )k, P\ kI,




CHAPTER 5. DIATOMIC MODEL FOR GAS MIXTURES 120

while the equilibrium distribution function is in the form:

méd — P exp _m(ﬂ_ﬂo>2 ﬂexp (_msl) y
(27t(k/m)T)3/2 2kT kT kT

Therefore the expansion of the non-equilibrium distribution function in powers of € where m
is the Oth-order expansion and the same property as in Eq. (5.10) for the difference between two

equilibrium functions leads to:

1 1 omed dmed
_ - . L roeq oA . 2
f_m1+z,<m2 m1)+ZV(m my) sr( 5 T oz >+0(e ) (5.16)
1 1 1 1 omed dmed
_(1_ _ eq _ on ) 2
f= <1 Z,>m1+(Z, Zv>m2+zvm ST( FTRRE >+0(8 )

For the three-temperature model both collision numbers are involved and we notice that they
are present in the first order expansion, which means they will directly influence the transport
properties (which are of order O(¢)).

Splitting the collision term in three different relaxation processes is a widely used approach and
the above kinetic model is very similar to the UGKS three-temperature model [83] in terms of the
definition of the equilibrium functions and the governing equation formulation. Furthermore, if
vibrational excitation is not considered, the model will have only two relaxation processes (with-
out the Z,), which is similar to the UGKS with translational and rotational non-equilibrium,
presented in [82]. Another two-step approach is demonstrated by the Rykov model [90], but
the formulation is classified as a heat-flux correction for diatomic gas as an alternative to the
Shakhov correction for monoatomic gas. This shows that this multistep build-up from the single
temperature model to the three temperature model is consistent with models previously pub-
lished in the literature.

To visualize the main difference in the three models, Fig. [5.1|demonstrates the different temper-
atures for each model and their relaxation process. The comparison between the three models

and their expansion will proceed when the continuum limit is discussed next.
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Figure 5.1: Temperature relaxation process for the single-, two- and three-temperature models
for diatomic single-species.

5.2 Continuum Limit

This section demonstrates the continuum limit of the presented diatomic kinetic models and
compares the single-, two- and three-temperature mass, momentum and energy conservation
equations. The Chapman-Enskog expansion upto first order of the non-equilibrium functions f,
detailed in the previous section, for the diatomic gas consists of summation over all vibration
levels i, integration over all positive rotational energies / and similarly to the monoatomic gas:

integration in the three velocity directions and is performed as:

%////izfdldw%////igydldg:o, (5.17)
e =ML =0

where y is the collision invariant and is in the form y = [1, u, @+ +w?) + 1+ i%’g 6,]".

We observe that the mass conservation equation is the same for all models:

%////iﬂ”dw%////iufdldz:m (5.18)
e o =0 e g =0

where from here onwards we consider the Chapman- Enskog expansion only in the one-dimensional

formulation leading to:

0 0
EPJF;C(PMO) =0 (5.19)

Since only the temperatures are changed, the mass conservation of the system is not affected.
Notice also that in comparison to the monoatomic gas (Chapter 1 Eq. (1.28)) no additional terms
are present.

The flux in the momentum equation is different for the one-, two- and three-temperature models

as:
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Single Temperature:

8 (9 2 kB
E(Puo) + a(P”oJFPET)
. EA%Pp—T%—pk—B r ‘9”0}:0 (5.20)

m  dx m (%—i—%exp(%)) ox

Two Temperature:

J J ke, 1 ks
5, (Puo) + a—(puo+p Ttr—_p (

T, -T))
8%% [2 _T%_p% <%+52£T)Texp<%)> 3;;0} =0 (5.21)

Three Temperature:

d d/ o ke, 1 kg . 1 kg N
5Pu0 a(PquFPET—Z—rP%(T—Tn)—Z—VP%(T"—T»
_ 2 d [2 kBTau() kB T 8u0] —0 (5.22)
8x
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We observe that all three models lead to different momentum equations. The single-temperature
model is matching the continuum limit presented by the model from Mieussens and co-workers
[96,97]. The two- and three- temperature models have extra terms that are highlighted with a
bracket on top. It is easy to see that if for the two-temperature model 73 = T then it collapses
to the expression of the single-temperature model. Again, for the three-temperature model if
T = T;,, we recover the two-temperature model and if we set them equal to 7" as T= T; =T, the
single-temperature expression in the continuum is recovered. This shows consistency between
the models with the additional terms involving temperature differences that are of order O(¢)
and contribute to the bulk viscosity in the gas. The transport properties will be further discussed
in the following section.

Unlike the momentum equation, the energy equations are modified in both the time and space
derivative terms when changing from single-temperature to two- and three-temperature models.
Note that the considered energy equation governs the conservation of total energy of the gas,
while for the two- and three-temperature model, separate equations for rotational and vibrational
energy can be derived (which correspondingly will include a source term on the RHS). The total

energy conservation for the three models is:
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Single Temperature:

ot 2" m 2

.

7 [1
5 lipu%+—p—T+ — P

I
+
=2
N
-
¢
>
o
/N
~|
N———
N—

S(T)zexp(ﬂ>>P:T%Tg_§] -0 (5.23)

Two Temperature:

a1 , 5 kg 8(T,) kg
E[EpuOJrEpZT”JF > PZTV
(1)
" 1/5 kg.. 5 kg O(T,) kg.. &(T) kg N
2 (3P T3P T R ST
o [1 7 ks O8(T,) ks
Ty EPM(3)+§PM0 Tir+—5—puo— Ty

(2)

" 147 kg, T kg, O&(T,) kg. O(T) ks
——(zpuo—T;, — =puo— =T, — —~puy—T
Z <2puOmTt 2puOmT+ 2 Puom Y uom )

2
5 (o gy e G e ()i ]

=0 (524
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Three Temperature:

(3)
ol , 3 kg~ kg O(T,) k. 1/3 kg 5 kg ks
Sy 2274 pET, B (Z2pET —Zp2ET, +p22T,
arlzp”°+2pm L Zr<2pm PP, )
@)
" 1/5 kg, 5 kg O&(T,) ks O&(T) kg
2 (3P T 3P T P ST )
o1 5 5 kg, ks 6(T,) ks
‘l‘a Epuo"‘EP”OET"‘P“OZTr"‘ > pMOETv
(5)
T1/5 kg, T kg kg \
~7; (GPuT = Jpuo T puo ;)
(©)
1 /7 kg 1 ks, O(T,) ks, &(T) kg
Z(EPMOETW EPMOET—'_ 5 pMOZTV 5 MOET>
.0 1 kg, dug (7 &(T)? 0.\\ k3 _OT
€T$[<2(§+52<T>ex (&»)’)”OETW*(T i o(7))P T 5
2 g SXP\ T

=0 (5.25)

Notice that in the time-derivative term, the expressions that are highlighted with the top bracket
((1), (3) and (4)) are outside the well-known total energy expression. Since this is a total energy
conservation, we do not expect these extra terms. When discussing each of these terms in the
next section, we will prove the "extra" expressions to be equal to 0, which in turn will lead to
a consistent energy conservation for all there models. Furthermore, expression (5) is also 0 and
expressions (2) and (6) in the space-derivative terms will be partially reduced as well.
Moreover, observing the consistency property of the three models, equalisation of the tempera-
tures leads to reduction of the model from three- to two- and then from two- to one-temperature
model. A similar process in the reduction is followed as in the momentum equations. However,
a distinct difference is the appearance of the rotational temperature 7 in the energy equation of
the three temperature model. The energy equation is the first continuum equation in which the
three initial temperatures 7, T and T, are all present. Therefore to reduce to the two-temperature
model first the translational and rotational temperatures equilibrate to the common translation-
rotation temperature or 7' = T, = T;,. This leads the first terms in the time- and space-derivatives
with an overbrace and multiplier 1/Z, (i.e. expressions (3) and (5)) to 0. Logically, the next step
to reduce to the single-temperature model will be to equalise 7;, = T, = T, which will make the
brackets multiplied with 1/Z, (i.e. expressions (4) and (6)) also 0.

We can clearly see the effect of additional temperatures and relaxation ratios in the kinetic mod-
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els lead to changes in the continuum limit. The additional information facilitates a more detailed

level of modelling.

5.3 Transport Properties

The Chapman-Enskog [24]] expansion is widely used in the kinetic gas theory and it was estab-
lished and derived specifically for monoatomic gases, while it is also often used for diatomic
models. Monoatomic kinetic models utilise the expansion to demonstrate the continuum limit
and show the corresponding closure of the Navier-Stokes equations. The derived continuum
limit allows for the transport coefficients to be evaluated and with the help of relaxation coeffi-
cients to be correctly fitted, as shown in Chapter 2. Therefore the full derivation and numerical
application of kinetic models is not possible without the evaluation of the transport properties,
which are the focus on this section. Furthermore, this section will proceed to discuss the ad-
ditional level of detail provided by the models with different number of temperatures, while
focusing on the transport properties and how they are affected.

The transport properties for a single-species monoatomic gas are viscosity and thermal con-
ductivity. As previously discussed, more transport effects occur for a gas mixture (see Chapter
1.4.11). Similarly, for diatomic and polyatomic gases additional transport properties are present.
When the CE is applied to a polyatomic model, a volume viscosity component and extra ther-
mal conductivity terms occur, due to the internal degrees of freedom [125]. The volume (bulk)
viscosity for a monoatomic gas is zero as are the extra thermal conductivity terms as well. Com-
paring the continuum equations of a monoatomic single-species gas and diatomic single-species
gas will highlight these properties. Considering the equations in the previous section and com-
paring with the Navier-Stokes for a monoatomic model (shown in Chapter 1), the change in
transport coefficients moving from monoatomic to diatomic single temperature model and then
to two- and three- temperature models is examined. First, the mass conservation equations are
inspected.

Monoatomic Mass Conservation:

0 0

5P+ 35 (Pu0) =0 (5.26)
Diatomic Mass Conservation:

0 0

%Pt o (puo) =0 (5.27)

In the previous section, it was shown that for all three models the mass equation does not change.
Furthermore, the continuity equation is not affected, i.e. there is no difference between the ex-

pressions for monoatomic or diatomic mass conservation, as shown in Eq. (5.26) and Eq. (5.27).
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5.3.1 Bulk Viscosity

As expected we observe changes in the momentum equation. If we compare the monoatomic and
diatomic momentum equations, an additional term appears. That additional term is known as the
bulk viscosity. The literature specifies the bulk viscosity for a diatomic gas is due to presence of
internal degrees of freedom. It can be regarded as a relaxation phenomenon [24]. Furthermore,
the difference of relaxation times between translational, rotational and vibrational degrees of
freedom contribute to the definition of this transport term. Due to this difference, the work done
by the pressure on the gas affects the mechanical (translational) energy faster than the thermal
(by inelastic collisions) energy which then gives rise to the bulk viscosity [24}/126]]. Examples
of flows where the bulk viscosity becomes important include flow where the velocity divergence
is large, e.g. inside a shock wave, when fluid is compressed and expanded in multiple cycles
(e.g sound wave) or when the atmosphere consists of a gas with large bulk viscosity e.g. CO,
in the atmosphere of Mars [2,/126]]. Even though it is a viscosity coefficient and has viscosity
units, the bulk viscosity does not represent a momentum transfer, but an energy transfer [127].
The momentum equation in the x-direction for the monoatomic gas is shown in Eq. (5.28).
Splitting the viscous term in diatomic momentum equation (Eq. (5.20)) into a normal stress that
matches the monoatomic gas momentum in Eq. (5.28)) and examining the remaining terms leads
to the bulk viscosity, consisting of the last two terms in Eq. (5.29), which are emphasised with
an underbracket. This is possible since we know that the ordinary viscosity does not differ for a
monoatomic and diatomic gas [35].

Monoatomic Momentum Conservation.

8 (9 2 kB A 8 4 kB al/t() .
Single Temperature Momentum Conservation:
8 3 2 kB
E(Puo) T35 (PM0+PZT>
N 8 4 kB 8u0 2 kB 8u0 kB T 8u0 .
ot T P T o P (3+ 2 erp (%)) 2 |=0. 629
2 4 SXP\ T

[ J/
~

where the ordinary viscosity t for the monoatomic model and all diatomic models is:

kp
m

u=tp—T. (5.30)
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Therefore the contribution to the normal stress from the bulk viscosity for the single temperature

model is in the form:

G( )_%T @T%—T k_B r 8u0
Ha 3 pm ox pm (%+52(T) (%)) ox '

(5.31)
— SXp\ T

Notice that in the limit of 6(7') — 0, where no vibrational energy is present, the classical result
[128]] for the stress due to bulk viscosity appears:
2 kB au() 2 kB au() 4 kB 8u0
o =-1p—T———<-19p—T——=—17p—T—, 5.32

(kg) P’ ox 5P m ox T 15Pm ox (5-32)
where in the absence of vibrational energy, this bulk viscosity is solely due to the rotation of the
molecules in the gas.
The two-temperature model has a common translational and rotational temperature and a sep-
arate vibrational temperature. The same comparison is used for the model with two relaxation
times. Extra terms of order O(€) appear in the first space-derivative term and have been moved
into the second space-derivative bracket with the other order O(¢) terms.

