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ABSTRACT

The correct design of the ablative protection system of a spacecraft is crucial for any space
mission involving atmospheric reentry. Such a design is possible through robust and reliable
numerical tools which allow an accurate modeling of the aerothermal loads experienced by
the thermal protection system. During atmospheric reentry, the extreme velocity of the vehi-
cle will make it endure a harsh environment characterised by a non-equilibrium state due to
the large thermal loads encountered. The present work addresses the implementation of ther-
mal non-equilibrium within Argo, a discontinuous Galerkin numerical tool based on a strong
coupling approach in the solving of the material response and the flow. The equilibrium as-
sumption between the energy modes in the modeling of the flow field is alleviated by tracking
the translational-rotational and vibrational-electronic energy modes at separate temperatures.
The implementation is verified based on two test codes developed aside Argo. Several cases
involving strong non-equilibrium phenomena are examined to illustrate the performances of
the extended model. The obtained results demonstrated a large impact of non-equilibrium
phenomena on the properties of the flow, especially on its chemical kinetic which is of prior
interest when ablative processes are considered. This work aims to be a first step in the
modeling of the thermal non-equilibrium within Argo. However, these results are sign of
motivation for future work in improving the model presented in this work in order to capture
high enthalpy flows in an even more accurate way.
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Abbreviations
AUSM  Advection Upstream Splitting Method
CFD Computational Fluid Dynamics
CM Command Module
CR Collisional-Radiative
DG Discontinuous Galerkin

DPLR Data-Parallel Line Relaxation

FEM Finite Element Methods

GMRES  Generalized Minimal RESidual

GMT General Multi-Temperature

LAURA Langley Aerothermodynamic Upwind Relaxation Algorithm

LTE Local Thermal Equilibrium

LTNE Local Thermal Non-Equilibrium

MT Multi-Temperature

OoT One-Temperature

RRHO  Rigid-Rotor and Harmonic-Oscillator
STS State-To-State

1T Two-Temperature

Us3D UnStructured3D
XML eXtensible Markup Language

Greek symbols
« Reactant stoechiometric coefficient
B Product stoechiometric coefficient
v Heat capacities ratio
€ Energy level
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Electronic characteristic temperature
vip  Vibrational characteristic temperature
Dynamic viscosity
Vibrational frequency
Density
Effective cross-section
Relaxation time
T Heavy-electron translational energy relaxation time
T Vibrational-translational energy relaxation time
Viscous stress tensor
Non-equilibrium coupling factor
Species mass production rate due to chemical reactions
Energy transfer rate
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Speed of sound

Heat capacity at constant pressure
Heat capacity at constant volume
Specific driving force
Multi-component diffusion coefficient
Internal energy
Vibrational-electronic-electron energy (TT model)
Total internal energy

Activation energy

Set of energy levels

Degeneracy of a particular energy level
Planck’s constant

Enthalpy

Total enthalpy

Set of heavy particles

Set of polyatomic heavy particles
Identity second order tensor

Moment of inertia

Diffusive flux

Rotational quantum number

Normal mode

Backward reaction rate

Boltzmann'’s constant

Forward reaction rate

Equilibrium reaction rate

Equilibrium constant

Knudsen number

Molecular mass

Mach number

Set of purely internal energy modes
Electronic quantum number

Number of heavy particles

Number of polyatomic heavy particles
Number of species

Density number

Vibrational degree of freedom
Pressure

Heat flux

Partition function

Rate of energy loss due to radiation
Specific gas constant

Universal gas constant

Set of reactional mechanisms

Set of species

Temperature

Trans-rotational temperature (TT model)
Electronic temperature

Rotational temperature

Translational temperature

Free electrons translational temperature
Heavy particles translational temperature
Vibrational temperature
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Park temperature

Vibrational temperature (TT model)

Time

Velocity vector with the components u,v,w
Vibrational quantum number

Diffusion velocity vector

Cartesian coordinates vector

Mass fraction



CONTENTS

[Abstract I
|Acknowledgements| II
[Cist of abbreviations and symbols| III
(I_Introduction| 1
LI _Contextl . . . . oot 1
(1.2 Atmosphericreentry| . . . . . .. ... .. 2
2.1 Reentry overview|. . ... ... ..... ... ... ... ... . ... 2

1.2.2 Thermochemical phenomena| . . . . .. ... ... ... ... ... ... ... 4

-of-the-artl. . . ... ... L 6

1.3.1 Experimentaltools| . . .. ... ... ... .. ... .. .. .. .. ... 6

icaltoolsl. . . ... ... .. 8

[14 Objectives and outlines of the thesis| . . . . ... ............ ... .. ... 11

2 Physical modeling] 12
1O . . . 12

22  Energy partitioning|. . . . ... .. ... ... 12
2.2.1 Local Thermal Equilibrium (LTE){ . . ... ... .. ... ... ... .... 14

2.2.2  Local Thermal Non-Equilibrium (LINE)[ . . ... ... ... ........ 15

2.3 Governing equations| . . . . ... .. ... Lo 19
2.3.1 Non-equilibrium Navier-Stokes equations| . . .. . ... .......... 20

2.3.2 Two-lemperaturemodel|. . . . . ... ... ... .. .. ... 0 0L 23

2.4 Pure species thermodynamics properties| . . . . ... ................ 24
2.5 Chemical kineticmodell . ... ... ... ... ... .. .. .. .. .. .. ... 27
2.1 hemical sour TIN| . . o e 27

[2.5.2  Thermal non-equilibrium impact on chemical kinetic| . . . . . ... .. .. 27

[2.6 Relaxation processes| . . . . . .. ... ... .. ... 29
2.6.1 Vibrational energy exchange| . . . .. ... .. ... ... .. 0 0L 29

2.6.2 Electronic energy exchange| . . . . .. ... ... ... ... ... .. ... 30

2.6.3 Free electrons energy exchange|. . . . .. ... ... . ... .. ... .. .. 30

2.7 Conclusion|. . . . ... ... . 31
Numerical implementation| 32

1 Intr 10 | 32

[3.2  Argo, a high order numericaltool] . . . ... ... ... ... ... ... .. .. ... 32
3.2.1 Current implementation and contributions of this work] . . . ... .. .. 32
3.2.2_The discontinuous Galerkin finite element method . . . ... .... ... 34

3.3  The Mutation++ library| . . . ... ... ... ... ... .. ... .. 0 0. 37




CONTENTS VII
[3.4 Thermal non-equilibrium treatment| . . . .. .. ...... ... ... .. .. ... 40
3.4.1 Energy exchanges and chemical sourceterms| . . . ... .......... 40
................................. 41

[3.4.3 Interface fluxes and boundary conditions|. . . . ... ... ... ... .. 44

B35 Conclusionl. . . . .. ... 47

A Verification| 48
1 Intr 1oN| . . .. 48
4.2 Adiabatic reactor testcasel . . . . . . . .. 48
4.3 Post-shock relaxation testcasel . .. . . . . . . . . . . ... 51
B4 Conclusionl. . . .. ... ... L 54
5_Results| 55
BI Introductionl . . . ... ....... ... ... ... 55
[5.2  Hypersonic flow pasta bluntbody|. . . .. ... ... ... ... .. 0 . 56
5.2.1 Presentation of the numerical setup| . . . . ... ........ ... .... 56

b.2.2  Intluence of the non-equilibrium phenomena on the tlow properties| . . . 57

5.2.3  Thermal non-equilibrium impact on the ionization processes| . . . . . . . 62

[5.3  The high order shock capture problematic| . ... ... .......... .. ... 65
5.3.1 Local order adaptation and the current limitation in shock modeling|. . . 65

5.3.2 Local mesh size adaptation| . . . ... ...... ... ... ... .. ... 66

5.4 Thermal non-equilibrium in supersonic nozzle flows| . . . . ... ... ... ... 68
5.5 _Conclusion] . . . . ... 72
le_Conclusionl 73
.1 Achievements and main mes of thi 0 73
6.2 Perspectives| . . . .. ... 74




CHAPTER
ONE

INTRODUCTION

1.1 Context

Space access and its exploration have always been a challenge and areas of interest either from
scientific or economic perspectives. In the past years, the Moon has regained its prominence
by captivating the interests of many and projects concerning a wild scale of applications are
currently developed by cooperation between agencies or even by private companies world-
wide.

One of the current standout missions is the Artemis program, led by the NASA, aiming at a
sustainable exploration of our natural satellite through the organization of regular missions
which outcome would be the installation of a permanent post on the Moon. Build upon the
legacy of the Apollo missions, the program should also allow the testing and development
of equipment and procedures that will be implemented during future crewed missions to
the surface of Mars. Private space companies are also making their mark in lunar explo-
ration. Such as SpaceX which has announced ambitious plans for lunar missions, including
the development of the Starship spacecraft, designed for crewed missions to the Moon and
Mars. Their goal is to make space travel more accessible, with the Moon serving as a step-
ping stone for interplanetary travel and the establishment of a self-sustaining colony on Mars.
Meanwhile, international collaborations are flourishing as well. The European Space Agency
(ESA), China’s CNSA, and other nations have launched successful lunar missions, delivering
valuable insights into the Moon’s composition, potential water ice deposits in permanently
shadowed regions, and its historical evolution.

Each mission is different and many crucial steps will take place before their respective success.
However, for planetary missions, one of them is particularly critical : the Entry-Descent-
Landing (EDL) set manoeuvres. In fact, during this phase, extreme phenomena happen, and
every small miscalculations could lead to enormous hazards for the spacecraft and its payload.
Given the fact that atmospheric entry cannot be reproduced multiple times to accumulate data
in an experimental framework, the numerical approach seems to be the best way to predict
the mechanical and thermal loads on the spacecraft.

Ongoing improvements in computing performance continue to break down the barriers that
once limited the modeling of complex physicochemical phenomena in realistic timescales. As
a result, the desire to increase the accuracy of the already existing models has never been
greater.
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1.2 Atmospheric reentry

The aim of this section is to give to the reader the big picture of an Earth atmospheric reentry
based on the Apollo AS-202 mission. In addition, the various thermochemical phenomena
occurring in the environment surrounding the atmospheric entry vehicle will be proposed.

1.2.1 Reentry overview

The liftoff of the Apollo AS-202 mission took place on the afternoon of Aug. 25, 1966.
Mounted on the top of a Saturn 1B rocket, the unmanned spacecraft was sent into a lob-type
trajectory in the objective of determining the performance of the vehicle and its subsystems
in preparation of manned orbital missions. At T70, 70 minutes after the launch, the Com-
mand Module capsule separated from the Service Module and three minutes later, at T73, the
capsule performed its reentry into the Earth atmosphere.

As it decelerated, the vehicle experienced various numbers of flow speed regimes during its
descent (see Fig. from hypersonic to subsonic passing by the supersonic and transonic
flow regimes. These regimes are characterised by the Mach number (Ma) which is defined as

Ma ==, (1.1)

u
c
where u represents the velocity of the body and ¢ the speed of sound, both in meters per
second. For the subsonic regime, this Mach number is strictly below unity while it lies be-
tween 0.8 and 1.2 for the transonic one. The clear Mach number transition value between the
supersonic and hypersonic regimes can be argued. It is said to be at Mach 5 but no particular
visible reaction would occur at this limit, as opposed to the ones observabled at the transonic
regime. Rather, certain physical flow phenomena will become progressively more important
as the Mach number increases to higher values.

Altitude [km]
Entry point
~ Speed : 83 km/s Heat flux at T75 : 884.6 kW /m?
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\ .
— '~
Skip-reentry ‘N
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. i Speed : 76 m/s
Transonic phase \ Wb
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oy : : : . e~
0 4/ T T T T T T = - .
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Figure 1.1: Illustration of the flight trajectory of the unmanned, suborbital test flight module
during the AS-202 mission. Only some of the key steps of the reentry are represented but the
reader is invited to read the technical report of the mission in [58] for an in-depth discussion.
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In general, as the entry vehicle collides with the so far undisturbed atmospheric gas, it gen-
erates pressure waves propagating in the surrounding at the ambient speed of sound. For
the subsonic regime, these pressure waves "inform" the upstream flow in such a way that its
constituting particles have time to "get out" of the way of the incoming vehicle. However,
when the vehicle velocity is greater than the speed of sound (Ma > 1), these particles will not
have time to move out and will stack in front of the body creating a very thin compression
zone.

This zone is more commonly called a shock and can have various forms depending on the
vehicle’s geometry. As shown on Fig. in case of a blunt body, a bow (or detached) shock
will appear where its standoff distance with the body front will be closely related to the
traveling speed of the latter. For Earth atmospheric reentry, the peak velocity can climb up to
12 [km/s] but more extreme values can be reached like the 47.4 [km/s] experienced by the
Galileo probe during its entry into the Jupiter’s atmosphere.

Bow shock Wake shock wave

8000
7131

Shock layer

6262
5393

Uy =D km/s 4524

3656
2787

Heat shield 1918

1049

180
Expansion T [K]

Figure 1.2: Temperature distribution around the Apollo Module Command traveling in hy-
personic regime at 5 [km/s]. The surrounding medium is initially composed of a pure and
reactive molecular oxygen mixture.

While the flow speed regime is described by the Mach number, another dimensionless number
allowing the flow regime to be determined in terms of the medium continuity is used : the
Knudsen number (Kn). It is defined as

A

Kn = % (1.2)
where A is the molecular mean free path length E| and L a representative physical length
scale, like the diameter of the capsule for example. The Knudsen number helps determine
the validity of the continuum assumptions in the modeling of a given problem. For altitude
exceeding 80 kilometers, the mean free path length between molecules is such that continuum
mechanic becomes invalid and the Navier-Stokes (NS) equations are inadequate for accurately
predicting regions with such flow behaviour. The flow is then qualified as rarefied and statis-
tical mechanic approaches, such as the Direct Dimulation Monte Carlo (DSMC) particle-based
methodology, must be used. Nevertheless, only altitudes allowing the continuum regime will
be considered in this work.

Note that the reason of a blunt body for the capsule’s geometry has not been explained yet. It
may seem obvious but the challenge of the atmospheric reentry is to slow down the capsule

IThe mean free path length can be seen as the maximum distance a particle can travel before colliding with
another one
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while maintaining its integrity. It is also important to understand that the dissipation of the
vehicle kinetic energy is not due to the friction of the capsule with the atmosphere given the
low air density at high altitudes. The effects of the energy loss due to friction will only play
a role at low altitudes where most of the kinetic energy has already been dissipated. Instead,
the quasi-entire amount of the kinetic energy is transformed to thermal energy by means of
the shock appearing at the front of vehicle. For a blunt body, the bow shock will generate a
high level of aerodynamic drag that will slow down the vehicle during its reentry.