Two Temperature Momentum Conservation:

8 8 2 kB Aa 4 kB 8u0
E(P“O) 35 (P%‘szTtr) & [ng FM (5.33)
1 kB kB 2 kB 8u0 kB T 8u0 .
7 (P e 4)*5”#5—%(; M%) o | =0
2 gz SXP\ 7

J/

-~

Therefore the normal stress caused by the bulk viscosity for the two temperature model is now
modified and can be expressed in the form:

. 1 kB kB 2 kB 8u0 kB T 8u0
o) = 5 (P Tir= P 0T) + 7P T — ol (- ep(3)) O

Notice that relative to the one-temperature model the modification of the expression is a temper-

ature difference and not based on a velocity gradient. The Chapman-Enskog expansion based on
the Maxwellian leads to a distinct advantage at this stage that we have noticed after comparing
with an expansion that is based on the intermediate equilibrium function. The bulk viscosity is
identified after the exact same expression for the ordinary viscosity, based on the equilibrium
temperature 7', as in the monoatomic gas is in the continuum limit of the diatomic gas. Note
that if we are to expand with the intermediate distribution function the ordinary viscosity will be
expressed with the combined translational and rotational temperatures 7; and is not identical to
the one from the monoatomic gas. Therefore, no straightforward conclusions would be possible

for the bulk viscosity, while now we have the capability to assess the bulk viscosity transport
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property. Of course, at the same time both expansions are valid alternatives based on the order
of € considered here.
Furthermore, performing the same analysis for the limit of §(7') — 0 in order to inspect the bulk
viscosity stress in the limit of no vibrational excitation leads to:
1/ k k 4 du

< B B T) 0

p—T— +— p—T— (5.35)

o(ps) = 15 ox

At first, this expressions differs from the well-known expression shown in Eq. (5.32). How-
ever, for the assumed condition of no vibrational excitation the difference between the common
translation-rotational temperature 7; and the equilibrium temperature 7 will be 0, which then
in turn reduces to the bulk viscosity stress expression to the expected value as in Eq. (5.32).
Following the same procedure in the expression of the momentum equation for the three temper-
ature model provides an expression for the modified stress due to bulk viscosity for the model.

Three-Temperature Momentum Conservation:

o +a< 2+ T)— Ti[z_t ks . It

3tp08p0p ox 3P m" ox
kp kg, dug kp T dug
(PN AL L ]
€2, m 3 dx m (%+52(T)exp<%)) dox
=0, (5.36)

therefore the expression for normal stress based on the bulk viscosity is:
1 kB A 2 kB 8u0 kB T au()
=—p—(T—-T; ., —T T— —
o(ug) = Z-po (I=Tr)+ p (tr 3 T TP s M (e ox
> T3 exXpl T

(5.37)

where additionally to the two-temperature model modification based on 73 and T with a colli-
sion number Z,, further change is introduced with the difference between temperatures 7' and
T;» with collision number Z,. All three temperatures of the model contribute directly to the
expression for bulk viscosity. Similarly to the two-temperature model, it is easy to observe
the expression for the stress due to bulk viscosity with no vibrational excitation reducing as in
Eq. and Eq. (5.35). As in the two-temperature model, further to the limit of the vibrational
degrees of freedom 6(7') — 0, the temperatures 7;, and T are non-distinguishable or 7;, = T.
Therefore: . 4 ke 9
o) = 5 p 2T~ 1)+ 1cep BT L.

In contrast to the other two models in which the translational and rotational temperatures are in

(5.38)

equilibrium, in the three-temperature model (in the limit of no vibrational excitation) the differ-
ence between the translational and equilibrium temperature (which can differ due to the separate

rotational temperature in the gas) creates an extra term even in the reduced bulk viscosity ex-
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pression.

Furthermore, with the additional assumption of equal translational and rotational temperatures
or T,, = T = T,, we again receive the result for the stress due to bulk viscosity of the single-
temperature model as in Eq. (5.32).

5.3.2 Heat Flux

The second extra term that appears in the continuum limit of a diatomic model in comparison
to the monoatomic model is the additional heat flux based on the rotational and vibrational
molecular motion. Equations (5.23)), (5.24)), (5.25]) showed the continuum limit as derived from

the moments for the energy equation. Notice that in the two and three temperature models terms

of order O(€) appear even in the time derivative term. Using the internal energy definition, we
observe that these terms are eliminated, since:
5 o(T,)

5+8(T)
= —RT; R, = ———
e 5 tr+ ) v )

RT (5.39)

is the definition based on the separate temperatures for the two-temperature model and:

0 g, — S, 4 30, — 33D

3 .
e= ERT +RT, + RT (5.40)

is the definition based on the separate temperatures for the three-temperature model. Using
these definitions and inserting the terms of order O(€) into the second space derivative bracket
similar to the momentum equations, the new expressions for the energy equation of the two and
three temperature models are compared with the monoatomic and single temperature diatomic
models.

Monoatomic Energy Conservation:

Lo
ox

1 3 kg

0 ) 1
E[EPMO—FEPET 2 ox m  odx 2" m? Jx

pug + %puO%T] — 8fi [gpuok—BT% + §pé a—T =0.

(5.41)
The total energy conservation for diatomic gas will differ due to the extra degrees of freedom due
to the molecular rotation and vibration. The temporal and zeroth order of O(€) spatial derivative
will be in a similar format to the monoatomic gas but differ in the coefficient specifying the
contribution due to the DoF. From the standard form of the Navier-Stokes equations the order
O(¢€) term in the space derivative will consist of the normal stress multiplied by the gas velocity
and the heat flux. By knowing the ordinary and bulk viscosities contributions to the normal

stress, we can isolate the heat flux contribution.
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Single Temperature Energy Conservation:

o1 5 kg O8(T) kg P) 7 kg S(T) kg
8t[ p 0+2P—T+TP—T 355 P“o+ Fpuo T +——puo--T
Aa 4 kB 8u0 2 kB 814() kB T 3140
‘”a—x[@’z ax 3P a—x"’;<§+5z<f>ex (%)) 50 )0
2 P{7T
5 2 &(T)? 0, 50T |
+\<§+§+ ; exp<?>)p 35 | =0 (5.42)

Therefore the heat flux due to translation, rotational and vibrational DoF is in the form:

5 2 8(T)? 0, ki 0T
=—|z+= — T— 543
a=—(5+3+ 5 o0(F)) P AT o 6:49)
where when compared with the monoatomic energy equation, the translational heat flux is shown
to have preserved the same form, as it was expected [35]], and the separate contributions to the

heat flux from the translational, rotational and vibration DoF are:

5 k& 0T 2 k& 0T ~ 5(T)2 0 k%2 OT

tran B rot B vib v B

= _—Z1pBr—, =—Ztp-LBT-—, g = — p(—) p-BT1—.
ZT m2~ dx 9 2T m2~ ox 4 X T t m? ( Sax )

After simplifying the two-temperature energy equation with the definition of energy, the equa-
tion is in the form:

Two-Temperature Energy Conservation:

T+

a1l , 5 kg 8(T,) kg
E[_ Wt P irt Ty P

S(Tv)p kBTV]
m

.0 | /4 kg dug 1 kg B kp 2 kg dug
(loler L (ot p'2r)

o |3P ok T ezt P 3P o
2 2
A e e (3 ()] o

Therefore, for the two-temperature model the heat flux is in the same form as for the single-

temperature model and is expressed with the equilibrium temperature 7'.

(2 ()L

No corrections to the heat flux expression is observed up to order O(¢) from introducing the sec-
ond temperature. Further, the individual heat flux contribution are also the same as in Eq. (5.44).

This is a result of using the equilibrium (Maxwellian) distribution function as the basis for the
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CE expansion. Notice that the energy equation overall is still modified due to the work done by
the normal stress based on the bulk viscosity.

Three-Temperature Energy Conservation:

o |1 3 kg. k S(T,) k
—[—pu3+—p—BT+p—BT,+ ( )p—BTV] (5.46)
2" m m 2 m
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m
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Py G el ek |-

g

Similar to the two-temperature model, the total heat flux and the individual heat flux contribu-
tions from the translation, rotational and vibration are unchanged in comparison to the single-
temperature diatomic model. Again, this is a result of the CE expansion based on the Maxwellian

distribution function. The total heat flux expression is based on the equilibrium temperature 7'

=G () o tlr

while the different contributions are as in Eq. (5.44) or:

and is in the form:

5 ki 0T 2 ki 0T : 5(T)? 0 k3 OT
tran __ _BT_ rot _ =~ _BT_ vib _ (_V B 7
g 2P ox 1 2Pt ox 1 5 P T)Tp m? (584)168)

Equations (5.48) will be compared with the heat flux contributions for the diatomic mixture

model with three temperatures presented in the next section.

5.4 Diatomic Mixture with Three Temperatures

After building up a diatomic model from a single-temperature model, available in the litera-
ture [96,97], to a three-temperature model, which can model separately translation, rotation
and vibration, we focus our attention to expand this model to a diatomic mixture model. Note
that we have defined the model for a binary mixture, similar to the monoatomic mixture mod-
els. In this section, a diatomic mixture model with separate species velocities is presented. A
species target velocity is also introduced similar to the monoatomic mixture models discussed
in Chapter 2. Furthermore, the model features three temperatures per species and has a com-
mon translational target temperature (used in the equilibrium distribution function), consistent

with the monoatomic mixture model. The properties established with the derivations of the
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monoatomic mixture model (e.g diffusion coefficients and ordinary viscosity coefficient) and
the single-species three temperature model (e.g relaxation process, bulk viscosity, etc.) are
found in this new model and are discussed in detail.
The governing equation for a diatomic mixture is per species s, while the rotational and vibra-
tional collision numbers Z, and Z, are kept constant for all species. The characteristic tempera-
ture 0, is also per species s, which allows for specific gases with different levels of vibrational
excitation to be considered. This is one of the key benefits of this model. The governing equation
per species for the diatomic kinetic model is:

afs afs 1 1 1

= tu-—-=—(my _fS)+Z_(m52 —ms;) +

5 5 1 . Z_’C(meq_mSZ) ;o s=1,2, (5.49)
A4 r Vv

where f; is the non-equilibrium function, my, is the initial (or first) intermediate equilibrium
function, my, is the second intermediate equilibrium and mg? is the final equilibrium function,
resembling a Maxwellian distribution. All distribution functions follow the same notation as be-
fore, but are per species s. Similarly, the governing equation as well as the distribution functions
describing it are quantised (for the vibrational energy levels) as in the single-species multi-
temperature approach. Note that in general for different diatomic gases, different number of
quantised levels need to be considered.

The first equilibrium function my, that the non-equilibrium function f; relaxes to, is in the form:

N2
ps Cmy(u—u®)"\ m (_ myl ) .

mg, = 3/26Xp 2kBT kBTrse

(Zn(kg/ms)f“)
0,, i0,,
(1 —exp <— Tvs)) exp <— T ) , (5.50)

where the target translational temperature is common for both species and is 7". Furthermore, the
(8)

target species velocity is ug”’. Both of these variables are consistent with the monoatomic binary

mixture model by Groppi et al. [[64] and the two models presented in Chapter 2 and in [88]]. The
relationships between the target temperature 7' and the species translational temperatures T},q,
and between the target species velocities ugg) and the species velocities ug and gas velocity ug
will be discussed in detail. They are important for compatibility of the model but also to model
the diffusion behaviour of the two gases in the mixture. More terms specific for this equilibrium
function are the species rotational temperatures 7, and the species vibrational temperatures 7, .
Notice that since this is the first or initial equilibrium function, the gas is furthest away from
equilibrium in the considered relaxation process. This is the reason all temperatures differ from
each other.

In the next relaxation step the first intermediate equilibrium function my, relaxes to the second
intermediate equilibrium function my, with relaxation time Z, times longer than the initial relax-

ation. At the stage of the relaxation process represented by this equilibrium function, the species
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translational and species rotational temperatures should be in equilibrium leading to a species
translation-rotation temperature 7;,,. However, in the time of having translational and rotational
temperatures equalize, the species translational temperature will be common for both species
and similarly the species rotational temperature will be common as well or 7, = T;,,. Therefore,
having species translation-rotation temperature 73, is unnecessary and a common temperature
T; 1s used, where T = 1., = T,, = T;,. Note that this can be justified for the common binary gas
mixture for aerospace application (air) consisting of nitrogen and oxygen,where the collision
number Z, for N, is very close to the collision number Z, for O;,. Considering modelling differ-
ent methods for Z, as a function of temperature [1294/130] and the fact that the species rotational
temperatures have similar values, having a value for Z, common between the two species is a

reasonable assumption. The second intermediate equilibrium function becomes:

o Ps ex _ms(ﬂ_ﬂo) mg ex (_ ml ) y
2T ks m)T) P O\ 2ksTw ) keTy D\ ksly

(1 —exp <—gvf)) exp (—lﬁvs> , (5.51)
Vg Vs

where two species vibrational temperatures 7, represent the fact that the vibrational tempera-

tures have not equilibrated yet with the other temperatures. Important to notice in Eq. (5.51) is
the velocity, which has relaxed from species target velocity ugg ) to the common mixture velocity
ug of the gas. There are two possible relaxation routes for the velocity, which is not directly
related to the Z, and Z, collision numbers. It is considered that the velocity equilibration occurs
with the quicker initial relaxation rather than the slower relaxation. For this reason the my, dis-
tribution function is defined with the gas velocity uy.

Finally, the last equilibrium distribution function is defined with the equilibrium temperature 7

and the gas mixture velocity ug as:

2
Ps un (Z_ZO) ng ( ms1>
mél = exp | — exp| —— | x
$ (27t(k3/ms)T)3/2 p( 2kgT > kgT p kgT

(1 —exp (— 9;)) exp (—i?l“) . (5.52)

At this last stage all temperatures are in equilibrium, which makes this distribution function to

resemble a species Maxwellian distribution function for a diatomic gas.

The relaxation process of the distribution function is as f; — my, — ms, — mi?. To visu-
alize the temperature relaxation, the temperature reduction stages are shown for the mixture
model in Fig. [5.2] similar to the comparison between the single-, two- and three-temperature
single-species diatomic models before. The red temperatures and dashed lines are stages in
the temperature equalization that are omitted in the modelling process. Despite being omitted,

species-specific translational temperatures can still be obtained from taking moments of the non-
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equilibrium distribution function f;. However, these temperatures play no role in the definition
of the current model. These red steps are justified through the representation of the model in this

section. The equilibration process begins with five temperatures for the two-species model: 7',

Ttram Ttranz
4 K
Ty, Ty,
\4 \4
Ty, Ty,

T

Figure 5.2: Temperature relaxation process for the diatomic mixture model.

1., T, T,,, T,,. In the next step, the translational and rotational temperatures have a common
T;, temperature, while 7, and T,, are still in the process of relaxation. In the final step all tem-

peratures are equal to each other and to the gas temperature 7.

Reduction to a single-temperature single-species model

We will now demonstrate the reduction of the mixture diatomic model to the original single-
species single-temperature model [96] and the conditions required to achieve it. That model
does not have a separate rotational or vibrational relaxation. Therefore, to reduce to the original
model, we inspect the case where Z, = Z, = 1, resulting in the additional equilibrium functions

cancelling out as:

dfs dfs 1 1 | P
ot +u- a)_c _E(msl _fs)‘f‘z(msz_msl)‘i‘g(ms _msz)’
ofy . s 1, .
8t +Z' a)_C - ,L_(ms _f:V)7 (553)

where the equilibrium distribution function is dependent on the gas mixture velocity ug and

the equilibrium temperature. Other macroscopic properties discussed during the mixture model
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gg)

introduction like the target velocity u;®’ and the temperatures 7', 7}, , T,,,T;, no longer participate

in the required set of equations. The equilibrium function is in the form:

Ps ex _ms(ﬂ_ﬂo) mg ex (_m_sl> y
(ZE(kB/ms)T)3/2 P 2kpT kgT P kT

(1 — exp <— 9;)) exp <—i(;v‘*> . (5.54)

Next, we consider that the original model is not defined for a gas mixture. Therefore, the final

eq __
mg* =

step is to reduce out the species specific properties: p; = p, mg =m and 6, = 6,. The governing
equation is for the distribution function f for the gas:
af oIf 1 (€

E+Z'8_)_c_r

=), (5.55)

and the equilibrium function goes to:

m = i ex _mlu— ) ™ ex _mL X
_(ZE(kB/m)T)3/2 P 2kgT ksT P\ kT

(1 —exp (—%)) exp (—%) . (5.56)

We recover the single-species model with one equilibrium temperature and one gas velocity,
demonstrating the consistency of the diatomic mixture model. This property is discussed math-

ematically, but in the next chapter will be shown numerically.

Reduction to monoatomic gas mixture

To reduce to the monoatomic gas mixture, we consider the case when there is no energy ex-
change between the translational and internal energies. The rotational and vibrational relaxation
effects are so much slower than the translation relaxation that they never really begin to propa-
gate and Therefore, the collision numbers Z, — oo and Z, — oo . In the limit of infinity it follows
that 1/Z, = 0 and 1/Z, = 0, which reduces the governing equation of the diatomic mixture
kinetic model to:

dfs  dfs

1
a—t+u-a—£:7€(msl—fs), (5.57)

with the equilibrium function in the form:

(8)\2
— I
ms, = Py —57XP _ms(u & ) s exp (— My )x
(27 (kg /my)T) 2kpT kpT;, kpT,,

(1 —exp <— 3“)) exp <—179¥> . (5.58)
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Notice that the governing equation reduced to one equilibrium distribution function, similar to
the reduction to a single-temperature, single-species model in Eq. (5.53)), but the function itself is
different. In the current reduction to a monoatomic mixture model, we have kept the distribution
defined with the target velocity ggg) and the target temperature 7', similar to the monoatomic
model we are trying to go to: the Groppi et al. model [64]], described in Chapter 2. To reduce
the equilibrium function we consider the summation over all quantised levels i from O to o and

then integrating out the rotational energy / as:

OF,  JF, 1
5 T4 o —;(Msl —F), (5.59)

with the equilibrium function in the form:

oo

Moo= (Yo ar— Ps ex _ms(u—u®y? (5.60)
0= [ pmadl = o T '
o =0 (27’5(/{3/ms)T) B

Comparing with the expressions in Chapter 2, we conclude that M, = G, and the monoatomic
mixture model possessing two correct transport coefficients in the continuum limit is recovered.
In this section the governing equations of a new kinetic model for a binary diatomic gas mixture
were presented. Furthermore, modelling decisions were discussed and justified. The relaxation
process was detailed. The next sections will focus on closing the model by deriving the expres-
sions for the target velocity and species temperatures, demonstrating compatibility of the model,

providing the expressions for the transport properties and showing the continuum limit.

5.5 Compatibility

In this section the compatibility property of the model is demonstrated. It is shown that taking
moments with respect to the collision invariants of the collision integral on the RHS of the gov-
erning equation equals zero. This property was also used in Chapter 2 to provide expressions
for the target species velocity ugg ) and target temperature 7'. Similarly, these expressions will be
derived for the diatomic mixture model together with the expressions linking the temperatures
received by taking moments of the distribution function and the translational-rotational temper-
ature 73, and the equilibrium temperature 7. As in Chapter 2 these expressions guarantee the

compatibility condition.
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5.5.1 Mass Compatibility

The collision term on the RHS of the governing equation is Qs =

137

(m51 fs)+ #(mn —myg)+

v

1
—(m$? —my,)dI du

le (ms? — ms,) and the collision invariant for the mass compatibility is 1, leading to:
—o0J0 =0 B —o0 J 0 ,':()T : Z ? :
= (o) + (P + (s p)
= PP+ (P = po) 5Py
= (),

(5.61)

where even though the model is for a mixture the mass is conserved per species s, since the gas

is non-reacting. This will differ for both momentum and energy compatibility equations. The

proof of the mass is trivial, since the first moment of all functions is the species density py and

does not impose new conditions between the macroscopic variables.

5.5.2 Momentum Compatibility

The momentum of the diatomic mixture model is conserved for the whole mixture and not per

species s. Therefore the sum of the moments of the collision integral Qs with respect to the

collision invariant  is assessed:

Sé///“ /OooliuQsd] du

1
= T((mui )—P1u1) t7

1 (g))

1
+;<(P22§g)—l?zuz)+ (p2uy — pauy

r

= %((plggg) +p22§g)> — ( P1yy +P222>
=0.

(Prug — pluﬁ ))‘l‘

v

puy — p1uyg

1
(s

(p1ug —Plﬂo)>
1

—my,)dI du

—(pauy— Pzﬂo))
(8)

- qugg)> )

(5.62)

Notice that the bracket multiplied with 1/Z, has disappeared in the final expression in Eq. (5.62).

Furthermore, for a binary gas mixture with species velocities u; and u; and gas mixture velocity

u, the following condition is valid:

puy = P1uy + pauy,

(5.63)
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which inserted in Eq. 1| leads to a requirement for the target velocity ggg). This leads to:

1
<1 - Z_> (P11 + poul® — pug) =0
OR

(8)

(&) +pauy’ = puy = Pruy + Pauy (5.64)

piuy

Definition of the ugg ) velocity:

So far we have described the velocity uﬁg) as an equilibrium target velocity for each species

representing the velocity in the initial equilibrium distribution function my,. However, taking
moments of the non-equilibrium distribution function f; will lead to the species velocity u;.
The gas mixture velocity up can be found using the species velocity u, and Eq. (5.63). Up
until this point, we do not have a mathematical expression for the species target velocity ugg ),
Further to Eq. (5.64), a second velocity relationship is required. This is provided by the same
constraint as for the Groppi et al.’s model [64] for the species-velocity equalisation and includes

the introduction of the relaxation parameter 7:

1 e Rl l o oo oo
E/// 0 ZZQldIdﬂ_g/// /0 ) uQodl du=—1(u; —uy), (5.65)
P =0 —e0J0 =0

where Q1 and Q> are the collision terms for species 1 and 2 respectively. Integrating the collision

terms with respect to the momentum invariant u in Eq. ((5.65))) leads to the following expression:

1
(p1ug— Plﬂgg)) +

1 /1 1
—( (P11 — pruy) + (PIEO—PIEO)>

p1 E A% Z,T
1 /1 1 1
iy (;(pzz%"') — pauy) + 7 T(Pzzo —Pzﬂgg)) + Z T(pggo —p2g0)> =-N(u —u),
(5.66)
which reduces to:
1 1
() —up) + 7, (to —uf®) — (W — ) - AL i) = 0l —uy)
1
W — i) — (uy — 1) (g~ —up+ ) = 07y —w)
Z.(1—nr)
Zgg) —Zég) = —(Zr— 1) () — up)
(5.67)

Notice that this equality is possible only if Z, is common for the two species and not species
dependent, while for this formulation Z, can be species dependent and the same expression
will be received. Next, to find ugg) velocity we multiply Eq. li by p, and sum with the
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compatibility equation p ggg) + ngég) = pu, (Eq. (5.64)):

Z,
Z,—1

) = (=7 2w+ (1= (1= me)

)uo L s=1,2 (5.68)

A necessary condition is that Z, # 1. In comparison to the monoatomic mixture model (see
Eq. (2.10)), where the expression for the velocity has a dependency on the relaxation parameters
N and v = 1/7, for the diatomic mixture model a further dependency on the collision number
Z, is present. For typical values of Z, in the interval 1 < Z, <5, then the ratio Z,/(Z, — 1) will
be always bigger than 1 and less than 2. It can be therefore argued that the collision number
dependency leads to a small weighted advantage towards the species velocity u rather than u
in the diatomic mixture model. Also, relatively to the monoatomic model, the same ratio of

(8)

n/v = nt will lead to the value of u;>’ closer to u,. Now, all velocities associated with the

presented diatomic mixture model are specified and can be computed.

5.5.3 Energy Compatibility

Equivalent to the momentum, the energy of the diatomic mixture is preserved for the sum of
all species and not individually. Furthermore, it is preserved for the sum of all types of energy:
translational and internal. The sum of the moments of the collision integral Qs with respect to

the collision invariants for the translational, rotational and vibrational energy is:
5 kp
Z —|u| +I+z—9vs)QsdI du=0 (5.69)
0 =0

/// Owli [ Gl +1+%26,) <

1 1 1
<,_L.(ms1 fs)+ 71 (msz msl) + Z_‘L'(miq - mn))] dl du =0,
v

where |u|?> = u?> +v? +w? and after a long but standard integration we reach the following

expression:

2
1 2 3 k. 1 3 k
3| (30l + 30T 3o = 3001 T

—1 s s

©

1 /1 5 kg 1 2 3 kp. ks
_|_Z (Epsgoz + Eps;STrr - Epsﬁgg) - Epsm_ST - m_ST’spS)

1/,8(T) 5, kg.. 5 ks.. &(T) ks

— (L 4+ D)p 2T — Zps—T, ———T =0 :
+Zv << 5 + 2)p - 2psms tr > - véps> 0 (5 70)

The only way to guarantee this expression is equal to O for different choices of Z, and Z, is if

each individual relaxation expression with a different collision number in front of it is 0, leading
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to three separate conditions to ensure energy compatibility of the mixture model:

To8

ﬂ
I
—_

/1 2 3 kg 1 3 k
<§psg§g) —l—ipsiT—Epsusz—ipsm—iﬂmns)} =0

11 S ks, 1 2 3 ks, ke
b2 e )} =0

%((M Volp Syt &(Ty,) ks ﬂ:o

(gl

1)
I
—_

2 2

(nglS

— =T, 71
27" mg 2 m, P 671

=)
I
—_

These equations resemble Eq. (2.11)) in Chapter 2 from which the temperature introduced as a
target equilibrium temperature in the equilibrium distribution function was defined. The species
translational, rotational and vibrational temperatures T;,4,,, T, and T, are found as moments of
the species non-equilibrium distribution functions. Similarly to the monoatomic model, from the
energy compatibility, the expressions for 7, 7}, and T are defined from the species temperatures
Tiran,, Tr, and T, :

o Ly 2 (@2

T = 3nkB s:Z’l [ps(ﬂs — Uy ) + 3nskBT,an (572)
37 Ly (2)? 2

1 = ET + Snkg S_Zi [ps(ﬁs —uy”) + ZnskBTrS] (5.73)

T — SnkpTi+ Z?:l (85(Ty, )nskpTs,)
Snkp 4+ Y2_, (8(T)nsks)

(5.74)

To guarantee positive temperatures, the limit of possible values for the coefficient ntT =1n/v is
found, similar to the monoatomic mixture models in Chapter 2. For positive macroscopic values
for the temperatures, the expressions in Eq. (5.72) and Eq. (5.74) guarantee positivity without
any limitations. From Eq. and the known possible values for the rotational collision
coefficient Z,, the coefficient’s bounds are 1/Z, < nt < (2Z, — 1)/Z,. Inspecting the possible
values for Z,, it follows that 0 < T < 2, which are similar values to the Groppi et al’s model [[64]]
and the Shakhov-based mixture model we developed [88] and detailed in Chapter 2.

Together the 3 equations (Eq. (5.72)-Eq. (5.74)) guarantee energy compatibility of the model,
provide expressions for 3 important macroscopic variables for the definition of the equilibrium

distribution functions and contribute to the successful closure of the kinetic model.

5.6 Continuum Limit for the Gas Mixture

The continuum limit of the diatomic mixture model and the equations for the mass, momentum

and energy conservation are demonstrated in this section. The Chapman-Enskog expansion upto
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first order of the species non-equilibrium distribution function f; is:

amd amd
+u

1
Jo=mat o or '~ ox

Z,

1 .
(mSZ - msl) + _(meq mSz) 8T<

Z )+0(e?), (5.75)

where the same approach is followed as for the single-species diatomic models described in this
chapter. The order O(¢€) expansion is based solely on the final (Maxwellian) equilibrium distri-
bution function m:?, defined by the gas mixture velocity uy and the equilibrium temperature 7.
As with the monoatomic gas mixture and due to the absence of chemistry, the mass conservation
is per species s, while the momentum and energy are conserved for the mixture. To receive the
complete set of conservation equations, we need to sum over all vibration levels i and integrate

the rotational energy / and in the three velocity directions with respect to the collision invariant

ll/ *
22 /// 2 dl du‘|‘—/// E u dldu 0 5.76
~ )t — 0 4 O‘I/Yf:g 8X wJo P II/ f:S‘ ( . )

—S

where the collision invariant is per species and in the form y; = [1,0,u,0, %(u2 +v2 4+ wz) +1+
i2-6,,)" and v = [0,1,0,u, 5 (1 +V2 +w?) + 1 +i7-6,,]".