As the flow passes the shock, it abruptly decelerates entering in the subsonic regime. A
byproduct of this flow deceleration is a significant increase in the post-shock pressure and
temperature resulting in a high enthalpy flow that will be convected downstream and which
must be dissipated to preserve the capsule integrity. This abrupt increase in temperature
due to the shock can be noticed on Fig. where the peak value reaches 8000K. However,
a particularity of the bow shock is its distancing with respect to the surface of the vehicle.
This distance is represented by the shock layer and its thickness can vary depending on the
velocity of the vehicle. As it will be discussed in the next section, this layer is very reactive
and acts like a damper as the occurring thermochemical phenomena will "consume" a part of
the flow’s energy. The main result is that a fraction of the overall thermal energy reaches the
surface of the vehicle where its thermal protection system (TPS) will diminish it even further
to acceptable temperatures.

Finally, to give an order of magnitude, let us consider back the case of the AS-202 mission.
Given the flight data at the entry point (see Fig. [L.1), the Apollo module’s kinetic energy to be
dissipated was approximately 191.41 [G]]. Between the transonic phase and the entry point,
the elapsed time was about 12 minutes which gives an averaged dissipation rate of 265.85
[M]/s]. This represents the energy required to bring 115.5 [kg] of water initially at room
temperature to the boil every second. Note that the heat flux is not constant during the flight
and attempts in minimizing it by lengthening the reentry time through ballistic manoeuvres,
such as the skip-reentry procedure, are usually performed.

1.2.2 Thermochemical phenomena

As previously discussed, the bow shock appearing in front of the capsule at hypersonic regime
will slow the post-shock flow to subsonic speeds. A consequence of this flow deceleration is a
significant increase in the post-shock temperature reaching thousands of degrees. Considering
the Earth atmosphere, the diatomic particles constituting the medium will jump from a high
to low kinetic energy state resulting in an excitation of their translational mode. Following
this excitation, the vibrational, rotational and electronic internal modes will be in turn excited
through collisional processes leading to a non-equilibrium state of the gas. These excitation
processes will lead to a highly reactive flow characterised by numerous reactions as shown on
Fig. a brief listing is given hereunder.

When the vibrational mode of the nitrogen and oxygen molecules becomes sufficiently excited,
dissociation can occur leading to the formation of atomic nitrogen and oxygen species. Con-
sequently, these new species will react giving rise to the formation of nitric oxide molecules
through exchange processes.

In addition, the excitation of the electronic mode will excite the bound electrons of the atoms
and molecules to higher electronic states. If this excitation is sufficiently high, these electrons
can be separated from their parent species leading to a partially ionized mixture. A plasma
is then formed and the free electrons will participate to the reactional mechanism through
associative and impact ionization reactions with the neutral or charged heavy speciesE]

On the other hand, de-excitation of the electronic mode leads to radiation as the particles emit

2The designation heavy particles for every constituents but the electrons of a mixture is introduced here and will
be used later



CHAPTER 1. INTRODUCTION 5

a photon as they drop to lower electronic energy states. This radiant energy can add up to the
heating load on the heat shield or it can be absorbed by other particles causing them to jump
to higher energy levels. Note that radiation can also reduce the temperature of the shock layer
by a process referred as "radiative cooling" [76].

| } Free-stream
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Figure 1.3: Detail of the shock layer and its related thermochemical phenomena. Left figure is
taken from (S. Scoggins, VKI Mutation™ Training Day, June 15, 2018).

All these collisional processes consume a lot of the gas internal energy causing its temperature
to rapidly drop as it shown on Fig. where the temperature in the shock layer jumped
from 8000K to approximately 3000K. Given the huge energy depletion, the thermochemical
properties of the flow will tend to equilibrate when exiting the non-equilibrium zone. As
the diminished, but still relatively high enthalpy flow, progresses towards the surface of the
vehicle, a boundary layer develops due to viscous interactions. Given the lower temperature
in this region compared to the shock layer, catalytic and recombination reactions, such as the
re-formation of molecular oxygen, can arise.

Finally, the heat reaching the surface due to convection and radiation is transferred deep in
the TPS by conduction and diffusion. Due to the temperature rise, thermal decomposition
of the TPS material (fibers coupled to a resin matrix) will occur allowing the absorption of
the excess heat through two different mechanisms. The first one, the pyrolysis, consists in
endothermic reactions that decompose the resin generating a pyrolysis gas. The latter is then
blown out of the porous material and injected into the boundary layer inducing a blockage of
the inbound convective heat flux from the shock layer. The second degradation mechanism
is the erosion of the remaining carbonized resin and the fibers by means of heterogeneous
chemical reactions, sublimation and spallation.

To illustrate the harsh environment suffered by the Apollo Module Command during its
atmospheric reentry, a comparison of the state of the Apollo Module Command before the
launch and after its recovery is displayed on Fig.
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(a) Apollo CM before launch (b) Apollo CM after its recovery
Source: https://rb.gy/zvTuy

Figure 1.4: The Apollo Command Module before and after the AS-202 test flight mission.

Remark :

As the material response is not of interest in this thesis, a mere introduction is given in this
chapter in sight of providing to the reader most of the thermochemical phenomena happening
from the shock to the insulation layer of the capsule. For in-depth discussions of this topic,

see [74] [76].

1.3 State-of-the-art

As explained in the previous section, the atmospheric reentry phase is crucial for any mission
and knowledge of its phenomena is of prior interest. Given the extreme cost and the rare oc-
currence of in-flight experiments, such a knowledge is mainly accessible to us by numerically
reproducing the flow field. Therefore, great efforts in the development of accurate models
have been conducted all around the world by many research centers and institutes. The aim
of this section is then to provide a review of the current state-of-the-art in the modeling of
high enthalpy flows with a focus on topics relevant to this thesis.

1.3.1 Experimental tools

Reproducing flight conditions at hypersonic regimes is very harsh but also, and mainly, very
costly. However, the experimental framework may turn out to be necessary as it can provide
precious real conditions data that can be compared to the outputs of the numerical models.
To obtain the conditions a spacecraft would experience during its reentry, one can distinguish
two main approaches : in-flight and ground-based experiments.

In-flight experiments :

The first approach consists in performing an atmospheric reentry with a test vehicle equipped
with specific instruments depending on the data to be collected. A direct example is the pre-
viously seen AS-202 mission during the Apollo program where the objective, among others,
was to test the TPS of the Apollo Command Module (see Fig. [I.4). Another flight experiment
related to the Apollo program was the FIRE II (Flight Investigation of Reentry Environment)
experiment. The objective was to specifically measure the convective and radiative heating
of a body entering the dense atmospheric layers at high velocity (11.4 [km/s]). Launched in
the sixties, the capsule was equipped with radiometers and calorimeters (see Fig. and it
remains one of the best sources of aerothermal heating data. Forty years later, these data are
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still used to validate numerical models such as the Collisional-Radiative one proposed Panesi
et al. [62].

More recently, in 1998, the European Space Agency (ESA) performed the very first guided sub-
orbital reentry vehicle built, launched and recovered by Europe with the Atmospheric Reentry
Demonstrator (ARD) [83]]. Launched with an Ariane 5, the on-board measurement tools of
the vehicle allowed to build an experimental database to be used in the development of future
reentry vehicles. Let us also cite the Hypersonic Flight Experiment (Hyflex) [73], a reentry
demonstrator prototype which was launched in 1996 by the National Space Development
Agency of Japan (NASDA) aiming to test carbon-carbon heat shielding tiles and to gather
data on hypersonic lifting. Despite succeeding its reentry, the prototype regrettably sank in
the Pacific after splashdown before it could be recovered.

o 52.578

41.22

33.00°

R93.47 — P rale

|
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)~ S

Ri.02 7 §

L 2.5

Figure 1.5: Relevant dimensions (in centimeters) of the FIRE II reentry vehicle along with the
positions of its measuring instruments. Left and right images are respectively taken from [47]
and [87].

Note that, even if this approach provides highly valuable data, the small occurrence of in-flight
experiments constraints their flexibility. Therefore, ground-based experiments mimicking the
extreme conditions of atmospheric reentries have been developed all around the world.

Ground-based experiments :

According to sought-after purpose, several facilities can be used and can be distinguishable
by the conditions they can recreate and also their operational time. For example, the VKI Plas-
matron facility (see Fig. [L.6a), in Belgium, allows to reproduce high enthalpy flows during
several minutes which is very suitable to study the material response of TPS samples. On Fig.
the cork heat shield of the ESA’s Qarman (QubeSat for Aerothermodynamic Research
and Measurements on Ablation) CubeSat [72] is being tested burning away in simulated at-
mospheric reentry conditions. However, the Plasmatron is limited to supersonic flows with
its two nozzles reaching a flow regime of Mach 2,6 and 3,2.

When the aerodynamic of spacecrafts during atmospheric is studied, hypersonic cold wind
tunnels are more appropriate as they can generate hypersonic flow typically from Mach 5 to
20 for longer periods of time. One can cite the SR3 low density wind tunnel-facility [1] from
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the CNRS which can reproduce subsonic, supersonic and hypersonic flows up to Mach 22
in rarefied conditions. One advantage of this facility resides in its almost unlimited running
time. This is particularly suitable to get rid of the instrumentation response time and to get a
good stabilization of the flow conditions prior to experiments.

(a) Plasmatron chamber (b) Ablation test of a thermal protection system
sample of the Qarman CubeSat.

Source: https://rb.gy/o8m8m

Figure 1.6: Plasmatron facilty of the Von Karman Institute (VKI). The image of the chamber’s
configuration is taken from [74].

Finally, one can also cite the hypersonic shock tubes facilities such as the Large Energy Na-
tional Shock (LENS) tunnel one [43]. These experiment tools allow to reproduce very high
temperature conditions. However, their running time is extremely short (O(1le~3)[s]) which
makes the focus of their investigations on the chemistry aspect associated with hypersonic
flows. Nevertheless, recent efforts in lengthening their operational time have been proposed
such as in [59].

1.3.2 Numerical tools

Given their replicability and wild range of applications, continuous research efforts are pro-
posed in the development of efficient and robust computational models that effectively cap-
ture the extreme phenomena related to atmospheric reentry. As explained in Sec. these
phenomena are represented by strong chemical and thermal non-equilibrium which can have
an impact on the physics of the flow if they are badly modeled. Therefore, during the last
forty years, intensive efforts in the treatment of the thermal non-equilibrium have been made
through various energy partitioning models. Most of the solvers rely on the Two-Temperature
model which can be attributed to the works of Park as explained in Sec. Forty
years later, this model is still widely used for aerospace engineering applications thanks to
its capacity in providing satisfactory results for multi-dimensional problems. As it will also
be the model of interest in this thesis, an overview of three CFD solvers treating thermal
non-equilibrium in the continuum region based on this model is proposed in the following
paragraph.

Named after its implicit time integration method, the DPLR (Data-Parallel Line Relaxation)
code [86] is one of the hypersonic solvers developed at the NASA Ames Research Center that
can successfully calculate hypersonic flow properties around flying objects. The other one,
differing in its time integration scheme, is called LAURA (Langley Aerothermodynamic Up-
wind Relaxation Algorithm) [27]. Both solvers are parallel multiblock structured finite-volume
codes which allow to solve reacting Navier Stokes equations where finite-rate chemistry and
thermal non-equilibrium can be considered. These two codes have been notably used in the
design of the TPS of the capsule Orion from the NASA Constellation Program Crew Explo-
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ration Vehicle (CEV). Furthermore, alongside with the US3D solver, a comparison of their
outputs with the FIRE II test flight has been made to investigate the reliability of their predic-
tion in the aerothermal loads [29].

Developed at the University of Minnesota, the US3D (UnStructured3D) solver [13] greatly
inherits its architecture from the DPLR solver. However, it has a number of distinct capabilities
beyond those available in DPLR. One of them is the possibility of splitting the domain in
independent grids to solve different problems separately such as the flow and the material
response. Another interesting feature, especially for complex geometries, is the capacity of
solving problem on unstructured meshes.

From the discussion in [74], the flow and the material can be solved independently and then
coupled using appropriate boundary conditions at the fluid-solid interface. This approach
is categorized as weakly-coupled as the two sides of the problems are solved separately. For
example, Thompson and Gnoffo proposed the implementation of such a procedure within
the LAURA code where a diagram of the method is represented On Fig. [[.7} In a nutshell, a
code is used to compute the equilibrium species at the surface (ACE) once the pressure and
temperature are known from the flow (LAURA) and material (FIAT [19])) solvers. Then, the
variation in the vehicle geometry due to ablation, determined by the material solver, is given
as input to a regridding module (mvgrd) which will provide the updated mesh for the next
iteration.

Trajectory and

Freestream
| Conditions
i Updated
A Flow field
-
P, ‘;
mvgrd |
l m St 9 N
T, h, \ \
Regridding
‘ module
Species T. Xz
Mass P“
Fractions w
at Surface

Flow solver

j Material solver

Figure 1.7: Weakly-coupled procedure for the recession treatment due to ablation within the
LAURA solver. Image modified from [81].

However, the exchange of information at the boundary can be performed only at defined
time steps and instabilities may appear because of the complex and highly non-linear be-
haviour of ablation problems. Therefore, another type of coupling methods, categorized as
strongly-coupled, is usually preferred. The latter consists in solving both problems in an uni-
fied tool where the fluid and solid phases are computed within the same domain. Such a
fully-coupled fashion is at disposal within the US3D solver for example. Nonetheless, most
material response codes, the one used in US3D included, consider heat and mass exchanges
as a surface phenomena only [74]. In particular, volume ablation is usually neglected and this
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strong assumption can lead to inaccurate results, especially for highly porous materials.

To answer this problem, Schrooyen [74] implemented, in the scope of his PhD thesis, a new
module related to ablation in the multi-physics platform Argo, developed at Cenearo in Bel-
gium (a presentation of Argo and its Discontinuous Galerkin based spatial discretization
method is proposed in Sec. [3.2). The purpose of this module, called DGAblation, is to model
the response of an ablative material submitted to a high enthalpy flow using a strong coupling
approach in sight of investigating the competition between surface and volume ablation phe-
nomena. Combined with the benefits of its spatial discretization scheme in modeling complex
geometry with unstructured meshes at high orders, this module allowed Argo to stand out
from the previously cited solvers thanks to its high-fidelity in modeling ablation phenomena.

Nevertheless, its strength mainly resides in solving the material part of the domain. In fact,
compared to US3D, LAURA, DPLR and many others solvers such as DLR TAU [75], LeMANS
[56], SU2-NEMO [45] or hy2Foam [16, 15], the flow part of Argo is not fitted with the treat-
ment of thermal non-equilibrium. Given the strong coupling approach of Argo, an accurate
modeling of the thermochemical phenomena occurring in the shock layers is then crucial.

In fact, as shown on Fig. the quantities convected to the surface of the TPS, which
are closely related to the modeling of the upstream flow, will participate in the gas-surface
reactional mechanisms. For example, a possible impact of an inaccurate modeling of the gas
flow can be the following. Among the heterogeneous, two oxidation reactions happen :

C(s) + O2(g) — COxg),
Cs) + Og) — COg).