Similar to the monoatomic mixture model the drift velocity is a very important quantity. It is

found as a moment of the CE-expanded non-equilibrium distribution function f; as:

psus = /// Zufsdldg,
—JO =

& 1 omd amd
£ — _ eq . A . A
Pl /// /0 ,Z' u|mg, + mY2 ms, ) + Z (m$d —my,) ‘L'( 3 +u I )}dl du,

N N W _o(Kp(Ps _mspsdpy ko mi\OT
psuly = psus® (Psus ~ Pstio) f(mg <8x m p 8x) +psms(l ) 8x>'
(5.77)
Substituting the expression for ugg ) as defined in Eq. lb into the above expression leads to:
e ST (L3P 1pdp g1 1\OT
s = W0 1Ps (ms dx mp dx T (ms )3x>
e _ g (L ons mom 1 nyoT
Y = W0 nng (ms dx p dx (ms p) 8x> (5-78)

where ny = ps/my is the species number density and n = p /m is the number density for the gas
mixture. Note the relaxation coefficient 7 is of the same order as 1/7 and therefore 1/ = €/1.
In Eq. we use this reduced form but instead of 7] we have used 1 by omitting the ~ symbol
for simplicity. We have used these quantities to derive the species velocity u¢ in a form allowing

comparison with the species velocity for the monoatomic mixture models from Chapter 2. We
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find that the monoatomic and diatomic expressions are identical, which is the desired result,
since the extra temperatures and relaxation processes should not affect the species velocity uf.
The mass conservation equation for the diatomic mixture model is per species s and is in the
form:

(&) (

psus -

Tt gl ) pu)
ai(_T<8ps_msps8p>+ k(l ms>8T

dx m p dx ‘me\" m/ ox

) —0, (5.79)

which after substituting ugg) from Eq. (5.67) and then the expression for u from Eq. (5.78

reduces the equation to a mass conservation equation which involves the gas mixture velocity
uo.

Mass Conservation:

dps d 8( <l8ps lps8p+ps<___>8T>>:O'

ot +£(psu 0)~ ax mp ox My ox

mg 0x mp ox (5-80)

Notice that the diatomic single-species mass equation was equivalent to the monoatomic single-
species mass equation. Similarly, the diatomic mixture mass conservation equation is the same
as the continuity equation presented in Chapter 2 for the monoatomic gas mixture models. The
introduction of molecular collision with internal degrees of freedom has not affected the mass
flow and diffusion in the system. The continuity equation can be reduced to a single-species
equation for m; = m and p; = p, which makes the term of O(€) to vanish. The continuum limit
for the mass of the system shows consistency with both the monoatomic mixture model and the
single-species diatomic model, which is the desired mathematical result.

The momentum is conserved for the mixture and therefore the sum over all species s is required

to receive the momentum conservation equation:

J - k 1 (8)y2 k 4 2 k
ot (puo) + Z( +ps T_Z(ps( ) ‘f’Ps;T_Ps(uO) _psm_sTtr>

P Py 2 2 ,,—lfsPsT 0
—To <2p£T£—S;{Psm%Z§:1 ((%+ 6321£T)exp(;)>%Ps> } a‘f) =0

The above equation can be reduced by using:

2

99)pid = ¥ (ol ) e

s=1 s=1

1~
A~
e
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similar to the monoatomic mixture models in Chapter 2. Furthermore, we can show from the
velocity expression in Eq. |b that ugg) —ug = O(¢€) and therefore (ugg) —up)? = O(&?). The
continuum limit considered here is upto and including first order terms in €. Therefore, the
momentum equation of the gas mixture is for the whole system and is based on the mixture
velocity uy.

Momentum Conservation:

s (o o£1) o3 (ot (1-1) o ok (11)

px

0
+<2 =3 <(% I <%>)mips)>p§T£>o. (5.83)

Note that the only difference between the mixture three-temperature momentum conservation

and the single-species three-temperature model is the mass m; and density ps per species s. For
mg = m and py = p, the momentum conservation reduces to the single-species three-temperature

model. The total energy of the system is conserved for the mixture and we know that:

2
1 k k os(Th,) k
e = ;[EP( ) + ps Ttrans“f’ps m, rs‘f‘ 3 ps;sTvs]a
2
I, 5 &k o(T) k
_ . > —T]. 5.84
e S;[Zpu(ﬂrzp 2P (5.84)
Furthermore, by inserting Eq. (5.71) we find:
2
1 3 k. k 05 (T, k
Z [Epsu%‘i‘zps_T‘i‘ps_Trx‘i‘ ( VS)ps_Tv.,- ) (5-85)
= myg myg 2 myg

which is the form used in the energy conservation expression. After integration the mixture en-
ergy conservation equation is based on the u§g ) velocity and all of the temperatures introduced
with the model. We have reduced that expression to a more concise form by using the expres-
sions derived from the energy compatibility, describing the relationships between the different
temperatures (Eq. ) , (Eq. ) and after expressing ugg ) as a function of u, and ug. Fur-

thermore, all terms of order O(&?) are ignored.
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Energy Conservation:

d&rl 5, 3 5(Ty,)  k
2y |- Zp T, T ]
It = |:2psu()+zps ) + Ps ) .1 > s s Vs
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+——=Psto— (Ttr - T) ( psuo + ps T + ps rs
ELYT m

_|_6S(TVS)p5£Tv5>(uS _uo)] } =0. (5.86)

2 My

Notice that for the energy conservation equation to reduce to the single-species form will need
further requirements than the mass equalisation. Specifically, in the zeroth-order time-derivative
and space-derivate terms, the species rotational and vibrational temperatures 7, and 7, need to
be equal, i.e. T,, =T,, and T,, = T,,. Moreover, the 0s(T,,)- degrees of freedom dependency,
which is defined with the gas-specific characteristic temperature will need to be set to the same
value. Only then, the energy conservation model reduces to a single-species model, which is the
required reduction to a single-species gas.

Finally, the three-temperature diatomic mixture model can be reduced to a two-temperature and
a single-temperature mixture model following the same processes described in the single-species

diatomic models.

5.7 Transport Properties for Diatomic Mixture

We will inspect the three equations describing the continuum limit to identify the transport
properties. The transport coefficients for the diatomic mixture model inherit the properties of
the single-species diatomic model: viscosity, bulk viscosity and thermal conductivity, due to the
internal degrees of freedom [125]]. Additional properties arise that are mixture related such as

the ordinary diffusion, Soret and Dufour effects.

5.7.1 Diffusion

In comparison to the three single-species diatomic models where no mass diffusion behaviour is

observed, Eq. (5.80) has a mass flux term, caused by the gradients of the concentration, pressure
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and temperature, in comparison to the single-species mass conservation shown in Eq. (5.19).

The mass flux term is in the form:

mpox T

mg m

kBT(laps 1 pdp Ps(l 1)‘”), (5.87)

Js mg dx ox

n

which is identical to mass flux of the monoatomic mixture models. Early in this chapter we dis-
cussed that expanding from a single-species monoatomic gas to a single-species diatomic gas is
known to affect some coefficients, e.g bulk viscosity and thermal conductivity, while others, e.g
ordinary viscosity, are unchanged. Diffusion belongs to the latter group and therefore the diffu-
sion effect of the monoatomic mixture and the diatomic mixture are identical [35]]. In Chapter 2,
as well as here, we ignore the temperature effect (associated with the Soret coefficient), leading
our focus to the ordinary diffusion. Therefore, the binary diffusion coefficient %, = %, where

r€{1,2} and r # s, is such that:
ekTp

Nnmgm,’

@vr =

(5.88)

similar to expression Eq. (2.62).

5.7.2 Viscosity

For the diatomic mixture model two viscosity coefficients are present: the ordinary viscosity

and the bulk viscosity. The momentum equation can be rewritten as:

8 8 2 kBA A& 4 kB 81/{0 1 kB A
5i(Pwo) + 5 (P p 1) — et (gpﬂx tazP o (1)

k 2 kg, .0 k kp d
+gzlvprB<T"‘T>*5"%%%"’%%23] ((%+@exp(%))%m) a?)
=0, (5.89)

where the ordinary viscosity u for the diatomic gas mixture considered here is identical to that

for the monoatomic model and is expressed as:

u=1tp—T. (5.90)

m

Here, we should take a moment to appreciate that the value of 17 is defined from the relationship

of the ordinary diffusion and ordinary viscosity coefficients, formulated as [35]:

mimy n%p
(m1+m2) A>{2

) (5.91)

>
3
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where A7, is a non-dimensional coefficient, defined by the ratio of collision integrals and is in
general a function of the gas temperature and the force law between molecules. This relationship
is identical to the monoatomic gas mixture, as are the ordinary diffusion and viscosity coeffi-
cients. Therefore, the expression for 17 is the same and equal to 1 /v. Furthermore, the value

of A}, = 1.10 is found appropriate [[117]].

1 p
(mi+my)A, n

<3

5
nt= - (5.92)
3
This coefficient will vary the most in regions of strong non-equilibrium and for bigger mass
ratios.
After identifying the ordinary viscosity coefficient, the contribution to the normal stress due to

the bulk viscosity is:

_ 1 k(s 1 kp 2 kg, dug
G(‘UB)—Z_rpE<T_Ttr>+Z_vpz<Ttr_T>+§TpZTg
kg
—1pk A Iuo (5.93)

"5 (e ¥))0)

We observe an expression similar to the single-species three-temperature diatomic model. Again,
three temperatures (7', 7;,, T) contribute directly to the bulk viscosity expression and the relax-
ation phenomenon is presented by the collision numbers Z, and Z,. The difference with the
single-species expression is only in the last term, which is multiplying the derivative of the mix-
ture velocity ug. There, a mass averaged contribution of the different degrees of freedom is
present. In the limiting case where s = 1 the normal stress due to bulk viscosity for the mix-
ture will reduce to the single-species expression (Eq. (5.37))). Alternatively, for the limit of no

vibrational excitation, the bulk viscosity expression reduces, where:

1 kp /A 4
o(up) = 5-p 2 (T =Ty ) + —p 2752 5.94
() = 5P (T Tor) + 570 T 5. (5.94)
which is identical to the similarly-reduced single-species expression and no mixture contribution
is present. Therefore, in the absence of vibrational excitation, the mixture momentum equation
up to the Navier-Stokes level is identical to the single-species equation, without any further

assumptions or requirements.

5.7.3 Heat Flux

In the energy equation for the gas mixture (Eq. (5.86))), the order O(¢€) expression in the spatial
derivative consists of three terms: the work done by the two types of viscosities and the heat

flux, which includes the thermal conductivity and the Dufour effect. The heat flux is expressed
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as:

0 - i[—<§+*§”exp<9;>>ws:%;fz—§

3 kp o&(T,) k
+<§ps(u0) + ps_T+ps V+MP _BTVY>( _UO)]7 (5-95)

mg 2 ng
where the term associated with the temperature derivative is the thermal conductivity contribu-
tion and the diffusion effect (the term multiplied by the velocity difference) is the Dufour effect.
The Dufour effect gp is:

2
CIDZS;(SPsk—BT+PskSTS+@P ’I;—BTvg)( — u), (5.96)
where contributions from each species temperatures for the rotation 7, , the vibration 7, and the
common target translational temperature 7 are present, while the velocity contribution sums to
0 for the mixture. This expression of the Dufour effects resembles the monoatomic expression
but the additional internal degrees of freedom of the diatomic model give rise to additional terms
based on these extra DoF. Note that for the same species mass, the difference between u; and u
vanishes and therefore the Dufour effect disappears.

The other effect in the heat flux expression is the thermal conductivity. The individual contri-

butions of the separate translational, rotational and vibrational DoF to the thermal conductivity

are:
qvib:_s—i <5S(Z)Zexp<%>ws:1_12?>%_? (5.97)

These expression are similar to the thermal conductivity for a single-species diatomic gas and
will in fact reduce to it for mg = m, p; = p and identical characteristic temperature 6, = 6,.
These equations are consistent with the single-species diatomic model, but the reader should
note that in comparison to the expressions in Chapter 2, no Prandtl correction is used in the
current diatomic mixture model. This is a drawback of the current kinetic model and should
be addressed in the future. However, diatomic mixture models are still a very challenging and
active area of research and the introduced model is a strong step in a well-understood, derived
and described model for gas mixtures with drift velocity and species-specific rotational and

vibrational temperatures.
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5.8 Summary of Findings

Three single-species diatomic models with different level of complexity were presented. Fur-
thermore, a diatomic model for binary gas mixture was detailed. The goal was to derive a
diatomic model, accounting for the internal degrees of freedom, for a gas mixture through a
comprehensive development from a well-known single-species single-temperature model to a
mixture three-temperature model and to explore the impact of each change. The continuum
limit for each model was demonstrated and compared. The transport properties were discussed

separately. The models were shown to have good mathematical properties and more specifically:

e A single-species diatomic model with a single temperature and single-relaxation approach
in the governing equation which is well-defined in the literature was summarised and used

as a starting point to develop two more detailed single-species models.

e A single-species diatomic model with two temperatures: a common translational and ro-
tational temperature and a separate vibrational temperature was developed and presented.
The model also differs from the initial diatomic single-species model by a two-level re-

laxation approach, allowing for a slower vibrational relaxation.

e A single-species diatomic model with three separate temperatures: translational, rota-
tional and vibrational temperatures was shown. The relaxation was split in three parts,

translational, relatively slower rotation and further delayed vibration.

e Both extended models were shown to be consistent with each other and the original model

when the temperatures were equalised.

e The mass, momentum and energy conservation was demonstrated. The differences be-
tween the conservation equations in the continuum limit due to the introduced tempera-

tures and relaxation differences were detailed and discussed.

e Transport properties were detailed for all models. The ordinary viscosity and the diatomic
heat flux, dependent on all excited DoF, were found identical between the models, while

the bulk viscosity expression reflected the relaxation of the additional temperatures.

e Based on the three-temperature approach, a diatomic model for a binary gas mixture
was developed. Similar to the monoatomic mixture, a new target species velocity and
a common target translational temperature were introduced. The rotational and vibra-
tional temperatures were per species, while the three-level relaxation was identical for the

two species.

e Species diffusion was accounted for with a relaxation parameter allowing the two species

velocities to separate.
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e The model was shown to be consistent and to reduce to a single-temperature single-species
model. The model was also shown to reduce to the monoatomic mixture, demonstrated in
Chapter 2.

e The model was shown to conserve mass, momentum and energy in the continuum limit.

e The ordinary viscosity, bulk viscosity were found identical to the corresponding single-
species expressions. The diatomic thermal conductivity was shown dependent on the
species mass and concentration, but besides that had a similar expression to the single-

species heat flux.

e The mixture transport properties appeared in the continuum limit expressions, similarly
to the monoatomic mixture models. The ordinary diffusion coefficient is identical to the
monoatomic expression, while the Dufour effect in the energy equation was similar to the

monoatomic version, but accounted for the additional internal DoF.