As these reactions are exothermic, an overestimation of the molecular/atomic oxygen pro-
duction could lead to an overestimated degradation of the phenolic resin within the TPS and
vice versa if their production is underestimated. Because of this kind of results, extension of
the gas flow model of Argo to treat thermal non-equilibrium in the scope of making it more
reliable will be the motivation of this thesis.

Outputs of the
/' flow modeling
0, Oz, N, N,
Material modeling

Pyrolysis products '
CyHy, CeHg, CHy,

: Heterog_eneous and CeHsOH, C;Hg, Hs :
' catalytic products 100 '

€O, CO,y, CN Sublimation 2 Spallation
' No. O- products . '
: > Cy, C

Figure 1.8: Schematic of the gas-surface interaction in the interface region of low density
phenolic carbon fibers ablator for an Earth atmospheric entry. Image taken from Schrooyen
[74].
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1.4 Objectives and outlines of the thesis

From the discussion of the previous section, the objective of this thesis is to extend the relia-
bility of the gas flow model of Argo through the treatment of thermal non-equilibrium. The
model used in this work to treat thermal non-equilibrium will be the Two-Temperature model
of Park given the lessened computing resources it requires compared to other models.

Including the introduction in Chapter 1, this thesis is composed of six chapters which are
arranged in the following manner :

Chapter 2 will begin by a quick introduction to statistical mechanics along with a review of
the principal energy partitioning models required to treat thermal non-equilibrium. Secondly,
and with respect to the Two-Temperature model, the governing set of equations applicable to
hypersonic flows, and of use in this work, will be highlighted. Finally, the closure models for
the thermodynamics, chemical reaction rates and energy transfer mechanisms with respect to
the previously mentioned governing model will be presented.

Chapter 3 will present the practical implementation of the physical model from Chapter 2
within Argo. In the first place, the presentation of Argo along with an introduction to the
Discontinuous Galerkin methods is proposed. Then, the thermochemical library Mutation™™,
which plays a central role as it provides the closure models, will be reviewed. Next, two
test codes developed aside from Argo to verify its correct implementation will be described.
Finally, the extension of the numerical schemes proper to the Discontinous Galerkin methods
to deal with extended model will be reviewed.

Chapter 4 will provide a quantitative validation of the numerical implementations performed
in Chapter 3. A simple problem allowing the verification of specific terms of the governing
models will be applied to each code.

Chapter 5 will apply the extended version of Argo to different problems based on the model
validation provided in Chapter 4. The impact of thermal non-equilibrium on the flow prop-
erties will be studied along with a discussion of the current limitation of Argo in capturing
sharp interfaces, such as shock, with high order methods.

Chapter 6 will summarize the main achievements of the thesis and will finally provide some
perspectives for possible future work.
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2.1 Introduction

During atmospheric re-entry, the extreme velocity along with the blunt geometry of the ve-
hicle leads to the formation of a detached shock on its front. Across the shock, pressure,
temperature and velocity change drastically reaching very high temperatures values leading
to a high enthalpy flow which is then convected within the shock layer. This region, delim-
ited by the shock itself and the thermal protection system of the vehicle, is subject to various
thermal and chemical processes. Due to the equivalent timescales between those processes
and the transit time of the particles in the shock layer, chemical and thermal non-equilibrium
behaviours emerge and must be captured in order to predict accurately the properties of the
flow. Therefore, the motivation for this chapter is to provide the governing equations which
this thesis will rely on to describe the thermochemical phenomena occurring in the shock
layer. In order to have the ins and outs of the governing model used in this work, the chapter
is constructed in the following manner.

First, an introduction to statistical thermodynamic trough the review of the most popular
energy partitioning models is proposed.

Then, based on the energy partitioning model chosen for this thesis, the common govern-
ing equations found in the literature for thermal non-equilibrium in hypersonic flows are
reviewed.

Finally, the physical model used in the scope of this thesis is highlighted and the chemical
kinetic, the thermodynamic properties as well as the energy transfer models necessary to close
the governing equations are presented.

2.2 Energy partitioning

Determination of thermodynamic properties for equilibrium and non-equilibrium flow field
requires knowledge of the energy distribution, or partition, among the allowable energy states
of the species [2, |49, 82]. Given a generic gas, one can assume its composition by a large
number of heavy particles (i.e molecules and atoms) and electrons, in case of (partially-)
ionized gas.

12
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Depending on their nature, these particles have several modes of energy :
1. Translational energy €y resulting from the motion of the particle’s center of mass.

2. Rotational energy €, resulting from the particle’s rotational velocity and its moment of
inertia.

3. Vibrational energy €,;, resulting from the back and forth motion of the molecule’s atoms
around an equilibrium point within the molecule and the potential energy associated
with the intramolecular force.

4. Electronic energy €, resulting from the kinetic and potential energy of the orbiting
electrons around the nucleus.

Hence, the total energy of a particle, in case of a molecule, is given by the sum of all the
energy modes
€ = €+ €rot + €pip + €l (2.1)

and for atoms, only translational and electronic energy modes exist
€ =€y + €. (2.2)

From quantum mechanics, each energy mode is only permitted at discrete energy levels [2]
as shown on Fig. Levels that could contain several energy states due to degeneracy.
The degeneracy of an energy level emerges from the fact that quantum mechanics not only
quantize energy, but also angular momentum for example. Thus, for the rotational energy
mode, a given level j will have g distinguishable states as the rotational momentum can have
different directions, as shown on Fig. In general, particles can jump from one state to
another through collisions and/or radiative interactions.

Translational Rotational Vibrational Electronic
energy modes energy modes energy modes energy modes

€jel

€j,vib

3
_
]
[
[

€0, trans €0,rot €0,vib €0,el

Figure 2.1: Schematic of energy levels for the different molecular energy modes. Figure
modified from Anderson [2]

As mentioned in [76], "the use of internal energy should not be confused with the typical fluid
dynamic description of the internal energy of a gas, which includes translational energy. Here,
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internal energy is meant to differentiate between energy associated with the translation of the
center of mass of a particle and the energy associated with the relative motion of its con-
stituents (nuclei and electrons)". Furthermore, due to the closeness of the quantum spacings
between energy levels of the translational mode, the latter will be assumed continuous [80]
resulting in a semiclassica]ﬂ approach of the system.

Rotational
energy modes

State 1 State 2
w
gls?®
u
(j.r‘ul
€3,rot g3 = 2
State 1 State 2

€0,rot

Figure 2.2: Illustration of a degenerate rotational energy level for a generic diatomic particle

2.2.1 Local Thermal Equilibrium (LTE)

In a reactive gas, the collisions among its constituting particles give rise to continual chemical
processes and energy exchanges between the different energy modes. As these collisions
occur, energy modes will tend to their equilibrium state in such a way that given numbers of
collisions required to reach equilibrium are attributed to each mode. These numbers are called
the "collisonal numbers" and can differ according to the energy mode. If the time required
to reach the highest collisonal number is very short compared to the transit time in the flow
field of interest, the system is considered as in equilibrium. Henceforth, all energy modes are
characterised by the same temperature. On the opposite, if the transit time is much shorter
than the lowest collisional number, the flow field is considered as frozen. For a given species
s, the population of the energy levels follows a Boltzmann distribution and the probabilities
for a specific energy level j to be populated is computed as

e

S lexp | ——L |, se8, jeé&, 23
P] g] p( kBT> ) ( )

where g; is the degeneracy of the level j and the exponential term represents the Boltzmann
factor where 6]5.’ is the internal energy of level j of species s, kp the Boltzmann constant and T

the temperature. The set of all species in the mixture is denoted as S and the set of all the
rovibronifl/ electronic levels of molecule/atom s is denoted as £°. To ensure the probabilities

Semiclassical refers to a theory in which one part of a system is described quantum mechanically, whereas the
other is treated classically
2Rovibronic is the contraction of rotational-vibrational-electronic
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of all levels to add up to 1, the right-hand-side of Eq. (2.3) is divided by a normalization
constant equal to the sum of all the Boltzmann factors. This constant is more commonly
denoted as the partition function Q° for species s

S = g]S ex —i with  Q*(T) =) gfex _i (24)
P Qam P\ TheT ) TSP T ) '
Then, the density number N ]s of species s at a specific energy level j is given as
Nog? €’
S —_L
N] (1) exp ( kBT> , (2.5)

where N*® =}, N].s represents the total density number of the species s. From Eq. 1) one
can observe that low-energy levels will be more likely to be populated and the system will
also tend to populate excited levels as the temperature increases, as shown on Fig. 2.3 where
probabilities for higher vibrational energy levels to be populated increase with temperature.
Such distribution of the vibrational energy levels can have an impact on the dissociation of
molecules if a preferential model is considered for example. A more detailed discussion of
this topic is proposed in Sec.

0.9 W 7= 1000K
| T=5000K
0.8
W T=7500K
0.7 B 7= 10000K
0.6
5. 05
Q

3 4 5 6
Vibrational energy level j

Figure 2.3: Vibrational population distribution among the 10 first
energy levels at increasing temperatures up to 10000K.

When the time required for chemical reactions or energy exchanges mechanisms to accom-
modate themselves to local conditions becomes equivalent to the transit time, the equilibrium
state is no longer valid. The flow field is therefore considered as in non-equilibrium and the
model must be adapted to provide the distribution of energy levels for each species. Such
models will be presented in the next subsections.

2.2.2 Local Thermal Non-Equilibrium (LTNE)

This subsection aims to provide some of the most popular energy partitioning models for
non-equilibrium flow fields. The latest are classified on the basis of decreasing complexity
to be modelled and also with their advantages and disadvantages. While some models will
be reviewed without getting into details, emphasis will be placed on the multi-temperature
models introduced by Park [64] and Lee [37] as it will be the one used in this thesis (see Sec.
2.3.2). Before going further, the author would like to point out that the following is greatly
inspired from work of Scoggins in summarizing the existing models [76].
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State-Specific and State-To-State (STS) models :

In order to completely describe any flow fields, one should know the energy state of all par-
ticles in the flow and their positions, versus time [76]. However, this method requires to track
every particle individually which is theoretically possible but unfeasible from a computational
point of view.

Another approach is to compute the population of particles related to each energy state as
the number of these energy states is very small compared to the total number of particles in
the flow. This method is known as "State-To-State" and currently represents the most rigorous
energy partitioning model. Based on the availability of ab initio rate parameters for elementary
collisional processes [61], these models can treat all internal energy levels as pseudo-species
such that no assumption on their distribution is made.

In the case of the State-Specific models, the internal energy level populations can either be
estimated through a Boltzmann distribution or the internal energy levels can be treated as
pseudo-species. Such models are more specifically called "Collisional-Radiative” (CR) and
they can differ dependently on the internal mode for which the energy levels are treated
as pseudo-species. For example, in the Elecronic-specific CR model introduced by Cambier
[11], all relevant collisional and radiative mechanisms between the electronic energy levels are
treated as pseudo-species while the rovibrational levels of the molecules are populated accord-
ing to Boltzmann distributions at temperatures T,;; and Ty [60]. Likewise, the Vibrational-
specific CR model [18) 69] considers the vibrational excitation and de-excitation mechanisms
between the vibrational levels of the molecules as pseudo-species and only a rotational tem-
perature is defined.

The main advantage of the State-Specific and the State-To-State models is their validity range
as they are not assuming any distribution, or only partially for the State-Specific models. In
fact, the Boltzmann distribution assumes only small departures from equilibrium, an assump-
tion that may not hold anymore when strong non-equilibrium phenomena occur.

Nonetheless, despite their robustness, the CR and the STS models are prohibitively compu-
tationally expensive. Even if several methods have been introduced in order to reduced their
complexity, like the energy binning and the coarse-grain models [36] [76] or even through
machine learning based algorithms [12], their applications are reduced to 0D reactors or 1D
problems such as nozzle flows for example [53]. Therefore, when it comes to compute multi-
dimensional flows, simplified models called "Multi-Temperature" are usually preferred.

Multi-Temperature (MT) models :

Widely used in CFD platforms such as SU2-NEMO [45], DPLR, LAURA, and US3D [29],
multi-temperature models separate the energy associated with any internal level between the
different energy modes discussed in Sec. 2.2.1] However, the latter are now characterised
by their own thermal bath instead of a single temperature as it was the case at equilibrium.
The designation "multi-temperature” models results precisely from this separation between
the temperatures associated with each energy mode. Given the classical approach for the
translational mode and by neglecting spin—orbit coupling [42, 24], all internal energy levels of
a diatomic molecule may be enumerated by the electronic, rotational and vibrational quantum
numbers n, ] and v, respectively. Then, under the hypothesis of decoupled energy modes, the
energy at level j = (n, ], v) of diatomic molecule s is the following

6; = es(n/ ]/ U) = e?l(”) + eisfot (]) + ezib(v)’ (26)

where the pure electronic, rotational and vibrational energy modes contributing to the energy
level j are assumed to represent a thermal bath in equilibrium at separate temperatures T,;,
Trot, Tyip, respectively. The translational mode represents a thermal bath at temperature Tj,.
In thermodynamics, thermal baths are theoretical concepts which represent large systems
characterised by their own temperature. When a system contain several thermal baths at
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different temperatures, the latter is considered as in non-equilibrium and energy exchanges
can occur between them until equilibrium is reached (see Fig. [2.4).

From Eq. the density number of species s at level j in Eq. (2.5) can now be expressed as

N &) enl) €40
NS = S o8 o8 ex _ el _ Srot _ ~wib ) , 27
17 Q5 (Tup, Trot, Topy) 18701800 P ( kgTy  kpTrot kBT @7)

where the partition function Q°(T,;, Trot, Tpip) is given by

ea(n) ()  €(v)
S ) — S S o5 _ el _ Srot _ “wvib
Q (Tel/ Trot/ Tvzb) ;;;gelgrotgwb exp < kB Tgl kBTrot kBTm'b ) ’ (2~8)

= Qo (Te) Qror (Trot) Qi ( Twi)- (2.9)

Recalling the perfect decoupling between energy modes, one obtains the following generic
expression for the density number of species s at energy level j

st = NSEI%exp <—i’;§2> , with Q3 (Ty) = Zl;g; exp (—;’;;2) ,  (2.10)

where i € &;,, the set of the pure energy levels of the internal energy mode m.
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Figure 2.4: Schematic representation of the thermal relaxation towards equilibrium of two
thermal baths initially in non-equilibrium at temperatures T7p; and Trpp. The equilibrium
state, characterised by the temperature T, is reached through energy exchanges (2 after a
relaxation time T.

Large interest has been devoted on MT models because they drastically reduce the complexity
of the thermal non-equilibrium model, leading to better computational performances. How-
ever, the assumptions considered for the MT models could introduce errors on the thermo-
chemical properties giving rise to discrepancies between the final results and the reality. For
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temperatures under 2500K, errors can be negligible as only low-energy levels of the electronic
ground state are more likely to be populated. On the other side, at extremely high tempera-
tures, complete separability between all energy modes is not accurate because strong coupling
exist between them. Considering a diatomic molecule for example, vibrational motion and
centrifugal distortions due to rotation will cause the constituent nuclei’s bond to stretch. These
bond length variations will change the moment of inertia of the diatomic molecule on which
the rotational energy is dependent. Hence, vibrational quantum number transitions will often
be accompanied by transitions of the rotational quantum number, leading to a coupling be-
tween the two modes. Furthermore, dependency of the rovibrational spectroscopic constants
on the electronic states and impact of the electrical anharmonicity [70] may also exhibit a
coupling between rovibrational and electronic modes as shown on Fig. In order to deal
with such couplings, a General Multi-Temperature (GMT) model introduced by Jaffe [34] is
reviewed in the next subsection.
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Figure 2.5: Potential energy curves for the ground and several excited states of C,. Figure
from [31]

Before going further, note that the case of a diatomic molecule has been considered until
now but the MT models can be adapted to any polyatomic molecules. By considering a
polyatomic molecule with n nuclei, its number of vibrational degrees of freedom is given by
Nyip = 3n — (I + 3) where | = 2 if the molecule is linear and ! = 3 otherwise. Such degrees
of freedom, called "normal modes of vibration", arise due to the combinations of stretches,
contractions, and bends that can occur between the bonds of atoms in the molecule. Therefore,
additional vibrational frequencies v} are attributed to each normal mode k and the vibrational
partition function for the polyatomic molecule s is updated as follows

Nvib
i = 1 I Qtoi(Vk)- (2.11)
k=1
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Finally, polyatomic molecules of the mixture can have their own vibrational temperatures T},
which requires to solve vibrational energy conservation equations for the vibrational energy

of each molecule [62].
General Multi-Temperature (GMT) model :

In the GMT model, the split between the energy modes contributing to energy level j =
(n,],v) is the following

€(n, J,v) = ejs.,d(n) + ejs.,,mt(n, J,v) + e]s.:mb(n, J,v), (2.12)
with

ot (11 1,0) = €101 (11.]) + € (n,],2) (1 = ), (213)

ejjvib(n, J,0) = € iy (1,0) + € e (1, ], 0)et, (2.14)
where ejs-/mt(n, J) and €]s',vib(n’ v) are respectively the pure rotational and vibrational energies
for the given electronic level n. The term e}?,l.mer(n, J,v) represents the interaction energy

between the rotational and vibrational modes. Note that, given the coupling between the
energy modes, the partition function in Eq. can no longer be decomposed in a product
of each energy mode contribution.

The constant a € [0,1] was introduced by Scoggins in [76] to showcase the distribution of the
rovibrational interaction energy into rotational and vibrational modes while the Jaffe’s model
[34] gave the two extreme cases. If « = 1 or « = 0, all of the interaction energy is either added
to the vibrational or to the rotational mode, respectively. However, it has been shown that
values of « have a minor effect on thermodynamic properties for diatomic air species [76, [34].

Even though the GMT model has a more realistic approach than the MT models, both are still
relying on Boltzmann distributions which only assume small departures from equilibrium.
Therefore, vibrational distributions will tend to non-Boltzmann profiles [53] when strong
non-equilibriums occur leading to inaccurate values for the chemical kinetic parameters for
example (e.g. the chemical reaction rates, see Sec. [2.5) [23].

2.3 Governing equations

In the last section, several energy partitioning models have been reviewed. These models
describe how the energy is distributed among the allowable energy levels of a given species.
Given the motivation of using the Multi-Temperature model to treat multi-dimensional flows,
only this model will be considered in what follows. From the MT model, one obtained the
following generic expression for the density number of species s at energy level j

N} = Nsl;[%exp (Zg) — F(N°,Ty), i€&. (2.15)

From this relation, one can note that the density number of a species at a given energy level
depends on total density number of this species N° and also on the temperatures related to
each internal energy mode T}, contributing to the energy level. These quantities, related to
the flow field of interest, can be derived from a suitable set of mass, momentum and energy
conservation equations. Thereby, the motivation of this section is to provide such equations.

Given a vehicle performing atmospheric re-entry, the latter will pass through atmospheric lay-
ers characterised by a decreasing Knudsen number. As discussed in Chapter (1}, we will focus
on an altitude range characterised a low Knudsen number such that the continuum regime can
be assumed (see Fig. [2.6). The mixture composing the surrounding of the vehicle is considered
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as a partially ionized gas composed of n® distinct species. Given the atmospheric gas composi-
tion, the set of species for air is the following : S = {N, O, NO, N;,0,, N*,0", NO*,N;", 05, e~ }.
Any quantity A (e.g. density or pressure) related to a specific species s is denoted as A* where

s € S can either be a free-electron, a neutral or charged heavy particle such that S = {e} UH
and n% = 1+ n™. A subset of H, regrouping only the polyatomic neutral or charged heavy
particles, is denoted as HF. Moreover, due to the strong disparity in mass between free elec-
trons and heavy particles, it is assumed that heavy particles translational modes represent a
thermal bath in equilibrium at a common temperature T}. and free electrons at a temperature
T{,, which may differ from Tf;.

Navier-Stokes equations || Burnett equations Statistical models
No-slip conditions || Slip conditions
0« Kn 1073 107t 10 Kn— oo
| | |
<< f | f =S
L J U J L J L J
RS RS RS RS
Continuum Slip Flow Transition Molecular
regime regime regime regime

Figure 2.6: Flow regimes and valid models at different Knudsen number

As discussed in the introduction of this chapter, the flow field in the shock layer formed on
the front of the vehicle is considered in thermochemical non-equilibrium. Therefore, a fit-
ted energy partitioning model has been chosen, which is the MT model. According to the
Boltzmann based distribution for the internal energy levels population, no pseudo-species are
considered, unlike the CR or the STS models. Hence, the governing model is reduced to n®
species mass conservation equations, one momentum conservation equation, one total energy
conservation equation, one free electrons energy conservation equation and 1" purely inter-
nal mode energy conservation equations. If separate vibrational temperatures are considered
for each polyatomic particle, a set of n7" vibrational energy conservation equations is added.

These equations are more commonly nominated as the non-equilibrium Navier-Stokes equations
and will be presented in the following subsection. Note that the following governing equa-
tions are only valid for the MT model. However, Scoggins [76] proposed a set of equations
with a notation allowing it to be valid for any of the partitioning models seen in Sec.

Finally, in the last subsection, the particular MT model used in the scope of this thesis is
presented. This model is directly derived from the Navier-Stokes equations where the as-
sumptions will be listed along with a small discussion regarding their impact on the model.

2.3.1 Non-equilibrium Navier-Stokes equations
Species mass conservation

The mass conservation equation for species s can be written as

S
aait+V~(psu) =w' —V.-.J, se s, (2.16)
where p° is the density of species s, u the velocity vector and J® the diffusive flux of the species
s within the mixture. Neglecting the thermal diffusion effect [17], J® can be expressed as

J =0V =p) D'd, (2.17)
i=1
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where v* is the diffusion velocity, D¥ the multicomponent diffusion coefficients and d' the
species specific driving forces [74]. The term «w?® stands for the chemical source term of species
s due to homogeneous chemical reactions (see Sec. [2.5). Species mass production due to
heterogeneous reactions near the thermal protection system is not included in the source
term as the latter is considered sufficiently far away from the flow field of interest.

By summing Eq. (2.16) over all species in the mixture, one obtains the total mass conservation
equation

1’18 ns ap
i [ agp . _
Lat=)pvi=0 oo GtV lew =0 (2.18)

where the density of the mixture is given as p = Y jc5 '

Momentum conservation

The momentum conservation equation can be expressed as follows

8(5?1) 4V (puu) = —Vp+ V-1, (2.19)

where the mixture pressure p is given as the sum of the partial pressures of its constituents,
yielding
n't i
Y Y
h
p = pRTy Z% i TPR ir Ve’ (2.20)
1=

where Y’ and M’ respectively denote the mass fraction and the molecular mass of the species
i € H while the exponent ¢ is related to the free electrons. By neglecting bulk viscosity and
chemical pressure effects [20], the following expression for the viscous stress tensor T holds

2
T=u Vu+VuT—§V.u1 , (2.21)
where y is the dynamic viscosity and I the identity second order tensor.

Total energy conservation

The total energy conservation equation can be written as

5}
& (0E) + V- (pHu) = V- (7 0) = V- g+ Qraa, 222)
where the total internal energy of the gas E includes the sum of the internal and kinetic
energies of the mixture such that E = ¢+ u?/2. The internal energy of the mixture can be
obtained as the sum of the internal energies of each species, yielding

e = Yiei, (2.23)

where the internal energy of a given species s is the sum of the translational mode, treated
classically, and the purely internal modes which are treated quantum mechanically as dis-
cussed in Sec.
e =e;(Ty) +Y_e,(Tu), meM, (2.24)
m

where M denotes the set of the purely internal energy modes.
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Similarly to the total energy, the total enthalpy H is given as
Lo . P
H=h+ Eu with h=e+ E (2.25)

Practical evaluations of the internal energy, enthalpy and other thermodynamic properties
based on statistical mechanics is proposed in Sec. Finally, the three terms on the right-
hand-side in Eq. respectively account for the work done on the fluid due to viscous
forces, the heating related to conduction and diffusion of energy due to temperature and
concentration gradients and the rate of energy loss due to radiation.

Free electrons energy conservation

The energy conservation of the free electrons can be written as

o)

5 (%) + V- (o°hu) =u-Vp* =V - q° + 2+ Q; 4 (2.26)

The term accounting for the convection of the free electrons enthalpy in Eq. can be
decomposed as

e
V.- (p°h‘u) =V - {pe (e‘3 + ;) u} , (2.27)
=V . (p%u)+ V- (p‘u), (2.28)
=V . (p%u)+p°'V-u+u-Vp- (2.29)

By injecting this result in the terms u - Vp°, representing the work done on electrons by
an electric field induced from an electron pressure gradient, cancel each other out, yielding

% (%) + V- (p°“u) = —p°V-u =V - q° + 2 + Q% (2.30)
As it will be discussed in Sec. Eq. is preferred to Eq. [2.26| where a special treatment
for the non-conservative term —p,V - u is made. The last three terms on the right-hand-side
respectively account for the conduction and diffusion of electron energy due to temperature
and concentration gradients, electron energy exchanged from other energy modes and rate of
energy loss due to radiation. In the case of free electrons, energy exchanges can occur through
elastic and inelastic collisions with heavy particles and through chemical processes such that

=Y %+ 2% (2.31)
nemM

Internal energy modes conservation

Finally, the conservation of the purely internal modes energy can be written as

7
ot (Pem) +V- (Peﬂlu) ==V qu+ 2+ Qm,mdr me M, (2.32)

where the last three terms are respectively accounting for the conduction and diffusion of
the internal energy due to temperature and concentration gradients, energy exchanges be-
tween the mode m and the others through collisional processes and, finally, energy exchanges
through radiative processes. If specific vibrational temperatures are considered for each poly-
atomic species, separate vibrational energy conservation equations must be solved

0
5 (pY®es,) + V- (pYesu) = =V - q3 + 250 + Quibrads s € HP. (2.33)
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Similarly to the free electrons energy source terms, the collisional term (2, giving rise to
energy exchanges can be written as

Q=Y Qun+ Q2cm, with n#m, (2.34)
nem
where {2, accounts for relaxation with translation and internal energy modes through elastic
and inelastic collisions and {2¢;, acts as a source or sink energy terms due to reactive collisions.
Finally, in order to respect mass and energy conservation, the following relations for the
energy transfer terms hold

Y 26, =0 and Qup+ Qum =0, mneM. (2.35)
meM

2.3.2 Two-Temperature model

This subsection aims to provide the physical model which will be of use to modelize thermal
non-equilibrium in the scope of this thesis. The following equations are based on the non-
equilibrium Navier-Stokes equations, reviewed in Sec. coupled with some assumptions
reducing the complexity of the model while maintaining a relatively good accuracy. These
assumptions are enumerated below along with the resulting model :

1. In the continuum region, the collisional numbers of the translational and rotational
modes are such that their relaxation times are way shorter than the transit time of the
particles within the shock layer. Then, in the light of the discussion in Sec thermal
equilibrium between the two modes can be assumed. Therefore, the description of the
distribution of heavy-particle translational and rotational energies can be characterised
by a common temperature T

T=T=Tew heH, (2.36)

Note that in rarefied regions, due to the low density encountered at these altitudes,
the depleted amount of interactions between particles can prevent translational and
rotational modes from reaching their collisional number and thermal equilibrium may
no longer be assumed [10} 5].

2. The distribution of the molecules vibrational energy is characterised by a single vibra-
tional temperature. However, the assumption of a single vibrational temperature may
be a strong assumption. In fact, as it will be discussed in Sec. the dissociation
mechanism can be dictated by the Park’s model which is based on an average of sev-
eral temperatures. In the case of the Two-Temperature model, this average includes the
vibrational and the trans-rotational temperatures. Then, separate vibrational tempera-
tures should be more appropriate as molecular oxygen dissociates faster than nitrogen
for example. Therefore, a single controlling rate temperature may underestimate or
overestimate the time required for molecules to dissociate leading to a faster or slower
relaxation time towards equilibrium. In their work, Lee et al. [38] exhibit the need to use
separate vibrational temperatures for N, and O, in order to describe the dissociation
mechanisms.

3. It is also assumed that the vibrational and electronic energy modes as well as the trans-
lational energy of the free electrons are in equilibrium [65]. Therefore, they are charac-
terised by a common vibrational temperature Ty, such that

Ty = Tvih = Tel = Tter/ (2~37)

If only a single electron-electronic temperature is considered while retaining a separate
vibrational temperature, one obtains the Three-Temperature model introduced by Lee
[37]. Nevertheless, Clarey and Greendyke [22] investigated the impact of using the Two-
Temperature or the Three-Temperature models on the thermochemical non-equilibrium
and only very small differences were found.
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4. Attempts to estimate the radiative flux assuming a Boltzmann distribution might lead
to an overestimation of the latter [60]. Hence, as the treatment of the radiative source
terms in the Two-Temperature model remains unclear, a practical choice is to neglect
them to the rotational mode such that all radiant power is converted to vibration and
electronic energy [76].

5. Finally, the flow field is assumed inviscid as the region of interest in this thesis only
encompasses the shock layer without the boundary layer. Hence, the viscous stress
tensor in is neglected. Moreover, in the scope of this thesis, it has been decided
to neglect conduction effects as well as species diffusion. Therefore, only the convective
terms are considered, leading to the Euler equations. Implementation and investigations
of the thermal non-equilibrium impact on transport properties within Argo may be the
subject of future works (see Sec. [6.2). However, adaptation of the transport properties
to non-equilibrium models has already been widely reviewed in the literature and can
be found in [26] 52].