In summary, the developed diatomic model for binary gas mixtures was found consistent and

with good mathematical properties. Next, it will be evaluated numerically.



Chapter 6

Numerical Evaluation of the Diatomic
Mixture Model [f

The purpose of this chapter is to numerically evaluate the diatomic mixture model, which was
developed and theoretically evaluated in Chapter 5. The model is applied in a computational
setup similar to the setup for the novel monoatomic mixture models in Chapter 3 and a similar
approach is utilised for the numerical validation of the model. Starting with the evaluation of
the binary mixture model with two gases of equal mass and identical initial conditions, it is
numerically verified that the two gases are indifferentiable. The normal shock profile is shown
for a gas mixture consisting of nitrogen and oxygen. A parametric study with cases at different
Mach numbers, vibrational collision coefficients and species concentrations is presented. A
detailed comparison with results, acquired with a DSMC solver under the same conditions, is
presented and used for the evaluation of the mixture model. Some of the limitations of the
BGK-type model with a uncorrected Prandtl number are observed, while overall the mixture
model demonstrates promising results. Finally, the flow around a more complex geometry with a
cylindrical body is demonstrated for different Mach numbers and vibrational collision numbers.
In summary, the main contribution of this chapter is the numerical application and evaluation
of a novel diatomic mixture model with three temperatures per species and velocity diffusion
effects. The good agreement of the results when compared with DSMC results at identical
conditions is a stepping stone in the development of modelling air flow in rarefied conditions for

practical applications using deterministic and efficient kinetic models.

6.1 Numerical Method

The diatomic mixture model is tested and evaluated for the profile of a normal shock wave and

a circular cylinder. The computational setup and the problems are detailed in this section.

*Published in AIP Advances.
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6.1.1 Discrete Velocity Method

The results of the diatomic kinetic model are acquired using the discrete-velocity method within
the Multi Physics Code (M ® C) in-house framework [112,/118]].The method is chosen for its
simplicity and accuracy. This is identical to the methodology described in Chapter 3. Since we
follow the same approach, only the differences will be detailed here. In the current computa-
tional setup, all test cases are considered as two-dimensional (2D) problems. This choice for
2D was based on the planned applications to more complex problems (flow over cylinders, flat
plates and ramps). For the current one-dimensional (1D) shock problems, the extra cost was
deemed acceptable, since it avoids the development of a separate 1D version of the solver. Code
parallelization is required for all cases. As a consequence of using two-dimensional setup, the
number of discrete velocities has increased and for the profile of a normal shock wave the num-
ber of uniformly spaced discrete velocities in the velocity grid is 48 x 48 or 2304 for all Mach
numbers. Velocity bounds are between u,,;;, = —8 t0 u;qx = 12 (i.e. 8 and 12 times the most
probable molecular velocity at reference temperature), leading to velocity-step Au = 0.417. The
local time-step Az, which is dependent on the local cell size, uses a CFL-based criterion (CFL
= 0.5) and is limited by the maximum convection speed. The smallest step is at the shock,
where the cell are clustered and Ar = 0.004, which is always smaller than the mean collision
time (non-dimensional relaxation time is in the range of 0.075 (post-shock) to 1 (pre-shock)).
The number of discrete velocities for the circular cylinder for the M., = 3 is 36 x 36 and it in-
creases correspondingly for M., = 5 to 48 x 48. This is done not to provide a finer velocity grid,
but to address the extended minimum and maximum bounds of the range of possible velocities
and preserve the uniform velocity mesh at the same Au (at Moo = 3, Au = 0.44 and at M., =35,
Au = 0.417 of the most probable speed). The velocity grids are known to be sufficiently refined
from the similar tests for the monoatomic setup. Additionally, the M., = 3 case is also tested
with a finer 48 x 48 velocity grid, confirming that the 36 x 36 grid leads to well-converged re-
sults in terms of the velocity-space mesh.

Similar to Chapter 3, the evaluation of the distribution functions and the fluxes is performed for
each velocity in every cell. The macroscopic variables are obtained from taking correspond-
ing moments of the distribution functions, evaluated using the trapezoidal rule. A finite-volume
scheme and a second order Total Variation Diminishing (TVD) time marching method [41], [42]
are used to numerically discretise the models’ governing equations. The computational time
and overhead requirements are again more than a continuum solver, but are also larger than
the monoatomic version of the solver due to the extra distribution functions and macroscopic

variables related to the internal degrees of freedom of the gas mixture.
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6.1.2 Problem setup

The numerical evaluation starts with the study of the profile of a normal shock wave, since it
is one of the simplest problems with high levels of non-equilibrium. The normal shock simu-
lations are all performed on a grid with 1152 number of cells, with x € [=75L,¢,75L.f|. In
comparison to the monoatomic mixture simulations, the grid is two-dimensional with 4 blocks
and a non-uniform physical space, but optimised for the smallest in size cells to gather near the
shock, where Ax = 0.125.

The considered diatomic gases are nitrogen (N,) and oxygen (O»,) with a concentration ratio sim-
ilar to air for most cases: 80% and 20% respectively. The normal shock setup is initialised with
two Maxwellian equilibrium distributions on each sides of the shock. The equilibrium functions
are defined based on the macroscopic variables provided by the modified Rankine-Hugoniot
conditions for a diatomic gas with rotational and vibrational excitation. In the test cases studied,
pre-shock values are evaluated at a temperature 7., = 288.15K , for which the level of vibra-
tional excitation is considered negligible and the number of excited vibrational DoF for each
species &s(T;,) = 0, while the rotation is taken as fully excited for both gases. Therefore, for the
pre-shock values, the ratio of specific heats is taken as Y = 1.4 and the speed of sound is based
on the mass mixture m;y = p /n. An iterative method is applied to evaluate the jump conditions,
described in detail in [1], for each test case.

Even though the main focus of the study is based on the profile of the normal shock wave, the
high-speed flow past a cylinder is evaluated and inspected as well. A quarter of a circular cylin-
der grid is used with symmetry condition imposed on the stagnation line and initialised with
free-stream Mach number, species concentration and fixed wall temperature. The same grid as
in the monoatomic simulations is used, consisting of 36 blocks and 27864 cells. The rarefac-
tion level is based on the radius of the cylinder (R = 5.5L,,r) and the Knudsen number is set to
Kn = 0.18 for all cases. This is a more rarefied case than the case considered in Chapter 3. The
reason to inspect test cases with a bigger Knudsen number is the resulting higher level of non-
equilibrium, creating a more demanding test case in terms of flow physics, but well-resolved on
the relatively fine mesh used here.

Validation of the numerical results for the normal shock are performed by comparing with re-
sults acquired by a DSMC solver with the same macroscopic conditions. There are not many
validation data for gas mixtures available in the literature with which the accuracy of the model
itself can be evaluated. The circular cylinder study demonstrates interesting results, but requires

a further validation study.

6.1.3 Dimensional Reduction

The dimensional reduction is a standard and very useful procedure for solvers based on kinetic

modelling. As briefly mentioned in Chapter 5, the distribution functions are reduced with respect
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to the rotation and the vibration. The functions are reduced as follows:
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Further to this reduction and similar to the monoatomic solver for gas mixtures, these functions

can be further reduced with respect to the w— velocity, since for the two-dimensional setup the

mean velocity wyg = 0. This is done by the same approach as in Chapter 3, reducing the distri-

bution functions to a translational G; component and thermal energy H; component following:

o3}
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—o00

(6.6)
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where all distribution functions are reduced translationally, while the thermal component is re-
quired only for the kinetic part of the energy equation associated with the first of the set of

governing equations in Eq. (6.2). The new and final form of the governing equations is:
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Therefore, the solver uses in total eight governing equations: four for each species. The macro-
scopic variables are then found by taking moments of the reduced non-equilibrium distribution
functions: G, G™', G* and H!"*": The macroscopic variables are found as moments of the

reduced distribution functions, similarly to the monoatomic solver, finding ps, us, Tiran,, T, and

(8)

T,, from which ug, us"’, T,T,and T are expressed. The required moments are:
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where the expression for 7, contains &(7,) and an iterative procedure is needed to obtain 7;,.
The resulting quasi-two-dimensional functions reduce the computational expense and complex-

ity of the diatomic mixture solver.
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6.1.4 Dimensionless Form

The non-dimensionalisation and reference values are summarised here. For the diatomic mixture
model including vibrational excitation, the gases in the mixture need to be defined in terms of
their respective characteristic temperature, required for the calculation of the number of vibra-
tional degrees of freedom. The focus in the thesis is on air and Therefore, the mixture consists of
nitrogen with characteristic temperature 8,, = 3371K and oxygen with 6,, = 2256K. The mass
ratio B = my/m = 1.14. The most probable speed u,.r for the lighter gas (nitrogen) is used to

scale all velocities. The reference values are denoted with ref and are:

Uref = 4/ 2kTref/m1> (69)

Pref = Nyefmy,
G _ Nyef _ Nyef
tranyef u%ef 2kTr€f/m1

Grotre r = Nref
Gvibref = Hyef

Href = Nyef

t ref Tre f Pref

Note that for a hard sphere model, the molecular potential is @ = 0.5 and the expression for the

viscosity is:

5 2wkT
Hpef = Elrefp s (6.10)

Mynix

where the mass of the mixture m,,;, = p/n and the ratio between the kinetic reference length
L.y and the mean free-path A, s is now easily found. It is an important ratio when comparing
with the results from DSMC.

6.1.5 Normalised Values

Similar to the results from the monoatomic simualtions, the macroscopic quantities presented for
the shock wave are normalised following Kosuge’s approach [9] from both the kinetic model and

DSMC, where y is the macroscopic variable, Y_ is the pre-shock value of y and Y is post-shock:

(6.11)

Note that the tilde is omitted from here on for simplicity. Also, the origin of the plots (X = 0) is
defined at the location where the total number density is exactly half of the sum of the pre-shock

and post-shock values.
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6.2 Normal Shock

6.2.1 Single Species Normal Shock Wave

The numerical evaluation of the gas mixture kinetic model begins with the evaluation of the pro-
file of a normal shock wave. Before conducting a thorough test with a gas mixture, however, we
will first focus briefly on inspecting numerically the collapse of the mixture model to a single-
species diatomic model. We demonstrated this property of the model in Chapter 5 theoretically
by reducing it not only to a single-species but also to a single-temperature model. Here, we will
solely focus on evaluating the model for a single-species but preserving the three-temperatures
and the three-step relaxation. The results will demonstrate the separate rotational and vibrational
relaxation processes. We will show that under the same initial conditions, properties and species
mass for the two gases, the two gases of the mixture are indifferentiable.

We will show that under the same initial conditions for two identical species and with 50% con-
centration for each species, the macroscopic variables for both gases are identical throughout
the shock wave. Note that further to identical initial conditions, concentration and species mass,
the characteristic vibrational temperature for both species has been set for one type of gas only,
i.e. the same value is used since two identical gases are considered. In this case, we have se-
lected the characteristic vibrational temperature for nitrogen. To initialize the problem, further
to the concentration and the Mach number, the free-stream temperature is defined dimension-
ally to evaluate the number of vibrationally-excited DoF. The translational and rotational DoF
are considered fully excited, which is a reasonable assumption for the considered temperature
T.. = 288.15K. Furthermore, the values of the collision coefficients Z, and Z, need to be speci-
fied before each simulation. As described during the development of the kinetic model, the two
coefficients are considered constants and are not temperature-dependent, which is a simplifica-
tion to be addressed in future work. The free-stream conditions are: Mach number M., = 3,
Z, =15, 7, =25, free-stream temperature 7., = 288.15K, hard-sphere potential @ = 0.5 for two
N, gases with a characteristic temperature 6, = 3371K.

What we expect to find is all species macroscopic variables equal to each other, i.e n; = ny,
ur = u2, Tiran, = Tirany» Tr, = T, and T,,, = T,,, since there is no process to separate the two
species. In Fig.[6.1] (a) and (b) these properties are inspected, where the solid coloured lines are
used to denote species 1 properties and the black dashed lines with the corresponding coloured
symbol indicate results for species 2. In (a) the species number density is in red colour, while
the species velocity is in green. In (b) the translational temperature is in red, the rotational
temperature is in blue and the vibrational temperature in green. This colour convention for the
species temperatures is kept throughout the chapter. It is clear that the two species have identical
shock profiles and have collapsed into a single species, which was the desired result. This test
shows the consistency of the model numerically. Note, in this section we focus on showing the

property of the model to reduce to the same species, while the physical phenomenon observed
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Figure 6.1: Profile of a normal shock wave of a nitrogen gas with a free-stream Mach num-
ber 3.0, a mass ratio between species B = 1 and equal concentration between the species of
50%. Comparison of species macroscopic variables. Results for the species number density and
velocity shown in (a), with results translational, rotational and vibrational temperature in (b).

in the results will be discussed in detail in the section concerning the gas mixture.

6.2.2 Gas Mixture Normal Shock Wave: Comparison with DSMC

In this section the diatomic kinetic model is tested for a binary gas mixture. In comparison to the
previous section, the effect of diffusion between species is present and the species temperatures
can deviate from each other. Further, the characteristic vibrational temperature 0, is defined per
species s to account accurate for the different gas species. Notice that for the practical appli-
cation of air, the mass ratio between nitrogen and oxygen is quite small (m,/m; = 1.14) and is
not significant enough to create a big difference between the species in terms of species mean
velocities. The non-equilibrium caused by the species mass difference, which we observed in
the monoatomic mixture in Chapter 3, is not a dominant effect here. Of course for different
gases, e.g. a mixture of hydrogen and nitrogen with mass ratio of 14, the diffusion effect will
become very important. Another case where the species diffusion becomes important is when
the mixture of a diatomic and monoatomic gas is often considered, which will create in most
cases significant mass ratios. For a chemically reacting air, a five-species gas mixture is typi-
cally considered with elements N, O, NO, N and O and therefore a mass ratio of 2 is present.
In this case also only some of the gases have rotational and vibrational degrees of freedom and
temperatures, while the atoms will have all of their energy stored in the kinetic and translational
components. Example application is the atmosphere of different planets beyond the Earth, e.g.