By applying all these assumptions on the non-equilibrium Navier-Stokes equations, the fol-
lowing Euler equations based on the Two-Temperature model are obtained

%—i—V-(psu) =, seS
9 (pu)+ V- (puu) =-Vp,

(2.38)

D (pev) + V- (peyu) = —pV - u+ Ly + 2 + .

The last three coefficients present on the right-hand-side of the vibrational-electron-electronic
energy modes conservation are accounting for the vibrational, electronic and free electrons
energy exchange processes and are derived in

2.4 Pure species thermodynamics properties

From now on, the Rigid-Rotor and Harmonic Oscillator (RRHO) model [82] will be assumed
in order to compute the purely internal energy modes of a given molecule s. While the
computation of the rotational mode is performed by treating the molecule as a rigid-rotor
which constrains its moment of inertia I° to be constant, vibrational energy mode is computed
by treating molecules as harmonic oscillators. Given the mixture’s composition utilized in this
work, a molecule is at most diatomic and therefore characterised by a single normal mode of
vibration at frequency v°. Hence, from Eq. the partition function of a diatomic particle s
can be written as

Q° = Qui(Ter) Qo (Trot) Qi (Twin), (2.39)
where the partition functions related to each mode are [2]
€y (n)
o (Ter) = ) _gnex (— d ) 2.40
le( El) ;gi’l p kBTel ( )
82 I°kpT,
Qrot (Trot) = %, (2.41)

me N\
Qv (Toip) = [1 —exp < ks ;vib>:| : (2.42)
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While the translational energy is treated classically, the energy related to any purely internal
mode of a species is equal to the sum of its energy levels, yielding

3
6?,( tsr) = ERS tsr/ (2.43)
oln(Q?
e (Tw) = Y Ni €, = R°T2 [(,)(TQ’”)] , (2.44)
ie&;, m

where &, is the set of the pure energy levels of the mode m, R® = 98/M?° the specific gas
constant with M?® the molecular mass of species s and % the universal gas constant. In Eq.
(2.43), the exponent s on the translational temperature means to differentiate the free electrons
and heavy particles.

By inserting Eqgs. (2.40[2.42) into Eq. (2.44), one obtains the expression of the internal energy,

and by extension the enthalpy (Eq. (2.25)), of each mode. These expressions are summarized
in Tab. Note that enthalpy and energy will be equal for the purely internal modes as no
pressure terms are related to them. In sight of alleviating future notations, the electronic 67, ,
and vibrational 67, characteristic temperatures are introduced such that

€ (n) hv®
o = E;CB and 0, = T

(2.45)

Given the enthalpy and the internal energy, evaluation of the specific heats at constant pres-
sure and volume, for a given mode and species, can therefore be derived as

S _ 8h§n(Tm)

) _ 06,(Tw)
pam Ty,

and ¢}, = T, (2.46)

v

p

The total specific heats at constant pressure and volume for the whole mixture are obtained
as follows

cp=) Y ( ) c;,m> and cp =) Y < Y c2m> . (2.47)

seS meM seS memM

Table 2.1: Internal energy and enthalpy of the translational, electronic, rotational and vibra-
tional modes of diatomic particles

m e [J/kg] 3 [J/kg] Cm [J/kgK] Cym [J/kgK]
tr IRST;, 3RSTS, 3RS 3RS
s _92 N
el Sj L 821021, exP( TE;’ ) ey ey / OT; € el
rot R® Trot ef'ot R® C?J,rot
vib Rs6° {ex (%) - 1] ! e RS (m)z exp (05, / Toi) s
vib |€XP\T,, vib Toiv ) (exp(@y/ Ton) 1) 0,0ib

The expression of the electronic contribution to the specific heats in Tab. is left under
differential form as no closed-form expression analogous to the others is possible for the
electronic energy mode. Rather, the sum is usually truncated up to a maximum energy level
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where values of the predeceasing levels are found through electronic spectroscopy [35] and
directly inserted in the sum. For example, the evaluation of electronic energy of O, on Fig.
2.7) is computed based on the first four electronic energy levels. As we can see on Fig. (2.8),
dioxygen molecule under "normal conditions" has translational and rotational energy, but no
significant vibrational or electronic energy leading to constant specific heats, 2 = %ROZ,

c22 = %ROZ and vy = ¢p/cp, = 1.4. However, as temperature increases, vibrational and then

electronic energies become no longer negligible such that c5?, c?z =

longer be considered as calorically perfect.
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Figure 2.7: Evaluation of the internal energy modes for O, under the RRHO model. Electronic
energy mode is computed based on the first four energy levels, data from [33]
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Figure 2.8: Evaluation of the specific heat at constant volume for O, under the RRHO model.
Electronic energy mode is computed based on the first two energy levels, data from [33]
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2.5 Chemical kinetic model

The very large temperatures encountered in the shock layer make the flow field very reactive
and knowledge of its chemical kinetic becomes crucial as the reaction processes, such as
dissociation (see Sec. [2.6)), can play an important role in the energy transfer mechanisms.

2.5.1 Chemical source term

By considering a system of n° species with n® reactions such as
VlS VlS
Y WA =) BiA;, se€S8, reR, (2.48)
i=1 i=1

where A; are the chemical species for the reaction , a7 and 8} are respectively the stoichio-
metric coefficients for reactants and products for the reaction r. From the law of mass-action,
the chemical source term in Eq. accounting for production rate of species s, is taken as
the sum of the reaction sources over the N reactions in which the species s participates in,
yielding

nk nS ps a nS ps By
Wt = M® Zl (B —a3) lkf,,n <Ms> - kb,ru <MS> ] , (2.49)
r= 1= 1=

where k¢, and ky, are respectively denoting the forward and backward reaction rates of the
reaction r. The forward reaction rate constant is assumed to follow the Arrhenius law such
that

E
— Ul ar
kf/r - Cf/rTf,C eXp <mTf,C> 4 (250)
kf r(Tb c)
ky, = Jrbel 2,51
o Ker(Tp,e) @51)

where K., is the equilibrium constant for the reaction r, the term Tf,C is the controlling tem-
perature of the forward reaction while the pre-exponential parameters Cs, and 7 and the
activation energy E, , are fitted usually to match experimental data.

2.5.2 Thermal non-equilibrium impact on chemical kinetic

In general, non-equilibrium models multiply the equilibrium rate coefficient kjf’r by a non-

equilibrium coupling factor ¢ [76] such that
kf,r(Tf,c) = gzs(Tf,cr Tint)kjfl?r(Tf,c)/ (2.52)

where T . generally represents the temperature of the thermal bath which provides the energy
for the reaction to proceed. For example, in the Two-Temperature model, Tr, = T for the
heavy particles impact reactions while Ty, = Ty in case of electron impact reactions. The
internal temperature Tj,;; denotes a "dummy" variable accounting for thermal nonquelibrium
and may represent more than one temperature depending on the reaction’s type. A summary
of the important reaction types and their relative controlling temperature is proposed in Tab.
In case of equilibrium, one obtains ¢ = 1.

Furthermore, a special attention must be given to dissociation reactions. In fact, due to high-
enthalpy flows, the characteristic times for dissociative reactions and vibrational relaxation are
comparable [26]. Hence, chemical-vibrational coupling models for the dissociation’s kinetic
must be used in order to accurately treat non-equilibrium flows.



CHAPTER 2. PHYSICAL MODELING 28

These models can be regrouped under two types. The first one, called preferential model, states
that dissociation will more be more likely to occur if the molecule is at high-vibrational levels
while molecules at low-lying energy levels must "ladder climb" to the higher vibrationally
excited states before dissociation. Hence, distribution of the vibrational energy levels has an
impact on the dissociation rate. The other type, called non-preferential model, considers that
dissociation can occur from all vibrational levels with the same likelihood. The latter has
been introduced because the ladder climbing process may not be required anymore as the
dissociation energy for the molecules is much smaller than the kinetic energy of the flow
under highly energetic conditions [26] 46].

Several models relying on the MT schemes exist in the literature. For example, the preferen-
tial model of Marrone and Treanor [46] relies on a coupling factor based on the vibrational
partition function evaluated at a fictitious temperature U such that

O(T, Ty) = f (Qoip(T), Quip(Tv), Qpip(U)) - (2.53)

In the development of its Two-Temperature model, Park [65] proposed a simple phenomeno-
logical model which is used in this thesis. This model relies on a specific controlling rate
temperature Tp, called the Park temperature, weighted with the vibrational temperature due to
the preferential dissociation concept. When applied to the Arrhenius rate law in Eq. (2.50),
the coupling factor is expressed as

(T, Ty) = (E{’) i exp [Eg‘;’ (:1r - Tlpﬂ (2.54)

with Tp =TT, 1, (2.55)

where the value of the exponent factor g is usually taken as 0.7 or 0.5 in order to fit exper-
imental data [[14)}, 78] but the difference between the results obtained with the two values is
negligible [29].

Table 2.2: Controlling temperature depending on the type of the chemical reaction for the
Park model. Table reproduced from [15]

Reaction type | Tre  Tye

Heavy-particle impact dissociation | Tp T

Free-electron impact dissociation Ty Ty
Exchange T T
Charge exchange T T
Electron impact ionization Ty Ty

Associative ionization T Ty
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2.6 Relaxation processes

In this section, a review of the energy source terms participating in the energy transfer mech-
anisms is proposed. More specifically, the terms which were left under their generic formula-
tion in Eq. are detailed and their expressions are derived.

2.6.1 Vibrational energy exchange
The vibrational energy exchange can be expressed as

s€in(T) — e (Tv)

Dy = Xyr+ 20y =p s
VT

v

+ €5, (2.56)

S
Term (X1

The vibrational-translational energy transfer follows a Landau-Teller formula [54} [6] where
the average relaxation time in seconds is given as

s Yijen (o' /M)
vt = , i 1
Yien [p]/(M]TVT)}

(2.57)

The species relaxation time T‘S/jT is based on semiempirical correlations proposed by Milikan
and White [50, 26], valid for temperatures up to 8000K which is then coupled to the Park’s
correction [67] to extend the validity range for temperatures above 8000K such that

T =1 + Th- (2.58)

The contribition of Millikan and White and Park are respectively expressed as

. 1 - . .
™y = o {1.16 x 1073\ /s (6] 1473 (T*l/ 3 _0.015(p%)V 4) - 18.42] , (2.59)
. L -1
TI])S _ [N]saéib 8RsT/7-[:| , (260)

where p is the pressure in atm, y/* = MM/ /(M® + M/) is the reduced mass of species j and
s, Géih the characteristic vibrational temperature of species j, N/ the number density of the

colliding pair (j,s) and O’éib is an effective cross-section for vibrational relaxation.
S
Term $2¢y,

The vibration-chemistry-vibration energy transfer due to creation or destruction of molecules
through chemical reactions [15] is given as

= D, (2.61)

where the coefficient D° represents the vibrational energy of the species s which is created or
destroyed at rate w®. This coefficient can either be determined from a non-preferential or a
preferential model. If the preferential model is considered, from the discussion in Sec
one should have that D® > ¢, where D? is taken as a fraction of the dissociation energy of
the species s [26]. However, in this thesis, the non-preferential form proposed by Candler and
MacCormack [14] is used, then

DS =¢yef (2.62)

vib’

where the preferential factor c; = 1. If c; > 1, one obtains a simple preferential model [76].
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2.6.2 Electronic energy exchange

The electronic energy exchange can be expressed as

S
Term QCE

Similarly to the vibration-chemistry-vibration energy transfer in Eq. (2.61), this term accounts
for the electronic energy added or removed from creation or destruction of molecules through
chemical reactions [62].

2.6.3 Free electrons energy exchange
The free electrons energy exchange can be expressed as
€ (T) — e (T
F = Ot % — F = 50 + pEM ~ Y Aha, (2.64)
ET rel

Term $2%

This term represents the production of free electrons translational energy from heavy parti-
cle collision ionization reactions. The term «w® denotes the production mass rate of the free
electrons due to heavy particles collisions. From Tab. the translational energy of the free
electrons ef, is

3
¢, = SRTY,, (2.65)
where T}, = Ty under the Two-Temperature model.

Term $25

The translation energy exchange between free electrons and heavy particles is also governed
by a Landau-Teller form. From Eq. (2.65), the term (25 can be rewritten as

o 2epeT =Ty
3 TEr

, (2.66)

where the average relaxation time 77, is proportional to an effective collision frequency v
of a free-electron with a heavy particle s € H. Furthermore, the expression for the effective
collision frequency depends on whether the particle is charged or neutral [26].

Term 2%

Finally, this term denotes the free electrons translational energy loss during ionization of the
heavy particles. Due to the large production of electrons in high enthalpy flows, tracking
of their kinetic energy depletion is important. In fact, if this energy exchange is not taken
into account, the surplus energy could enhance their production leading to an overestimated
avalanche ionization with consequential related numerical problems [60]. The expression of
the amount of energy lost amount includes Ah,, the reaction enthalpy and wj; the electron
chemical production term of the ionization reaction » € Z. The set 7 regroups all the electron-
impact ionization reactions.
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2.7 Conclusion

The aim of this chapter was to provide the set of equations required to describe the thermo-
chemical non-equilibrium phenomena occurring in high enthalpy flows.

As a first step, several energy partitioning models have been reviewed with their advantages
and disadvantages. Based on this discussion, the MT scheme has been chosen due to his
application to the multi-dimensional flows unlike the CR and the STS models. Then, relatively
to the MT model, the non-equilibrium Navier-Stokes equations have been presented as well
as the assumptions that were made to obtain the governing model considered for this thesis :
the Two-Temperature Euler equations.

%wLV'(psu) = w’, seS

§(pw)+ V- (oun)  =-Vp,

g (PE)+V - (pHu) =0,

% (pev) + V- (peyu) = —p°V -u+ Qyy + L + 2.

In addition, impact of the thermal non-equilibrium on the thermodynamic properties and
on the chemical kinetic has been discussed. Finally, a listing of the energy transfer terms
involved in the relaxation towards equilibrium, in case of the Two-Temperature model, has
been proposed.

While this chapter was purely theoretical, the next chapter will provide the practical im-
plementation of the model within Argo along with a contrast between what was already
implemented or imported and the contributions of this thesis.
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THREE

NUMERICAL IMPLEMENTATION

3.1 Introduction

The aim of this chapter is to explain the practical implementation of the thermal non-equilibrium
within Argo based on the physical model seen in Chapter 2| Another purpose of this chapter
is to set the limits between what already exists in Argo and the extensions brought forward
in this work. To do so, the chapter is arranged in the following manner.

In the first place, the current implementation of Argo is reviewed along with the main contri-
butions of this work. A presentation of the Discontinuous Galerkin methods is also proposed
in order to facilitate the presentation of the code’s extension to thermal non-equilibrium.

Then, the library Mutation™" is presented. This library is central as it provides all the ther-
mochemical properties related to the Two-Temperature model, including the thermodynamic
properties (Sec. 2.4), the chemical kinetics (Sec. and the relaxation mechanisms (Sec. [2.6).
A reformulation of the thermodynamic properties in Tab. is also proposed to alleviate
future notations specific to the Two-Temperature model.

Finally, the last section summarizes all the practical work performed in Argo allowing it to
deal with thermal non-equilibrium. This section can be subdivided into two parts. The first
one is dedicated to the presentation of two test codes which have been developed beside Argo
(Sec. and the other part is related to the extensions of the numerical schemes

within Argo (Sec. (3.4.3).

3.2 Argo, a high order numerical tool

Developed at Cenaero, Argo is a multi-physics platform based on Discontinuous Galerkin
methods. Written in the programming language C++, the code benefits from the polymor-
phism and the flexibility inherent to this language.

3.2.1 Current implementation and contributions of this work

As shown on Fig. Argo is built from different blocks deserving their own purpose along
with separate modules which are implemented to treat different kinds of problems. The only
module of interest in this work is called DGAblation. This module has been developed by
Schrooyen [74] during his PhD thesis and the objective was to model high enthalpy flows
of several species and the presence of a reactive porous medium. While some efforts have

32
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been proposed by Schrooyen on the discretization schemes, the main focus was to increase
the fidelity of the already implemented physicochemical models. The present thesis can be
seen as a continuity in the sense that the only effort was to enhance the physicochemical
model by treating thermal non-equilibrium. In this perspective, no addition relating to the
numerical schemes has been made, except for their extension in order to deal with thermal
non-equilibrium.

ArgoCommon - Common interface

Contains the definitions needed by the
modules such as :

o Discretization base class Physicochemical properties
Temporal scheme
Non-dimensionalization
Organization tools

Internal thermochemical library + Local state-vector
interface with Mutation++ extended to
account for thermal non equilibrium

© 000

Parser — Input files

DGModules - Problems solved with Argo
I Contains features to read input files
ARGO [DGAM - Additive ing problems
[D&Acoustic - Acoustic problems
|DQF‘U| 1 - Solves scalar Poisson equations

[ DGADR — Solves advection-diffusion-reaction equations

[DGFiuid — Compressible and incompressible flow problems
DGAblation

Solves compressible flow equations with or without :
o Homogeneous or heterogeneous chemical reactions
o Porous mediums

. o Thermal non equilibrium

DGLib - Core of Argo

Contains the solution strategies

(iterators), conservation laws, auxiliary

data and post processing routines,...

Figure 3.1: Summary of the architecture of Argo with the main contributions brought in this
thesis highlighted in red. Figure modified from Schrooyen [74].

In Argo, an input file which enables the user to modify the code’s execution without requiring
manipulation of the core source code itself is proposed. The input file, processed by the Parser
module, allows the characterisation of the problem such as its definition and initialisation
along with the numerical integration (in time and space), flux functions, boundary conditions
and especially the underlying equations themselves. A special care has thus been brought
during the implementation to avoid any conflicts between the actual state of Argo and the
modifications related to this work. In that way, the user is free to set the model either at
thermal equilibrium or in its extended version to deal with thermal non-equilibrium simply
through a True/False switch. Note that if thermal non-equilibrium is enabled, the additional
inputs required for the initialisation of the problem must be specified (e.g. the initial vibra-
tional temperature on a boundary). On the contrary, if thermal equilibrium is enabled but the
user left by mistake an input specific to thermal non-equilibrium model, the code will still be
able to run by overriding it.
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3.2.2 The discontinuous Galerkin finite element method

The discontinuous Galerkin finite element methods, more commonly abbreviated to Discon-
tinuous Galerkin (DG) methods, belong to the family of the Finite Element Methods (FEM).
Let us consider a general systems of N,; coupled convection-diffusion-source equations such
as

L(a) =0, 3.1)
0
= —Q(i,xt)+V - F(ii,x,t)+V - F (@, Vii,x, t) — S (&, Vi, x, t), (3.2)
o2 —_—
Conserved Convective Diffusive Source
variables flux vector flux vector terms vector

state-vector

where 1i is the solution state vector composed of m variables with m € {1, ..., Neq} and Vi its
gradients, x the position vector and ¢ the time. This solution state vector can also be designated
as the working variables vector where these variables can be taken as the primitive ones
P = (p°,u,T,Ty)" or the conservative ones Q = (%, pu, oE, pey ). The convective flux vector
F¢ and diffusive flux vector F? respectively represent the hyperbolic and elliptic subsystems.

Usually, one would need an infinite number of values to characterise the solution # of Eq.
. However, this is computationally impossible. Therefore, in FEM, the solution is approx-
imated on a finite-dimensional trial space V such that each variable i,, can be approximated
by a linear combination of shape functions ¢; which form a basis for V. This trial space V is
constructed based on an approximation of the domain {2 by a set of geometrically simple ele-
ments {2, such as triangles (see Fig. or quadrangles for domains in 2D. The approximated
solution of order p within each element can then be expressed as

Np
Iy =ty = Y Ujp®j, (3.3)
j=1

where Ny, and Uj ,, respectively represent the total number of terms in the expansion and the
coefficients of the approximation which are the degrees of freedom of the problem.

Q'e,3
Qe Q
Q‘e,l
Domain Q and its Continuous finite Discontinuous finite
elements (1, element methods element methods

Figure 3.2: Schematic representation of continuous and discontinuous finite elements on a
domain {2.
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Unlike the continuous FEM, the elements in DG methods consist of vectors of functions
which are fully regular within each mesh element but without any imposed continuity at
their boundaries (see Fig. 8.2). This specificity allows the DG methods to be more flexible as

1. any shape functions can be supported on a single element;

2. the interpolation can change from element to element leading to local adaptation in
mesh size (h-adaptation) and interpolation order p (p-adaptation). Adaptive finite ele-
ment methods that are capable of exploiting both are called hp-adaptation methods [32];

3. hybrid structured /unstructured meshes and complex geometries can be handled.

For this reason, one can associate each shape function to an element and Eq. (3.3) can be
rewritten as

Ne
P

U =Y Z‘{ u, %, (3.4)
e =

where N? denotes the total number of terms in the expansion relatively to a specific element
e. Several options for the definition of the shape functions exist. Within Argo, Lagrange
interpolants are used and defined with respect to equidistant control points in the element
[74]. Moreover, the Lagrangian polynomials are usually defined relatively to a reference or
parent element € through parametrical coordinates ¢. This simplifies the use of unstructured
sets and a mapping from parametric to physical coordinates x is then required (see Fig. [3.3).

R:ie—eg E=&x)

Inverse mapping

Mapping
P:eg-e x=x(§)

Parent element € Element e

Figure 3.3: Third order mapping (small control points) of a triangle with second order inter-
polation (large control points). Figure taken from [30].

Another distinguishing feature of DG methods in contrast to continuous finite elements is
that the discontinuity between elements leads to additional terms associated to their inter-
faces. As mentioned before, the resolution of Eq. on the whole domain is not possible.
Instead finite element methods require the residual of these equations, computed with the
approximate solutions u,,, to be orthogonal to all members v of a well suited test space V*. If
the test space is the trial space itself (V* = V), one obtains the Galerkin variational formulation
[30] which allows to find the unknown coefficients U; ;, of the expansion in Eq.

/ vLy(u) =0, ve. (3.5)

By means of an elementwise decomposition and integration by parts applied on the Galerkin
variational form in Eq. (3.5)'} the weak form of Eq. (3.1) can be obtained. As the diffusive part
is not considered in this work, only the hyperbolic subsystem related to the convective fluxes

n this section, the term u is the approximate solution vector and not the velocity vector
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is developed. However, complete developments and discussions for all terms are proposed in
[74,130].

/ vLp(u) =0, veV, me{l,. Ny},
2

_ Z/ ve (Qm(u,x ) do, - QGQ/QE D pok(u, 2, 1), (36)

Qe cn
+ 27{ 1" H (0, u™, n)dS — ) / vS(u, Vu, x5, £)ds2,,
Liel 2:€0"

where k denotes the spatial coordinate, I; the interfaces between adjacent elements and the
jump operator [.] is such that

[a] =atnT +a n". (3.7)
The term H represents a numerical flux which depends on the internal interface state u', on
the neighbouring element interface state u~ and on the direction n normal to the interface
(see Fig. B.4). Furthermore, the numerical flux is required to satisfy the following relations [3]

Hum(u,u,n) = F5(u,x,t)-n and Hy(u",u,n)=—Hy,(u ,u",—n), (3.8)

which respectively represent the consistency and the conservative conditions. Several numer-
ical flux functions satisfying the above criteria exist. In the late fifties, Godunov [28] was the
first to suggest using the solution to Riemann problems at the boundaries of each cell in order
to define the numerical flux. In Argo, several Riemann solvers are available going from an
exact Riemann solver to approximate Riemann solvers such as the Lax-Friedrichs [71] and the
AUSM+up [39] schemes. A dedicated discussion of these two solvers with their extension to
the Two-Temperature model is provided in Sec.

Figure 3.4: Schematic representation of two elements and their interface.

In Argo, the time discretization term in Eq. can be handled by several explicit or implicit
time stepping schemes. In this work, only the fourth order Runge-Kutta (RK44) scheme and
the second order Backward Differentiation Formula (BDF2) scheme have been respectively
used for the explicit and implicit schemes.

The implicit scheme gives rise to a non-linear system solved based on a Newton-Raphson
algorithm which requires itself the solution of a linear system. To solve this linear system,
either a direct Gauss solver or iterative methods such as the Generalized Minimal RESidual
(GMRES) method are implemented in Argo. To ensure faster convergence of the iterative
methods, a precondition may be required as the linear system can be badly conditioned and
several methods are at disposal such as the Incomplete LU (ILU) factorization. However, these
methods require the Jacobian of the problem. Therefore, the latter also had to be treated to
deal with the new conservation equation of the model. As mentioned in [74], derivation of the
Jacobian with respect to the primitive variables and not the conservative ones is more suitable.

Given the discretization seen in Eq. the definition of the Jacobians require to evaluate the
derivatives of the convective flux and the source terms with respect to the primitive variables.
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While finite differences have been used for the source terms, the expression of the updated
conservative flux is given as

Op*u Op*u Op*u Op*u
O(puu+pl)  Opuu+pl)  O(puutpl)  O(puutpl)
OF¢ aps Ou aT JTy
el (3.9)
op A(pHu) A(pHu) O(pHu) O(pHu)
8p5 811 aT 8TV
O(peyu) O(peyu) O(peyu) O(peyu)
8;75 Ou oT OTy

Note that the Jacobian for the diffusive fluxes is not proposed here given the physical model
used in this work. Moreover, the derivation of the conversion matrix to change from primitive
to conservative variables can be expressed as

Op* 9’ O’ 9p* |
(9;75 Ou oT OTy
aépu) 3g7u) ag)u) aa(pu)
pS u T Ty
%(13 _ ) (3.10)
OE)  O(pE)  O(E)  O(pE)
3;15 Ou or Jry
Opev)  Olpev)  Olpev)  Olpev)
| Op° Ou ar Oty |

In order to verify the correct extension of the Jacobians within the code, results have been
compared to the ones obtained with finite differences.

Finally, the weak formulation obtained above can be easily integrated by applying the map-
ping procedure and then using a Gauss-Legendre quadrature over each element and on their
edges. The points and the weights are defined on the reference element and a transformation
matrix is used to integrate on the physical element, giving the wanted approximated solution
u ~ i of the problem.

3.3 The Mutation++ library

Mutation™™ is an open source library developed by Scoggins et al. [77]. The goal of this library
is to provide accurate and efficient computation of physicochemical properties associated
with partially ionized gases in various degrees of thermal non-equilibrium given a state-
vector @t = [p°%, pe, pey]. Fluxes and sources functions are closed by constitutive relations for
thermodynamic, transport, and chemical properties of the gas.
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Mutation++

CFD

Physicochemical properties

Platform

Local state-vector

Algorithms and databases -
— | tesh7
(a0

Figure 3.5: Overview of the Mutation™™ library and its coupling to CFD. Figure modified

from Sc

oggins [77].

As shown on Fig. Mutation™ ™" is composed of different modules. From the discussion

in Sec. |
use in tl

neither the Transport module or the Gas-Surface Interactions (GSI) module are of
he scope of this thesis. Considering the Kinetics module, its goal is provide the species

production rates due to finite-rate chemical reactions as reviewed in Sec. It has been
shown that reaction mechanisms depend on the reaction type and also on the controlling rate
temperature. In order to avoid the manual input of the type of every reaction in a mechanism
of hundreds or thousands of reactions, Mutation™™ relies on a classification tree (see Fig.
which determines the type of reaction automatically when a mechanism is loaded [77].

false true

third body
] [ order
I eeeD l I Eeee | I eeDe I electrons
heavy charge
IouoD| I oCee I | eeeD | | oCee | | Eeee l | Eeee |
> T T T o @ © o T o T © T 0O ® o o o 0
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3 Q 3 & 35 &
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£ 3 2 @
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Figure 3.6: Example classification tree used in Mutation™™" for automatically determining
chemical reactions. Figure taken from Scoggins [77].
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<mechanism name="02"> <mechanism name="N2">

<arrhenius_units A="mol,m,s,K" E="kcal,mol,K" /> <arrhenius_units A="mol,m,s K" E="kcal,mol,K" [>
<reaction formula="02+M=20+M">

<arrhenius A="2.75e13" n="-1.0" T="59500.0" [> <reaction formula="N2+M=2N+M">

<arrhenius A="3.0E+22" n="-1.6" T="113200.0" [>

<M>9:3.</H> <M>N2:0.2333</M>
</reaction> </reaction>
</mechanism>
</mechanism>

Figure 3.7: Example of a XML file describing the dissociation mechanism of molecular oxygen
and nitrogen

The mechanisms are provided through XML files where each reaction composing the wanted
mechanism are listed. For example, the XML files related to the mechanism describing molec-
ular oxygen and nitrogen dissociation are given in Fig. Finally, the Thermodynamics mod-
ule returns the pure species thermodynamic properties such as the enthalpy or the specific
heats of each species.