Saturn and Jupiter with mostly hydrogen and helium constituents. Therefore, there are a number
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of cases in which the diffusion of the gas mixture is significant. At present, the new model can
model binary mixture of diatomic gases only. However, when modelling air as a gas mixture the
different level of vibrational excitation for each species has the greatest impact on the flow-field.
This is due to the different characteristic vibrational temperatures for nitrogen and oxygen. It
leads to different expressions for each species equilibrium function and separation between the
species. We will focus our attention on demonstrating this difference through the results for the
species translational, rotational and vibrational temperatures.

The pre-shock conditions are evaluated at a temperature 7., for which the vibrational excitation
is negligible, i.e. 7., = 288.15K, while in comparison the characteristic temperatures for the
two gases are 60, = 3371K and 6,, = 2256K. Throughout the shock, however, the number of
excited vibrational DoF, which is a non-integer value changes with the rise in the temperature.
The normal shock, reducing the speed to subsonic flow behind it, leads to a jump in the internal
energy of the flow, represented by the jump in temperature. Since vibration is present, it absorbs
part of the internal energy and the temperature is not as high as for the perfect gas jump. This
leads to an increase in the density (and density jump) behind the shock [25].

The information detailed in Table [6.1] describes the initial conditions for the computation of a
normal shock for a diatomic gas mixture, including the Mach number, concentration ratio of
the two gases, the collision coefficients for rotation and vibration. All other variables are not
changed through the simulations, e.g. the free-stream temperature 7., = 288.15K, the two gas
mixture components N, and O, and their characteristic temperatures. The results from the ki-
netic model are compared and validated against DSMC simulations under the same conditions.
The DSMC simulations and results are provided by Craig White. The DSMC solver used is
dsmcFoam+ [124]], similar to the monoatomic gas comparison for the circular cylinder. The
hard-sphere potential is used for simplicity with @ = 0.5 as in the kinetic model. The number
of DSMC particles in steady state are 2.7 million for M., = 3 and increase to 3.6 million for the
higher Mach number M., = 5, with a minimum of 25 particles in each cell. The number of sam-
ples in steady state are 35000 and the spatial grid contains 40000 cells. Each point in the results
is an average of 80 cells, bringing the resolution to 500 evenly spaced bins for all simulations.
The validation with DSMC allows for a very accurate assessment of the validity of the kinetic
model. This is due to the fact that further to initialising the flow with the same initial conditions,
including the free-stream temperature, we can also set up constant and identical collision coef-
ficients Z, and Z, for both solvers. Currently, available results in the literature do not allow for
the same level of comparison, e.g. [31]], since the initialisation of the problem is not identical
and the collision numbers Z, and Z, are not constants typically in the literature.

The jump in the species number density and the mixture number density is shown in Fig. [6.2]
The results from DSMC are presented with elements, squares for species 1, triangles for species
2 and circles for the mixture value, while the kinetic model has red lines for species 1, blue

for species 2 and green for the mixture values. The number densities are not normalised. It
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Me ni/n Z, Z,
3 08 5 25
3 0.8 5 100
5 08 5 25
5 0.8 5 100
5 05 5 25

Table 6.1: Test case conditions for a normal shock wave for a diatomic gas mixture

is easier to inspect the results without the normalisation due to the small mass ratio between
species and consequent small variation of the normalised results. This also allows us to appreci-
ate the different jump in density for initial velocity or concentration variations. Three cases are
shown: M., = 3, nitrogen to oxygen concentration 80:20 denoted with n; /n = 0.8 in Fig.[6.2|(a),
M., =5, n;/n=0.8 in Fig.[6.2](b) and M., =5, n; /n = 0.5 in Fig.[6.2] (c). Further, only results
for the vibrational collision coefficient Z, = 25 are shown. Notice that the different coefficients
will not lead to a different jump condition and even though it influences the vibrational degrees
of freedom and temperatures through the internal part of the shock wave, it has a small effect
on the number density. What we observe when we plot the same results for Z, = 100 is almost
identical number densities, with the profile of the shock slightly less steep. Notice that even
though the mass ratio between the two species is very small, the nitrogen reacts first to the shock
wave, since it is the lighter gas. We observe that the number density n; (in red) is the first to
start rising through the shock, which is consistent with the monoatomic mixture model results.
The jump for the same Mach number (M., = 5) but with different concentrations is of similar
value, but is not identical as we see when comparing Fig. [6.2] (b) and (c). Having less nitrogen
present in (c) leads to a higher jump in number density, since more of the internal energy is
absorbed by the easier to excite the vibrational mode for oxygen, which comprises 50% of the
gas here. This leads to a lower jump in mixture temperature and higher number density jump,
consistent with the discussion earlier in this section and with the literature [25]].

Overall, we observe excellent agreement between the results from the diatomic kinetic model
and DSMC for all cases. The number densities profiles are mostly identical from the two solvers
with only a small difference observed at the second part of the shock. We believe this is caused
by the small variation between vibrational temperatures between the results acquired by DSMC
and the kinetic model, discussed further when the species temperatures are plotted. Next, the
species translational, rotational and vibrational temperatures are plotted and compared with
DSMC for all 5 cases defined in Table[6.1] Figure[6.3](a) and (b) show the profile of the normal
shock at Mach number M., = 3, 80% N, concentration and two different vibrational collision
coefficients Z, = 25 and Z, = 100. Figure [6.4] (a) and (b) has the same comparison, but for a
higher Mach number M., = 5, 80% N, concentration and two different vibrational collision co-
efficients Z, = 25 and Z, = 100. Last, in Fig. the focus is on a different concentration with
50% N, and 50% O, at M., =5 and Z, = 25. The translational temperatures are in red, rotational
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Figure 6.2: Profile of a normal shock wave of a gas mixture consisting of nitrogen and oxygen.
Comparison of species number density and the mixture number density between the diatomic
kinetic model and DSMC results under different conditions: Me =3, n1/n=0.8 in (a), M =5,
ny/n=0.8 in (b) and Me =5, ny/n = 0.5 in (c).
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Figure 6.3: Profile of a normal shock wave of a gas mixture of nitrogen and oxygen with a
free-stream Mach number 3.0 and concentration between the species of 80% N, and 20% O
.Comparison of species translational, rotational and vibrational temperatures. Results for the
collision number Z, = 25 are shown in (a) and for Z, = 100 in (b).

in blue and vibrational temperatures in green for all temperature plots. The kinetic model results
are with solid lines for species 1 (nitrogen) and dashed lines for species 2 (oxygen), while the
results by acquired with DSMC are presented with symbols and more specifically squares for
species 1 and triangles for species 2. All temperatures are normalised, i.e. leading to a value of
0 at pre-shock and 1 at post-shock conditions, respectively.

We observe a good agreement between the results from the kinetic model and DSMC for the
structure of the shock. Overall the profile of each temperature jump is steeper when the Mach
number is increased and therefore the number of mean free paths for the temperatures to equili-
brate post-shock is bigger for the smaller Mach number M., = 3, similarly to the monoatomic gas
mixture. The translational temperatures for both species have longer upstream tails for the ki-
netic model in comparison to DSMC. This is a classical characteristic of all BGK-based models
for both monoatomic (as observed also in Chapter 3) and diatomic gases. This known disad-
vantage of BGK models can be avoided if the relaxation time was dependent on the molecular
velocity. Another known phenomena that can also be seen here is the overshoot of the transla-
tional temperature in all figures, similar to the results from the monoatomic gas mixture. The
rotational temperatures lag behind the translational and are excited more slowly with respect to
the translational temperatures. For all cases the collisional coefficient Z, = 5 and therefore the
rotation’s lag is identical for each case. The same is not true for the vibrational temperatures.
The change from Z, = 25 in (a) to Z, = 100 in (b) in both Fig.[6.3]and Fig.[6.4]is very significant.
The slope of the vibrational temperatures for the bigger Z, is much more gradual in comparison

to the the smaller value. The change between the two Z, values leads to approximately 15 mean
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Figure 6.4: Profile of a normal shock wave of a gas mixture of nitrogen and oxygen with a
free-stream Mach number 5.0 and concentration between the species of 80% N, and 20% O
.Comparison of species translational, rotational and vibrational temperatures. Results for the
collision number Z, = 25 are shown in (a) and for Z, = 100 in (b).

free paths (where A, is evaluated at free-stream conditions) difference for the vibrational tem-
perature to reach the equilibrium post-shock temperature for the M., = 5 case and approximately
20 mean free paths for the M., = 3 case. Moreover, the slope of the rotational temperatures is
steeper than the vibrational temperatures, while the translational temperatures have the steepest
slope. All of these phenomenon are consistent with non-equilibrium thermodynamics and phys-
ical observations.

However, we notice that both the kinetic model and the results for DSMC show that upstream of
the shock the vibrational temperatures are not lagging behind the other temperatures. In partic-
ular, species 1, which is leading even the translational temperatures. Such a result is surprising,
but can be observed in the results by the more detailed General Boltzmann equation (GBE) [31].
Even though further work is required to justify this phenomenon, it is not considered a drawback
introduced by the new kinetic model, since it observed by the DSMC and GBE results.

The assumption for a constant Z, throughout the shock and its value is too big pre-shock, where
the free-stream temperature suggest no vibrational excitation. It is also possible that the values
post-shock are too low, especially for the case of Z, = 25. It is clear the assumption of a constant
Z, is a simplification, which is reasonable for initial method/ solver development that should be
improved upon and addressed in future work.

Until now we were focused on the different types of temperatures. If we turn our attention to the
species differences we observe that species 1 (nitrogen) and 2 (oxygen) for both translational and
rotational temperatures differ very little for both the kinetic model and DSMC. This is consistent

through the different Mach numbers and concentrations. Certainly increasing the mass ratio be-
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Figure 6.5: Profile of a normal shock wave of a gas mixture of nitrogen and oxygen with a
free-stream Mach number 5.0 and concentration between the species of 50% N, and 50% O,
.Comparison of species translational, rotational and vibrational temperatures. Results for the
collision number Z, = 25.

tween species will separate the same type of temperature between the two species (specifically
the translational and rotational temperatures), as observed for the translational temperature in
the monoatomic mixture [88,/112]. The difference between species vibrational temperature is
larger, in comparison to the difference between species for the other two types of temperatures,
even for the small mass ratio considered here. The number of vibrationally-excited DoF be-
tween the oxygen and nitrogen gases is also different, which is a key emphasize of the model.
This is due to the different species characteristic vibrational temperatures. It is highly likely that
for a species and temperature dependent Z, this difference will be more pronounced. Notice
that having similarly a species Z, for the rotational collision coefficient will separate the two
rotational temperatures. Here we observe the biggest difference between the kinetic model and
DSMC: in the vibrational temperatures and even here the two numerical models still show good
agreement.

This discussion of the results shows that the kinetic model and DSMC results follow the same
physical trends, as well as some of the limitations of the current assumptions. It demonstrates
that the model itself provides accurate results for the macroscopic variables under strong non-
equilibrium conditions, i.e. as created by M., = 5 normal shock conditions. The validation and
evaluation of the model beyond M.. = 5 needs further study. Future work will include more and
varied numerical cases and further comparison with existing methods, but for now the numerical
validation of the diatomic kinetic model for gas mixtures is considered completed and success-
ful.

From here on, the physics of the flow will be investigated further. The vibrational degrees of

freedom through the shock are considered. At the considered temperatures, the translational and
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rotational degrees of freedom are considered fully excited. In contrast, the vibrational degrees
of freedom are species- and temperature-dependent. In Fig. [6.6] the values of the vibrational de-
grees of freedom J;(7,, ) are plotted through the jump for each species s. The results for nitrogen
as species 1 are with a solid line and the results for oxygen as species 2 are with a dashed line.
To distinguish between the different vibrational collision numbers Z,, the results for Z, = 25 are
solely lines, while results for Z, = 100 have square elements through the lines. Figure [6.6] (a)
shows results for M. = 3 and concentration ratio 80% : 20% N, vs O, in red lines, Fig. [6.6] (b)
has the same concentration ratio but for a higher Mach number M., = 5 in green and Fig. [6.6](c)
shows in blue a variation in concentration with equal parts nitrogen and oxygen at M., = 5.

At the specified free-stream temperature, pre-shock values are expected to be negligible. With
the rise in temperature through the shock wave, the number of vibrational DoF increase. The
non-integer values of (7') in the pre-shock flow-field are close to 0, increase through the shock
and reach maximum values post-shock. This maximum value depends on the temperature jump,
but asymptotically approaches the value 2 for very high vibrational temperatures. Figure [6.6]
shows the values of 0 are non-integer values, as expected, and are in the bounds discussed for
0(T): [0;2). Furthermore, the values of 0 for oxygen are much higher than the values of &
for nitrogen for both vibrational collision numbers Z,. Therefore, we observe that oxygen is
more vibrationally-excited than nitrogen at the same temperature, which can be explained from
the lower characteristic temperature for O,. This is consistent with non-equilibrium thermody-
namics theory [1L[24/[25/35]. In Fig.[6.6] (a) and (b) the effect of the larger vibrational collision
number Z, = 100 is significant. For the two collision numbers the jump in the value of § is
identical, but for Z, = 100 the slope of the jump is less steep and the number of mean free paths
that are required to post-shock equilibrium is much larger than for Z, = 25. Comparing the plots
in (a) and (b), it is clear that for larger Mach numbers, the level of excitation of both species is
much higher. This is due to the larger temperature jump caused by the M., = 5. In contrast, the
concentration change in (c) has not really affected the number of vibrational degrees of freedom
for either species. The figures demonstrate that there is a significant difference between species

in the level of excitation and modelling them separately is important.

6.2.3 Mixture Properties of the Normal Shock Profile

Inspecting the velocity drift between species through the shock demonstrates the importance of
having separate species velocity. In Fig. the difference between velocities uy — u; is shown
for cases when the concentration ratio is 80% N> and 20% O,. The cases considered are M., — 3
and M., = 5 with vibrational collision numbers Z, = 25 and Z, = 100. The results for M., = 3
are in red and for M., = 5 are in green, with Z, = 25 displayed with a solid line and Z, = 100
with a dashed line and a symbol. We observe from the figure that the velocity difference does
not change when the vibrational coefficient is modified. However, the higher the Mach number,

the bigger the velocity difference. This drift velocity will increase with increasing mass ratios
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vibrational DoF are also evaluated for Mach numbers 5.0, equal species concentration (50%)
and Z, =25 in (¢).



CHAPTER 6. NUMERICAL EVALUATION OF THE DIATOMIC MIXTURE MODEL 166

0.2

1

1

1
nmnnn
NNNN
NNNJ
wwonon
AN 2N
oV o0

o

o

=E=E==

0.16

1
I
[}

?
}

1

2

o
S

Velocity difference u, -u
(=}
o
[e5]

o
o
=

Figure 6.7: Velocity difference through a normal shock wave of a gas mixture of nitrogen and
oxygen with a free-stream Mach numbers 3.0 and 5.0 and concentration between the species of
80% N, and 20% O, for the collision numbers Z, = 25 and Z, = 100.

between species, as it was shown in the parametric study in Chapter 3. It is interesting to
compare with the velocity difference uy — u; through the shock for the monoatomic mixture,
shown in Fig. and Fig. [3.§] (a) in Chapter 3. Figure displays a pattern in the lower mass
ratios, which is that increasing the mass ratio my/m; from 2 to 4 is approximately doubling the
maximum value of the velocity difference. We know that for a mass ratio of 1, i.e. the species
are the same, the difference between velocities is exactly 0. It is hard to predict the value of the
velocity difference at m;/m; = 1.14 for the monoatomic mixture due to the non-linear response
and we expect a velocity difference peak between the values corresponding to B =0 and 8 = 2.
In Fig. [3.8](a) we observed the change of the velocity difference with the increase of the Mach
number at mass ratio 2. Maximum values at f = 2 for Mo = 3 is uy — u; = 0.3u, r and for
Mo =5 is up — uy = 0.9u,,¢ for the monoatomic gas. For the diatomic mixture the maximum
values at B = 1.14 are: at Moo = 3: up —uy ~ 0.08u.¢ and for Moo =5 is up — uy ~ 0.17u,y,
where u,,r is the most probable speed for the mixture at free-stream conditions, but is different
from the monoatomic mixture value. Qualitatively, the diatomic mixture shows to fit within
the bounds of B = 0 and B = 2 observed in the results by the monatomic mixture. Note that
this discussion is with respect to the corresponding reference velocity u,.r for the two Kinetic
models. No more definitive conclusions can be drawn at this stage for the mass ratio effect on the

difference between velocities and comparison between the monoatomic and diatomic mixtures.

6.2.4 Velocity Distribution Functions

Further to the macroscopic variables, the velocity distribution functions reveal interesting facts

about the flow-field. There are 4 distribution functions per species: G, G*', G¥, Hi",
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The flow is initialised with Maxwellian distributions at two different equilibrium positions: pre-
shock and post-shock with the corresponding initial macroscopic variables. We observe that
their values increase through the shock and reduce after it. The maximum of each distribution
function is at the different location, but we have noticed that this physical location matches be-
tween species, i.e. X; for the maximum value of G'"*" for nitrogen is the same as X, for the
maximum value of G for oxygen, etc. We have inspected the velocity distribution functions
for all test cases and have added a discussion for the differences between them, but have plotted
only the case at the highest Mach number M., = 5 and the larger vibrational collision number
Z, =100 at 80% : 20% nitrogen to oxygen concentration ratio in Fig. [6.8] and in Fig. [6.9] In
Fig. the focus is on comparing the distributions far upstream and far downstream, while
Fig.[6.9]shows the behaviour of the distribution functions of the two species through the shock.
The pre-shock and post-shock values of the translational, rotational and vibrational distribution
functions are shown for the oxygen in Fig. Both distributions are Maxwellian and are set by
the macroscopic variables defining the shock jump. The pre-shock distribution functions have
a sharp peak, which is however low in value in comparison with the post-shock Maxwellian
functions. This is due to the higher values of the post-shock macroscopic variables. Here it is
important to mention that higher value for the post-shock number density increases the value
of distribution function, while high temperature post-shock actually has the opposite effect. We
will observe that the first effect seems to dominate here. For this reason the pre-shock values are
plotted on a third of the post-shock scale. At the same time, the post-shock distribution functions
are more spread out over a larger velocity mesh. This is consistent with theoretical observations:
a larger temperature leads to a larger spreading of distribution function. The classical question in
applications of kinetic models in DVM solvers for the compromise between velocity bounds (to
capture the tails of the post-shock values) and the fine velocity mesh (to capture the sharp spike
in the pre-shock values) for the velocity mesh is demonstrated. Through visual observation of
the figures, the mesh demonstrates to be adequately selected.

Furthermore, pre-shock values are most prominent for the translational distribution. It has a
higher maximum than the rotational and vibrational functions. Notice that the relationship be-
tween the reduced translational distribution function and the rotational distribution function,
following the expressions in Eq. and in non-dimensionalised form G™ = (T, /2)G"",
where T, is the non-dimensionalised rotational temperature and § = my/m is the mass ratio
between species. Since the non-dimensional rotational temperature is taken in the pre-shock as
T, = T,(dimensional) /T.. = 1, it follows that 7, < 2 x 3 in the pre-shock then G™" < G'™", while
post-shock the value of 7, jumps and G™" > G'"". Meanwhile, there is no vibrational energy in
the pre-shock part of the flow domain. Observe that the colour scale for the vibration is 3 orders
of magnitude lower for the purposes of presentation of the figure. The values are approaching
zero, consistent with the recognition that no vibrational excitation is present at the pre-shock

position. Meanwhile, the biggest pre- and post-shock difference between distribution functions
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Figure 6.8: Velocity distribution functions for the case of a normal shock wave of a gas mixture
of nitrogen and oxygen with a free-stream Mach number 5.0, concentration between the species
of 80% N, and 20% O, and vibrational collision number Z, = 100 with pre-shock values in the
first column and post-shock values in the second column.
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is for the vibrational function G*"*(0,), with the highest jump in values of 3 orders in magni-
tude. The vibrational distribution function is significantly affected by the choice of free-stream
temperature. Fig. (e) would have a more pronounced peak and shape in the pre-shock for
T.. = 1000K for example. This selection would also affect the post-shock value dramatically. In
Fig.[6.9)the distribution functions for both species: nitrogen (first column) and oxygen (second
column) half-way through the shock are shown. The first observation is that the distribution is
non-Maxwellian. It has some features of both the pre-shock and post-shock distributions and
the transition between them. The values for nitrogen are expectedly higher than the values for
the oxygen due to the 4-times higher concentration of nitrogen (i.e. number density multiplied
of the distribution), while the shape of the distributions is identical between species. Notice that
due to the lower value of excited vibrational degrees of freedom §(N;) as shown in Fig. |6.6[(c),
the distribution function of the nitrogen is expected to have lower value of the peak. However,
this is compensated by the higher levels of concentration. A clear bimodal behaviour can be
observed in Fig. [6.6|(e) and (f) for the two species, suggesting that for M. = 5 two most proba-
ble velocities can be identified. These two velocities are usually closely related to the pre- and
post-shock mean values.

We observe that the maximum values of the distribution functions for the nitrogen gas are higher.
This is due to the higher concentration of species 1 in the mixture for the case with 80% : 20%
ratio of nitrogen to oxygen concentration. Furthermore, the displayed results for the distri-
bution functions at Z, = 100 are very close to the values for the lower vibrational collision
number Z, = 25. The maximum of the vibrational distribution function G is achieved further
downstream relative for the other distribution functions at Z, = 100, which is consistent with
the findings for the macroscopic variables. This is apparent by inspecting the mid-shock value
of the distribution functions and compare it with equivalent post-shock distribution function.
The maximum value of the translational distribution function is of the same order of magni-
tude mid-shock and post-shock. The rotational distribution function is 1 order of magnitude
smaller mid-shock then post-shock, while the vibrational distribution is at 2 orders of magnitude
smaller mid-shock in comparison to the maximum value post-shock. Therefore, the effect of
the different relaxation rate of translation, rotation and vibration can be observed in the velocity
distribution functions.

Next, comparing the two Mach numbers M., = 3 and M., = 5, shows that the translational distri-
bution function for both species GY*" reaches much larger values at M., = 3 through the shock,
while all other velocity distribution functions: G’ and G*"* have lower maximum values for the
lower Mach. Bigger portion of the energy is transformed into internal energy at M., = 5 and the

effect of the excited vibrational degrees of freedom is more prominent.
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Figure 6.9: Velocity distribution functions through the shock for the case of a normal shock wave
of a gas mixture of nitrogen and oxygen with a free-stream Mach number 5.0, concentration
between the species of 80% N, and 20% O, and vibrational collision number Z, = 100 with the
nitrogen distribution in the first column and the oxygen distribution in the second column.
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6.3 Cylinder

In this section the more complex flow past a circular cylinder is considered. This flow is more
complex since it is two-dimensional, with fluxes in the x- and y-directions, unlike the profile of
a normal shock. Furthermore, it involves a body and therefore boundary conditions need to be
considered for the solid wall. Here fully accommodating diffuse-reflection boundary condition
is used. The considered flow field forms a curved shock, incorporating the physics of a normal
shock on the stagnation streamline and of an oblique shock with varying shock angles away
from stagnation line. This test case is often considered, since the bow shock that appears is of
practical application for high-speed vehicles, e.g. re-entry flows.

The flow around a cylinder was previously used as a validation test case for the monoatomic
kinetic models for gas mixtures, where it was compared with DSMC results, acquired by Craig
White. In this section, the focus is on applying the diatomic kinetic mixture model for this
2-D geometry, inspecting the physics of the flow and the macroscopic variables. Further vali-
dation tests for the new kinetic model beyond the profile of a normal shock, presented in this
Chapter, form part of the future work. The numerical setup is described in the beginning of
the Chapter and the boundary conditions are similarly to Chapter 3, with the main difference of
having to consider the rotational and vibrational distribution functions at the wall, which was
previously not required. For the rotation and vibration-related governing equations, the cor-
responding Maxwellian distribution is defined for the prescribed 7,,,;. Similar setup is used
for the initialisation of the flow around a cylinder and the details of the initialisation is sum-

marised in Table [6.2] For a gas mixture, an interesting value to inspect is the velocity drift

M. ni/n Z, Z,

3 08 5 25
3 0.8 5 100
5 08 5 100

Table 6.2: Test case conditions for a flow around a cylinder (diatomic gas mixture)

ur —uy between species. In Fig. the velocity difference is shown for the three cases from
Table [6.2] The velocity difference is zero in the free-stream (where the gas mixture is still in
equilibrium at free-stream conditions), increases through the shock to a maximum value (where
the species separate the most between each other) and starts decreasing after the shock (where
the species equilibrate to a new common and significantly reduced velocity). The vibrational
collision number does not affect the velocities and the plots in (a) and (b) are identical. The
finding is consistent with the conclusions for the velocity difference through the normal shock
wave in Fig. The difference increases significantly for the higher Mach number in Fig.
(c) where the non-equilibrium effect is stronger. Notice that the maximum difference is at the
stagnation line, where a normal shock is formed. The maxima also agree with the peak values
of the normal shock profile in Fig.
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Figure 6.10: Velocity difference between species u, — u; in a binary mixture flow over a cylinder
with initial Mach numbers 3 and 5, nitrogen to oxygen concentration 80% : 20%, Knudsen
number Kn = 0.1 and wall temperature 7,,,;; = 1.5T.

The difference between species translation temperatures, species rotational temperatures and
species vibrational temperatures follow a similar pattern as the species translational tempera-
tures for the monoatomic gas. Small differences are observed for the different vibrational colli-
sion numbers, while higher level of non-equilibrium is brought by the higher Mach number. It is
more interesting to inspect the difference between the translational and vibrational temperature.
The results are shown in Fig. [6.11] with top figures for species 1 (nitrogen) and bottom figures
for species 2 (oxygen). Notice that the colour plots in (c) and (f) are with double the values in
the legend, since the difference between the temperatures increases for the high Mach number
M., = 5. There is a difference between the species. We know that the translational temperatures
for the two species are close to each other, while the vibrational temperature deviate between
species. Comparing the top and bottom figures in Fig. [6.11] shows the oxygen to have a stronger
level of non-equilibrium between the translational and vibrational temperatures for all cases.
This is due to the higher level of vibrational excitation of oxygen and the corresponding bigger
separation of the vibrational temperature with respect to the translational temperature in com-
parison to the less vibrationally excited nitrogen.

Furthermore, the vibrational temperature in the case of Z, = 25 in (a) and (d) has the time to
develop and reach closer to the value of the translational temperature. However, for the case of
Z, =100 1n (b) and (e) the same is not true. The vibrational temperature has a delayed relaxation
process and does not approach the value of the translational temperature as closely. As a result

the difference between translational and vibrational temperatures is bigger relative to the case
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Figure 6.11: Temperature difference between translational and vibrational temperatures per
species in a binary mixture flow over a cylinder with initial Mach numbers 3 and 5, nitro-

gen to oxygen concentration 80% : 20%, Knudsen number Kn = 0.1 and wall temperature
Tyay = 1.5T..



CHAPTER 6. NUMERICAL EVALUATION OF THE DIATOMIC MIXTURE MODEL 174

with a same Mach number but lower vibrational collision number Z,.