In Sec. the generic expression of these properties have been reviewed. However, under the
RRHO approximation and the Two-Temperature model, the expressions for the vibrational-
electron-electronic energy and enthalpy can be reduced to

i=1 i=1
e
hv:ev+g@ (3.12)
and for the specific heats
e o o
Co = T = Z ché),rot + Z ché),trr (3.13)
v i=1 i=1
o o o
Cp = 87 = Z YIC;;,rot + Z chzp,tr/ (3'14)
p i=1 i=1
HP H
Oe 86\/ £ i i 3 i i
A R v R SR T (3.15)
HP H
oh ohy| mL oo
C V = o = — = Y C . —|— YZCl +Y6C€ . (316)
14 8TV ) aTv ; 1221 v,vib l; v,el p.tr

It is recalled that the thermal baths for free-electrons and heavy particles are different under
the Two-Temperature model. Therefore, the free-electrons energy is a function only of Ty
such that 0¢°/0T = 0h®/0T = 0. While the RRHO model is more suitable for thermal non-
equilibrium cases, two other databases for thermal equilibrium are implemented. These are
the NASA-7 and NASA-9 databases and provide thermodynamic properties based on polyno-
mial fits (unlike the RRHO model which computes these properties with analytical formulas
(see Tab. 2.T)). For example, under the NASA-9 database, enthalpy is given as

hS

; InT - al al a al it
Eﬁ:—%Thmﬂl+@+§T+iﬂ+iﬁ+iﬂ+l. (3.17)

T 3 4 5 T

where the coefficients of the fitting polynomials can be found in [48].
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3.4 Thermal non-equilibrium treatment

In this section, the extension of the current implementation of Argo to deal with thermal non-
equilibrium is proposed. Given the complex architecture of the code, a direct implementation
and its verification would have been a challenge because of the hazardous tracking of errors
in the code. To overcome this problem, two test codes providing results of reference have
been used in order to compare the latest with the one obtained within Argo. The first code
allows the validation of the source terms and is presented in Sec. while the second one
validates the convective terms and is proposed in Sec. Finally in Sec. the boundary
conditions and the interface fluxes related to the numerical scheme are modified to take into
account the vibrational temperature Ty .

In Chapter 2} the physical model has been proposed. From Eq. (3.I), this model can be
reformulated under the conservative vectorial form as follows

%Q (W) + V-F(Q) =S, (3.18)

where Q denotes the conservative variables, i the solution state vector, F¢ the convective
fluxes and S the source terms, such that

pS pSu wS
| pu ¢ |puu+pl o 0
Q= oE |7 F* = oHu |’ S = 0 , s€S8. (319
pey peyu —ptV -u+ Qi + 2, +

For convenience, the primitive variables P = (p°,u, T, TV)T are chosen for the solution state
vector because the expression of the convective flux as a function of the primitive variables is
extremely simple.

3.4.1 Energy exchanges and chemical source terms

Validation of the source terms is performed through the 0D reactor2T+* code which solves the
Euler equations for reactive flows using the Two-Temperature model where convective terms
are cancelled. Therefore, from Eq. , one obtains the following reduced conservative
vectorial form

0Q S

ot

Based on the derivation of Magin et al. [44], the vectorial conservative form in Eq.
can be transformed for a thermal non-equilibrium case into a system of ordinary differential
equations for the primitive variables. Then, starting from the vectorial form, the idea is to
extract the primitive variables from the conservatives ones by means of chain rules applied to
each conservative law. The mathematical developments are proposed in what follows.

(3.20)

S S

[y w
% z‘g - 8 . ses. (3.21)
pey Qyip + 2o + £

a. Species mass conservation

The partial density can be expressed in terms of the mass fraction and the total density such
that p° = Y°p. Moreover, from the total mass conservation in Eq. (2.18), one obtains that
Op/ 0t = 0. Hence, the species mass conservation can be rewritten as

as &t

T (3.22)
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b. Total energy conservation

From the momentum conservation equation, the following development can be applied on
total energy

2
pE=p (e + l;) = pe. (3.23)

From the chain rule
Oe de dY® dedT  de dTy

e N T B 24
O dvs dt ' daTdr ' dTy dt’ (324)
—— = -
Term I Term II Term 111
Term I s s
de dys = 4yl 11X ..
near =BG e 629
i=1 i=1
Term I1
S . H HP
dedT & ;dedT  [& 0 e i dT
atar ~ 5Vt (; Con + L Viewrar | - (3.26)
Term I11
S . H HP
de dTV i . det dTV 2 i K i dTV
2o yiz— 2oV Yic Yict .+ YCc —. 27
iy a2 ary ar | a Yl XY Y o | (3.27)

c. Vibrational-electron-electronic energy conservation

Similarly to the the total energy, by applying a chain rule, it yields
86{/ - dev dys dev dT &dTV

o avsar 4t artar, a’ 329
=0
1 o o dTy
— 1 .1 1.1 1.1 e e
- E l:Zl evw + 1; Y C"U,Cl + l; Y CU,Uib + Y Cv,tr W (329)
Finally, by isolating the derivative terms, the following matricial form holds
1 0 0 Ys @
0 oco pcov| 21T = S i (3.30)
p v p o,V at - - 21:1 e w 7 .
00 peovl VI gy + 0 + & - T oy

3.4.2 Convective terms

In order to validate the convective terms, the solver shocking2T™" has been developed. This
solver is a direct extension of the one-dimensional steady state reactive Euler equations solver
shocking++ developed by Schrooyen [74] with the possibility to treat non-equilibrium phe-
nomena by means of the Two-Temperature model. Considering steady-state the conservative
form in Eq. (3.18), can be written as

V.F =S5, (3.31)
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The procedure to obtain the system of ordinary differential equations from the partial dif-
ferential ones remains the same as the one used in the previous subsection. However, the
non-conservative term peV u is discretized as a source terrn In fact, from the discussion
of Gnoffo in [26], Eq. is more suitable than Eq. | as terms describing convective
and dissipative processes should be expressed in conservatlve form while the others should
be treated as source or sink terms. This allows the simplification of the expressions for eigen-
values and eigenvectors of the Jacobian of the flux vector. Then, one obtains the following 1D
vectorial form

yS

p°u w
2 0
a% P’;Htp - 0 , seS. (3.32)
peyu —P°G; + Qoip + 2o + X

a. Species mass conservation

From the total mass conservation in Eq. (2.18), one obtains that iz = pu is constant. Then,

N s @

b. Momentum conservation

Given the constant mass flow rate and by applying the chain rule on the pressure term, the
momentum conservation equation can be rewritten as

ou dpdy® dpdp dpdT dp dTy

- 2 — - -
PP =Pt s ax Tapax T arax Ty dx (3:34)
——— ——— ,
Term I Term II Term II1 Tgrm v
Term I
From the expression of the total pressure in Eq. (2.20) and the relation of Eq. (3.33), it yields
dp dys 21 pRTy\ dYS
v ax (PRT MM ) o (33
RT ™ & RTV w°®
T hwteow (3:36)
Term I1
From the total mass conservation, the term % can be rewritten as
0 Oou op dp _ pou
- — = - = 37
Bx(pu) pa +u8 =0= Ox uox’ (3:37)
Then, given the fact that d—p z , one obtains
dpd d
apap _ _Pan (3.38)

dodx  udx
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Term III and IV

Finally, derivatives of the total pressure with respect to both temperatures are straightforward
and are given as

dp dT 2 yi\ 4T
dT dx <p RY Mz‘) ax’ (339)
dp dTV Y¢ dTV

ity ax  PRar (3.40)

By injecting Eqgs. (3.36/{3.40) into Eq. (3.34) and by dividing the result by RT, the momentum
conservation equation can be rewritten as

pu — Y TyYe pu aT pu YO\ Ty _
RT p<ZMl+T ot 1:21 ox T\ Tw)

(3.41)

c. Total energy conservation

Based on Eq. (2.25) and the constant mass flow rate, the total energy conservation equation
can be expressed as

) ) u?
g (pHu) = Pz (h + 2) . (342)

Then, by applying a chain rule on Eq. (3.42), one obtains the following

dh dY* dhdT  dh dTy

0 . 261/[
— = ——
Terml — TermlIl  Term III
Term I )
dhodys & oAyl 15
vy BT T B (3.44)
i=1 i=1
Term I1
dndr 1S dnidr  (n oo o\ ar
dT dx 2 YUIT dx (21 Yicpr + 21 Yicorot | 7o (3.45)
1= 1= 1=
Term I11
ﬂdﬂ_fwdhi o _ HZY” +§Yc +yee, | v (3.46)
dTy dx _i:1 dTy dx Coel = v,0ib Cp,tr dx .

d. Vibrational-electron-eletronic energy conservation

Similarly to the total energy, the reasoning for the vibrational-electron-eletronic energy con-
servation is the following

0 dev ays dev dT dev dTV
oz (Vi) = PU | sy a1 dx " dTy dx |’
N—— \ ;
Term I = O Term IT

(3.47)
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Term I . .
dey dY® &~ ;dY' 1§
dys dx l,;eVE = pjgevw : (3.48)
Term I1
H 1 H HP
dey dTy & ;dey dTy o iTy
ATy dr — =V dx = | Y e T L Y Yy | T (349)
i=1 i=1 i=1

Finally, by isolating the derivative terms, the following matricial form holds

1 0 0 0 Tys T
2 H o yi Ty Y® H yi ye
0 %—P( ?:1@4'%) Tr s T g | U
ox
0 pu? pucy pucyy T
10 p° 0 pucy v | [ Tv ]
- & -
pou
_ynt ot Ty af
i=1 07~ T M
= . (3.50)
— O b
| Qo+ Qut + 7 — T el

3.4.3 Interface fluxes and boundary conditions

As mentioned in Sec. the DG discretization involves the solution of a Riemann problem
at the boundary of each cell. It was also discussed that several approximate schemes were
already implemented within Argo. However, these solvers are not extended to deal with
thermal non-equilibrium. Therefore, this subsection aims to provide the two Riemann solvers
which have been treated and used in this work as well as the extended boundary conditions.

Interface fluxes

Considering the conservative system of equations

9Q

= +V -F(Q) =0, (3.51)
the Lax-Friedrichs flux can be expressed as [74]
Fc,L + FC,R A
LF _ ALE (AR _ AL
HF = ————+ = (Q Q ) (3.52)

where the superscripts R and L are respectively the right and left state and A r is the eigen-
value with the largest absolute value in the eigenvalue decomposition of the flux Jacobian A,
such that 5

)

The maximum eigenvalue for the transport of multicomponent flows is Arr = @-n+c¢
in which @ is the mean velocity at the interface and the exponent Frozen refers to the non-
equilibrium state at a given composition.

A (F°(Q)). (3.53)

Frozen
7
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During the development of the DGAblation module, the Lax-Friedrichs scheme was the first
to be extended to multispecies flows due to its ease of implementation. In order to have
first results that could be compared with the shocking2T** verification code, this scheme was
extended first to deal with thermal non-equilibrium. However, the Lax-Friedrichs scheme is
very dissipative leading to inaccuracies in the computations. This behaviour is due to the
cut-off of the Taylor expansion the scheme is based on, giving rise to a numerical diffusive
term.

Furthermore, a common critical point for standard compressible solvers appears when very
low Mach number flows are encountered. In fact, the treatment of such flows leads to slow or
stalled convergence due to the huge ratio of characteristic speeds and as well as errors arising
from an excessive amount of numerical dissipation [79]. While the convergence problem is
tied to the form of governing equations being solved [39], the accuracy problem depends
on the numerical flux scheme itself. Therefore, the need of a different approach emerges in
order to compute compressible flow at all speeds. This need is all the more important in
the application of this work since low Mach number flows may occur due to the large sound
speed resulting from the high post-shock temperatures.

To tackle this problem Liou and Steffen [41] introduce the Advection Upstream Splitting
Method (AUSM). The idea behind the AUSM+up scheme, which is an extension of the AUSM
scheme for all speed regimes, is to split the inviscid numerical flux H#YM into a convective
part H{ upwinded in the flow direction and a pressure part 7—l§7 upwinded according to the
acoustic properties of the flow

H{UM = HG + ], (3.54)
=P r + P, (3.55)

where the subscript I indicates the interface of two cells and @1 r is a vector of quantities that
are convected by the mass flux 77; and which is determined from the upstream values such
that c
| @& itm; >0 . s T
SpL,R = { QSR otherwise ’ with & = (Y U, H,Ev) . (356)

The mass flux at the interface 7i1; can be written as

L .
iy = clMal{ o if May >0,

p" otherwise. (3.57)

where the terms ¢; and Ma; respectively represent the interface sound of speed and the
interface Mach number. Several manners have been proposed to define the interface sound of
speed [39], notably by introducing a numerical sound of speed expressed in terms of a scaling
function in order to vanish the convective terms at Ma = 0 [40] or simply by an average of the
sound speed between the left state a- and right state a®. In Argo, the interface speed of sound
is defined such that a normal shock can be exactly resolved between two discontinuous states

C*Z

¢ = min (éL,€R> , with ¢= (3.58)

max (c*, |u])’

where c* is the critical speed of sound evaluated when the local Mach number is unity. Con-
sidering the interface Mach number, it can be defined as a function of the left and right state
Mach numbers such that

Maj = M* (Ma") + M~ (Ma®) - M, (3.59)

where M, is a pressure diffusion term and MLER = 4 L,r/c1. In the case of multidimensional
flow, 4 = u - n, with n being the unit normal vector of the interface. The split Mach numbers
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M are polynomial functions of the Mach,

0.5 (Ma =+ |Mal) if |[Ma| > 1,
+ —
M (Ma) = { +£0.25 (Ma +1)2 4 B (Ma? — 1) otherwise, ’ (3.60)
K LY2 4 (,R)2 R_ L
M, = Poax|1=-0 M ,0 22(;77;7)/ (3.61)
fa 2cq ci(pt +pR)

The interface pressure p; in the pressure flux P; = (0,p;,0,0)T can also be defined in terms
of the split Mach number functions, yielding

pr =P+ (Mab) pt+ P (MaR) pR — p,, (3.62)

where p, is a velocity diffusion term.

0.5 (1 £ sign(Ma)) if |[Ma| > 1,
+ -
P (Ma) = { +0.25 (Ma £ 1)* (2 F Ma) + aMa (Ma? — 1)2 otherwise, ' (3.63)
Pu = KufaCI(uR - ML) (PL + PR) P+(MQL>P7 (MHR)' (3.64)

The values of the parameters in the expressions above are the following [39] : K}, = oy Ky, = 3

c=1p=4}and a = & (—4+5f2) where f,(Mag) = Mag(2 — Mag) represents a scaling
factor which is dependent of a reference Mach number that will act as cut-off when the real

Mach tends to zero
L\2 R\2
Ma3 = min (1, max <(u)+2(u)/M§0>> , (3.65)
2c i
where M,, is the cut-off Mach number which must be manually specified.

Finally, by defining the upwinding Mach number as Maj = 0.5(Ma; & |Ma,|), one can ex-
press Eq. (3.55) as

ys1h v ® 0
HPUSM = o | Majph | | +Map® | 5| [+ |8 (3.66)
ey ey 0

Boundary conditions

While the numerical fluxes provide inter-cells Dirichlet boundary conditions by exchanging
the correct characteristics at their interfaces, boundary conditions must also be applied on the
limits of the domain. As only the convective part is of interest in this work, weak ["|boundary
conditions for inviscid flows are given. Therefore, ghost cell values are specified on the outer
domain and the Riemann problem is solved on the physical boundary I, of the domain (see
Fig. B.8). Given the fact that the ghost values to be specified must be in agreement with
the number of entering characteristics, the vibrational temperature is added to the already
implemented types of boundary conditions in [74]. A listing of the main types for inviscid
flows is summarized in Tab.