In the section for the profile of a normal shock wave, the number of excited vibrational degrees
of freedom per species d; was considered. This value is also interesting for the cylinder case. In
Fig.[6.12]we show the values of & for nitrogen and in Fig.[6.13|for oxygen for the same 3 cases in
Table[6.2] Note that the bottom plots in the two figures ((d) and (e)) are identical to the top plots
just above them ((b) and (c) correspondingly), but their legends have different maxima. At the
top, the 3 plots have the same legends to allow for easier comparison between cases and drawing
conclusions, while the plots below allow for a more detailed evaluation of each case by itself.
Notice also that a colour plot is used with the same step size for the top plots in both figures,
but the maximum value for the oxygen plots (Fig. (a), (b), (¢)) is more than 3 times the
maximum value of the nitrogen plots (Fig.[6.12](a), (b), (c)). The vibration degrees of freedom
in the free-stream are negligible. This is due to the low free-stream temperature 7... The values
increase as the flow approaches the cylinder, with a peak at the stagnation streamline, where the
bow shock is at 90 degrees and the temperature is at its highest. The values decrease behind
the shock as the flow approaches the body of the cylinder, since the temperature decreases to the
imposed wall temperature 7,,,;; = 1.5T. = 432.2K. In all cases, the oxygen reaches much larger
values than the nitrogen, consistent with the theory and with the observations in the previous
section.

Another consistency is that the higher Mach number M., = 5 leads to an increased vibrational
excitation, due to the bigger jump in temperature, as seen in Fig. (c) and Fig. (c). The
maximum values for Mo, = 3, Z, = 25 are lower in the case of the cylinder, where 6(0;) = 0.246,
in comparison to the normal shock, with a maximum value of §(0;) = 0.312. This is caused
by the cylinder wall, which in comparison to the normal shock setup, presents a physical barrier
and the provided relaxation for the vibrational DoF is not sufficient to reach equilibrium level.
Moreover, notice that for the normal shock the collision number Z, affected only the length
of the excitation process and the maximum value of & was identical downstream. In contrast,
the increase of Z, for the cylinder, reduces the maximum values of the vibrational degrees of
freedom in Fig. (b), (d) and Fig. (b), (d), i.e. §(02) = 0.141. The longer relaxation
process does not allow for the vibrational excitation to develop completely, changing the results
significantly. Notice also that the region where J; is bigger than 0 moves closer to the body
with the increase of Z,, as well as with the increase of the Mach number when considering the
flow-field in y-direction. Furthermore, we will inspect the stand-off distance, which is hard to
define when the shock structure is resolved. Here it is done by inspecting the position at which
the total number density jump is half of its maximum value through the shock. This is similar
to the practice established for the normal shock wave in the previous section. For Z, = 25 the
number of vibrationally-excited degrees of freedom is higher than for Z, = 100. It follows that
for a growing 0(T), the specific heats ratio y reduces from y = 1.4 for no vibrational excitation

to lower values. Therefore, ¥ (Z, =25) < v (Z, = 100) and for the lower value the shock moves
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closer to the body. The change is small and corresponds to 0.5% from the cylinder radius R.
This difference will increase for higher vibrational excitation and/or different vibrational colli-
sion number. Therefore, the correct vibrational collision number Z, is of great importance and

it will be one of the first objectives to consider in future work.
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Figure 6.12: Vibrational degrees of freedom for nitrogen 6(N,) in a binary mixture flow over
a cylinder with initial Mach numbers 3 and 5, nitrogen to oxygen concentration 80% : 20%,
Knudsen number Kn = 0.1 and wall temperature 7,,,;; = 1.5T.
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Figure 6.13: Vibrational degrees of freedom for oxygen 6(0;) in a binary mixture flow over
a cylinder with initial Mach numbers 3 and 5, nitrogen to oxygen concentration 80% : 20%,
Knudsen number Kn = 0.1 and wall temperature 7,,,;; = 1.5T.
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6.4

Summary of Findings

The new kinetic model for a binary mixture of diatomic gases with species translational, rota-

tional and vibrational temperatures was evaluated numerically for a profile of a normal shock

wave and the flow around a circular cylinder. The results are:

The diatomic mixture solver is shown to produce identical results under the same initial

conditions for the two species.

The profile of a normal shock wave for the gas mixture of nitrogen and oxygen was eval-

uated.

A parametric study was conducted varying the free-stream Mach number, the concentra-
tion between species and the vibrational collision number. The physics of the flow in the

results showed consistency with theoretical observations.

Validation with DSMC acquired results was demonstrated by inspecting the macroscopic
variables: species and total number density, species translational, rotational and vibra-

tional temperatures for all test cases. Very good agreement was observed.

The vibrational degrees of freedom for the nitrogen and oxygen, which are of particular
interest in these test cases, were presented. The vibrational collision number has influ-
enced the results significantly. The importance of treating the gas as a mixture due to the

difference in the species vibration DoF was further emphasised.

The velocity drift between species was shown to increase for higher Mach numbers, but

was not affected by the vibrational collision number.

Beyond the macroscopic variables, the velocity distribution function pre-shock, mid-shock
and post-shock was plotted for the case with largest Mach and vibrational collision num-
bers. The expected non-Maxwellian behaviour through the shock wave appeared, as well

as a bi-modal behaviour, most clearly demonstrated by the vibrational distribution.

The flow around a circular cylinder was demonstrated for 3 cases with varied Mach num-

ber and vibrational collision number.

The species velocity drift again showed no change with the variation of the vibrational
collision number, but was significantly affected by the increase of the free-stream Mach

number.

In contrast, the difference between the translational and vibrational temperature was in-
creased by the vibrational collision number, as well as the Mach number. Furthermore,
the difference between these two temperatures changed for each species and was more

pronounced for the oxygen, which is more vibrationally excited.
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e The vibrational DoF for each species was studied for all cases. For the higher vibrational
collision number, the flow required more time to be developed and as a results the vibra-

tional DoF did not reach its maximum value.

e The oxygen vibrational DoF were shown to be 3 orders of magnitude higher than the

nitrogen under the same condition for the considered Mach numbers.

The kinetic model for a diatomic mixture was numerically evaluated for different cases, under
varied conditions. Validation for five cases with DSMC showed good agreement. This initial
numerical study of the new kinetic model showed promising results. Future testing will expand
the application possibilities and capabilities of the model, but at this stage we are satisfied a gas

mixture with air constituents was tested successfully.



Chapter 7

Conclusions and Future Work

7.1 Conclusion

This thesis presents new kinetic models for gas mixtures: first for a binary mixture of monoatomic
gases and then for a binary mixture of diatomic gases. The models solved current challenges for
Boltzmann relaxation equations for mixtures. The derivation of the models and the consistency
with available models in the literature were demonstrated. The continuum limit, compatibility
and transport properties of the models were shown. Each species has separate species flow-field
properties, e.g. species densities, velocities and temperatures and the relationship between the
species macroscopic variables was modelled. Species diffusion was accounted for. Each of the
mixture models was shown to reduce to the equivalent single-species model. The models were
numerically evaluated and tested.

All objectives of the thesis were satisfied. A detailed summary of findings was provided after

each of the chapter and an overview of the main conclusions is as follows:

e A Shakhov-based and an ES-based extensions were applied to a known monoatomic mix-
ture model. As a result, the thermal conductivity coefficient was correctly fitted in the
continuum limit, as well as the ordinary diffusion and viscosity coefficients, inherent to
the initial mixture model. The Prandtl number was also corrected in the continuum limit,

which is a distinct advantage of the two new models.

e The numerical evaluation of the models showed good agreement when compared with
results for the flow-field macroscopic variables from the Boltzmann equation for the pro-
file of a normal shock wave and with DSMC results for the flow past a circular cylinder.
The influence of the heat flux correction and the actual contribution of the new mod-
els were demonstrated when a comparison was presented of the two new models with
the uncorrected model and results from the Boltzmann equation. The newly-introduced
models showed clear improvement in this comparison. Furthermore, a parametric study

showed the importance of modelling the gas as a mixture by varying the mass ratio be-

180



CHAPTER 7. CONCLUSIONS AND FUTURE WORK 181

tween species, level of non-equilibrium caused by the free-stream Mach number and initial

species concentrations.

e The derivation of a gas-kinetic scheme based on the Shakhov-based mixture model was
detailed. A comprehensive comparison with previously acquired DVM results from the
model as a benchmark demonstrated good accuracy and agreement of the gas-kinetic
scheme. For moderate levels of rarefaction and moderate level of thermodynamic non-
equilibrium, the GKS results showed a good agreement with the corresponding DVM
results. For flows with higher Mach numbers and Knudsen numbers differences are to be
expected, inherent to the assumptions made in the derivation in the GKS. At the same time
a significant speed-up of the computational time was observed, making the GKS a viable

method for flows close to equilibrium.

e A new model for diatomic gas mixtures was presented. A detailed derivation procedure
from a single-species single-temperature model was included. The model was shown
to have species translational, rotational and vibrational temperatures. The model also
features a three-step relaxation process, accounting for the different rates of translational,
rotational and vibrational effects. Unlike previous diatomic models, species properties
and diffusion was accurately represented. These features are major improvements over
existing models for diatomic mixtures. A CE-like expansion led to the continuum limit

and transport properties of the model.

e A numerical investigation of the diatomic model for a gas mixture showed good agreement
with results acquired with DSMC for the profile of a normal shock wave. A parametric
study of the shock wave and a flow around a circular cylinder was conducted. The dif-
ferent level of vibrational excitation for each species and under different initial conditions
emphasized the importance of modelling flows as mixtures. Also, the different level of vi-
brational excitation of the normal shock and the cylinder under the same initial conditions
highlighted the importance of a correctly modelled vibrational collision number Z,. The
capability to model at the kinetic level the non-reacting flow of air, encountering strong
non-equilibrium regions, was created. A gas mixture of nitrogen and oxygen, which is
of great relevance to practical applications, was successfully modelled and numerically

evaluated.

7.2 Future Work

Based on this thesis and the aforementioned conclusions, the following future work is suggested:

e The transport properties for a mixture of monoatomic gases are a main research point.

The Fick, Newton and Fourier coefficients are correctly fitted in the presented models,
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but the coupled effects: Dufour and Soret are not addressed in this work. Since they
are already included in the continuum limit equations and we know they should have
reciprocal quantities, only one extra relaxation coefficient needs to be added to correctly

fit all transport coefficients for binary monoatomic gas mixtures.

e The viscosity power law dependence on temperature is used. This is clearly a simplifi-
cation when binary gas mixtures are considered. Better mixture laws for viscosities are

available and should be considered.

e Further validation test cases including a variety of low speed flows and rarefaction levels

will enable a more detailed level of evaluation of the new models.

e The limitations of the numerically efficient gas-kinetic scheme should be further studied

for a range of Mach numbers and variety of geometries.

e The current GKS scheme is for a monoatomic mixture and an extension to a diatomic

mixture will increase the possible applications.

e Implementing the new kinetic models in a more advanced numerical scheme, e.g DUGKS,

constitutes an interesting line of research.

e The diatomic mixture model fits only two correct transport coefficients in the continuum

limit. Future work is to correct the heat flux and the Prandtl number.

e A model which is capable of simulating gas mixture of a monoatomic and a diatomic gas
will increase the domain of applications. Similarly, extending the models to more than

two species is part of future work.

e The collision numbers Z, and Z, allowing for the different rate of relaxation of the rota-
tional and vibrational DoF are introduced as constants. A more advanced model should
define them as functions of the model’s temperatures. Furthermore, for the mixture model,

Z, and Z, should be also species dependent.

e Further validation test cases are required to consider the kinetic model for diatomic gas

mixtures fully validated.

e A study inspecting the effect of each new temperature type should be considered. We
observed that the species translational temperatures had similar values, as well as the
species rotational temperatures for the cases of nitrogen and oxygen components. In order
to save computational time, big test cases including air-flow should consider having one

translational temperature, one rotational temperature and species vibrational temperatures.
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e Test cases with a mixture consistent of other diatomic gases beyond nitrogen and oxygen
with higher mass ratio between species should be studied. The mass ratio effect will dom-
inate the difference between species macroscopic properties and will create interesting

results.

e Extensions of the model beyond inert mixtures and including chemical reactions, while

very challenging, will broaden the capabilities and applications.

Clearly, the area of kinetic models for gas mixtures and their numerical applications is a complex
research area with many questions still unanswered. The current thesis makes a strong advance
in creating such models for monoatomic and diatomic gas mixtures, enabling the kinetic mod-

elling and simulations of rarefied flows of engineering interest.
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Appendix A

Standard definite integrals where a and b are constants and a > 0 [2] are:
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Note: If the limits of the integral are 0 to +oo all integrals with even powers of x will evaluate to

half the value given above. Also, if b=0 integrals with odd powers of x will become O.
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Moments of the Maxwellian distribution function, where du is the infinitesimal change of the

element of velocity volume and du = dudvdw, are:
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The above integrals are of particular interest for the integration of the Maxwellian distribution
function M (u).

M(u) = Lexp [—% ((u— uo)> 4+ (v—vo)? + (w—wo)zﬂ (B.10)
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It will be shown that:

(B.12)

In the above proof of the zeroth order moment of the Maxwellian distribution function, the in-
tegral and the exponential function were split into the three directions of the velocity vector c;.
The standard integral was applied to all 3 integration functions. The derivation of first and
second order moments of the Maxwellian function follows the same procedure as in (B.12)) and

incorporates more of the standard integrals defined above.
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The detailed derivation of the continuum limit of all three models is shown. Note that the mass
and momentum limits of the original and Shakhov-based models are the same and is shown only
for the corrected Shakhov model G5".

Mass Equation

The time-derivative term has the following form for all the models:

GG S| e
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The flux in the x-direction:
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The mass equation in the continuum limit after substituting the expression for ugg) is the same

for all three models, as expected.
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Momentum Equation

The time-derivative term has the following form for all the models:
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Here due to the summation, the contribution from the CE expansion is O.

The inviscid flux in the x-direction:
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The viscous part for all models is similar, with the ES model pre-multiplied as always by
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The momentum equation results in:
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where the viscosity coefficient u = SnkT

Energy Equation

The time-derivative term has the form:
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The 1-st order part of the flux in the x-direction is based on the Maxwellian and is common for

all the models, except a multiplication by (1 — vgg) for the ES model. The common part results
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Combining the time-derivative and the flux terms forms the limit of the energy equation up to

order O(&?) for each model as shown in the text.
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