2Strong form for boundary conditions in discontinuous schemes may not be ideal as it could give rise to oscilla-
tions [4]
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Table 3.1: Controlling temperature depending on the type of the
chemical reaction for the Park model. Table reproduced and extended from [74]

Boundary condition type |

Euler conditions

Symmetry
Freestream
Subsonic inlet
Subsonic outlet
Adiabatic wall
Isothermal wall

Q" =0Q"
u ,T,T,,Y*",p~ are given
u,T-,T,,Y" aregivenand p™ = p~
p~ is given, other variables taken as Q" = Q™
u~ given, other variables taken as QT = Q™
u~, T~ given, other variables taken as Q* = Q™

Ghost cell

Computational domain

Figure 3.8: Schematic of an inner-domain boundary cell with its ghost cell. Their interface is

denoted by I,.

3.5 Conclusion

In this chapter, the implementation of the thermal non-equilibrium within Argo has been
proposed. Mainly, the physical model within the DGAblation module as well as the numerical
schemes have been upgraded to the Two-Temperature model. Furthermore, two side codes,
reactor2T™ " and shocking2T+, which allow simpler verification and validation of the outputs
of Argo have been developed. In the next chapter, a practical validation of the implementation

based on these codes is proposed.
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VERIFICATION

4.1 Introduction

In the previous chapter, two test codes have been developed in order to verify the development
of the thermal non-equilibrium implementation within Argo based on the physical model
which has been presented in Chapter

In this chapter, two test cases are proposed to compare the results obtained with Argo and
the results of the test codes. First, the verification of the source terms based on the relaxation
of a mixture in a 0D adiabatic reactor is suggested. Then, the convective terms are verified
through the relaxation of a mixture behind a strong normal shock.

4.2 Adiabatic reactor test case

As mentioned in Chapter (3, the reactor2T+" code is used in sight of verifying the implemen-
tation of the chemical source terms as well as the energy exchange terms. To do so, a pseudo
0D numerical simulation in Argo is performed on a domain represented by a nine-cell box
where periodic boundary conditions are imposed on each side. The mixture, under adiabatic
conditions, is initially composed of 21% oxygen and 79% nitrogen at a temperature of 10000K
while the vibrational temperature is kept at 210K. The mixture is then relaxed in the domain
where all reaction mechanisms are listed in Tab. and In Argo, an explicit scheme for
the time integration is chosen where the time step is taken at 10~%s to avoid any divergence
in the solution and to ensure a good accuracy of the results. As we can see on Fig. and
Fig. the results obtained with Argo and reactor2T+" seem to be in good agreement.

Furthermore, an external verification of reactor2T™+ based on the results obtained with the
SU2-NEMO, SU2-M++ [45] and LeMANS [56] solvers has been performed. The distinction
between SU2-NEMO and SU2-M++ simply resides in the use of Mutation™™ as the thermo-
chemical library instead of the native internal library CSU2TCLib of SU2-NEMO. In [45], a
comparison between results obtained with SU2-NEMO/M++ and LeMANS was proposed.
Then, the idea was to reproduce their verification case with reactor2T* .

Similarly to the one used in this thesis, their test case consisted in the relaxation of a five-
species air mixture in an adiabatic reactor initially at T = 15000K and Ty = 300K. It turned
out that all models performed similarly and an equilibrium temperature of 6200K was found,
6207K for reactor2T™" to be exact. Only a minor difference in the relaxation times were
seen between the SU2-NEMO/M++, LeMANS and reactor2T™" which may be due to the

48
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implementations of each code. For example, the relaxation time for SU2-NEMO/M++ was
3.5¢77[s] while equilibrium has been reached after 7.3e~7[s] with reactor2T*+.
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Figure 4.1: Chemical relaxation of an 11 species air mixture in an adiabatic reactor. Solid lines
represent the results obtained with Argo, symbols are the results obtained with reactor2T*+.
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Figure 4.2: Thermal relaxation of an 11 species air mixture in an adiabatic reactor.Solid lines
represent the results obtained with Argo, symbols are the results obtained with reactor2T*+.

Yet, a dissimilarity between the codes actually exists relatively to the free electrons population
during the relaxation. In fact, as shown on Fig. the follow-up of the free electrons
mole fraction over time with the test code (solid red line) and with Argo (solid blue line)
are different. Investigations have been performed on both codes in order to find the possible
error but it was not conclusive. However, the fact that the values given by the two codes
converge to the same one may put the light on the problem. In fact, one must remember
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that the thermal bath for the free electrons is at the vibrational temperature and results start
to converge as thermal equilibrium is occurring. Therefore, the error could emerge from the
evaluation of a quantity related to the free electrons at the trans-rotational temperature T and
not the vibrational temperature Ty .

To verify this hypothesis the mole fraction of the free electrons in Argo has been multiplied
by a scaling factor equal to the ratio T/Ty. As we can see on Fig. a better agreement of
the results between the two codes is achieved when this scaling factor is applied. This proves
that the error may be due to a wrong evaluation of the free electrons in one of the codes but
this error has not been found yet. However, as it will be seen in the next chapter, impact of
the free electrons on the properties of the flow at the speed regimes considered in this work is
almost negligible. Therefore, this error can be left behind for the moment but investigations
to correct it should be done in the future.

x107°

—— reactor2T
—— Argo (scaling factor)
- Argo (no scaling factor)
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N
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-
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Figure 4.3: Free-electron mole fraction profile of Fig. 4.1{ with and without the scaling factor.

Table 4.1: Chemical reactions used in the two verification test cases. The reactions listed below
only concern the neutral heavy particles composing the atmospheric air.

Reaction C; [molK/s] T.[K] T [K] i Reference
Impact dissociation

O, +M=20+M 2.0 x 10! 59360 /TTy —1.5 [68]
N2 +M=2N+M 7.0 x 102! 113200 /TTy —16 [68]
NO+M=N+0O+M 5.0 x 101 75500 /TTy 0.0 [66]
Exchange

N2+ O ==NO+N 5.7 x 1012 42938 T 0.42 [8]

NO+O =0, +N 8.4 x 1012 19400 T 0.0 9]




CHAPTER 4. VERIFICATION 51

Table 4.2: Chemical reactions used in the two verification test cases. The reactions listed
below only concern the charged heavy particles and the free-electrons when a partially ionized
atmospheric air is considered.

Reaction C, [molK/s] T, [K] T [K] n Reference
Impact dissociation

Ny +e” =—2N+e” 3.0 x 10% 113200 Ty  —16 [68]
Associative ionization

O04+0=—0"+e” 7.1 x 10? 80600 T 2.7 [66]
N+N=N;" +e" 4.4 x 107 67500 T 1.5 [66]
N+O==NO"+e" 5.3 x 1012 31900 T 0.0 [66]
Charge exchange

NO" 4+ 0 ==N*"+0, 1.0 x 1012 77200 T 0.5 [66]
N*+N; = No" +N 1.0 x 1012 12200 T 0.5 [66]
O "+ N=N"+0, 8.7 x 1013 28600 T 0.14 [66]
Ot +NO+=—=N"+0, 14 x 10° 26600 T 1.9 [66]
O + N2 = N2 + O 9.9 x 1012 40700 T 0.0 [66]
Ot +0=0"+0, 4.0 x 102 18000 T 0.09 [66]
NOT+N = 0" + N, 3.4 x 1013 12800 T  -1.08 [66]
NO" +0; == 0" +NO 2.4 x 1013 32600 T 0.41 [66]
NOT+0 = 0" +N 7.2 x 1012 48600 T 0.29 [66]
OT+Np = Np" +0 9.1 x 101 22800 T 0.36 [66]
NO"+N=N,"+0 7.2 x 1013 35500 T 0.0 [66]
Impact ionization

O+e  —0"+e +e 3.9 x 103 158500 Ty  —3.78 [68]
N+e ==NT+e +e 2.5 x 103 168200 Ty  —3.82 [68]

4.3 Post-shock relaxation test case

The aim of this section is to verify the implementation of the convective terms within Argo. To
do so, the test code shocking2T+* presented in Sec. is used on a test case consisting in the
relaxation of air directly after a stationary normal shock. The numerical setup is represented
in Fig. As it will be shown in the next chapter, capturing a shock with high order
interpolation methods remains a challenge in CFD and is currently unfeasible within Argo.
Therefore, only the relaxation after the shock is modeled and post-shock conditions are given
as the inlet boundary conditions. These conditions are derived from the Rankine-Hugoniot
relations assuming thermal equilibrium, yielding

p1U1 = P2uU, (4.1)
p1UF + p1 = 215 + P2, 4.2)
hy 4 0.5u3 = hy + 0.5u3. (4.3)

This assumption is motivated by the fact that energy transfer mechanisms do not have time
to occur as the thickness of the shock is only of the order of a few mean paths of the gas
molecules. For the same reason, the chemistry is also assumed frozen through the shock.
Therefore, the post-shock gas composition as well as the post-shock vibrational temperature
are equal to their relative pre-shock conditions. Given the strong non-linearity of the system
due to the dependence of the thermodynamic properties with respect to temperature, jump
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conditions are first computed from Eqs. (4.1{4.3) assuming a calorically perfect gas (cold
gas approximation) and then used as initial conditions to solve the non-linear system with a
Newton-Raphson algorithm (hot gas approximation). Comparison between the two approxi-
mations is summarized in Tab. This method was already implemented in the shocking++
code (see Sec. . However, in shocking2T* ™, a feature allowing the user to chose between
the cold or the hot gas approximation has been added.

Shock
M; > 1fSubsonic inlet L=1m Subsonic outlet

Uy, P1 || P2, U2

Tupr | P2 T
Ty oMy | My Tyz =Ty Pout
— —

Figure 4.4: Numerical setup of the post-shock relaxation test case. The mesh and the resulting
translational temperature profile are superposed.

Table 4.3: Comparison between the hot and cold gas approximations for a shock speed of 5
[km/s].

ulm/s] TIK] Ty [K] p|[Pa]
Pre-shock conditions 5000 228 228 9.75

Post-shock conditions
Cold gas approximation 848.38  12260.2 228 3089.91
Hot gas approximation 644.8 9773.63 228 3240.95

With respect to Tab. the subsonic inlet and outlet boundary conditions are respectively
characterized by the post-shock conditions and the outlet pressure py,:. To avoid the flow
going backward, this pressure is taken sufficiently far away from the inlet where the system is
at equilibrium. Furthermore, in order to accurately capture the thermo-chemical phenomena,
the mesh is progressively refined in direction of the inlet as stronger gradients will be more
likely to occur in this region.

Finally, the numerical simulation relies on second order interpolant polynomials (p = 2)
where a three-level order sequencing has been used to hasten the computations. The order
sequencing consists in progressively increasing the interpolation order where results of each
level are utilized as an initial guess for the next one. This method allows better computation
performances as the convergence at high orders requires less iterations (see Fig. [4.6). To
illustrate that, on an AMD Ryzen 9 6900HS, the simulations (for this test case) with and without
order sequencing on a single core respectively took 140.7[s] and 242.4(s].

As we can see on Fig. a good agreement exists between Argo and shocking2T ', except
for the free electrons mole fraction given the same reason as the adiabatic reactor test case.
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4.4 Conclusion

The aim of this chapter was to validate the development made within Argo by means of two
separate practical test cases. The first one consisted in verifying the chemical source terms as
well as the energy transfer terms through the use of the reactor2T* test code. The second
one had for objective to validate the convective terms where results for comparison have been
provided through the shocking2T*+™ test code.

In both cases, good agreements between the test codes and Argo have been obtained, except
for the free electrons where a dissimilarity has been observed. However, the possible source
of error has been investigated and presented. Nonetheless, the error remains and further
investigations should be done in the future to correct it.

In the next chapter, a discussion of the implemented model based on more complex simula-
tions is proposed. This discussion will cover several points viewed in the past chapters such
as the impact of thermal non-equilibrium in high enthalpy flows or the current limitations of
capturing shocks with high order DG methods.
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RESULTS

5.1 Introduction

In this chapter, the Two-Temperature model implemented within Argo will be applied to con-
crete applications involving thermal non-equilibrium in high enthalpy flows and is arranged
as follows.

First, a comparison between the current state of Argo, where a single temperature is consid-
ered, and its extension to treat thermal non-equilibrium phenomena is proposed. For con-
venience, the two models will be sometimes abbreviated by the TT (Two-Temperature) and
OT (One-Temperature) models. Given the restrictions emanating from the physical model
in analyzing quantities such as heat fluxes or radiation terms, the study of the thermal non-
equilibrium impact will be mainly focused on the chemical kinetic of the flow. To do so, the
first case will consist in modeling a flow at hypersonic regime past a basic blunt body.

Then, the current limitation inherent to Argo in modeling hypersonic flows at high orders
will be addressed. From this discussion, the alternative of using an adaptive mesh method to
regain some of the lost accuracy due to the imposed zero-order interpolation will be proposed.
Furthermore, its impact on the numerical results will be reviewed based on the modeling of
an hypersonic flow around a more complex geometry : the Apollo Command Module from
the AS-202 mission presented in the introduction.

Finally, an application where a high enthalpy flow at thermal non-equilibrium can be modeled
at high orders will be proposed.

55
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5.2 Hypersonic flow past a blunt body

5.2.1 Presentation of the numerical setup

As shown on Fig. the blunt body is taken as a cylinder. Given the symmetry of the flow
resulting from the inviscid model, the simulations are performed on an half domain to gain

computational time.

1 Ma, @
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;;;;; \
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Shock capture band Cylinder

Figure 5.1: Numerical setup of the inviscid and hypersonic flow past a cylinder. Regions of
the mesh are detailed on the left while the mesh parametrization is proposed on the right.

This domain can be decomposed in two main areas : the free-stream zone and the one encom-
passing all the shock layer. Within each zone, the number of elements and their progression
in any direction are independently adjustable in order to only refine specific areas. As it will
be discussed in Sec. capturing the detached shock in front of the cylinder with high order
methods is currently not possible in Argo. Therefore, all simulations in this section will be
performed at a p = 0 interpolation order and also at steady-state.

Symmetry line

—1 p Shock layer

Progression

Cylinder wall

Figure 5.2: Mesh refinement strategy around the shock capture band.
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To tackle the limitation in the interpolation order, the shock capture band (in red on Fig.
will be refined through an iterative process of simulations where the coordinates [xs, ys] and
[xps, Yps] are continuously modified in sight of only containing the shock as much as possible.
For a constant number of elements in the shock capture band, this method allows to reduce
their sizes permitting the shock to be captured in a more accurate fashion while limiting
the computational time. Then, the rest of the shock layer is adapted based on a increasing
progression of the elements towards the shock capture band to avoid strong jumps in elements
size at the interface (see Fig. [5.2). Note that the free-stream region is characterised by large
elements as the flow remains constant there and does not require a fine mesh.

Finally, two test cases representing two different degrees of non-equilibrium are considered.
The first one is characterised by a Mach 16.5 free-stream velocity while the second one is
taken at Mach 20. These test cases are respectively called Mal6 and Ma20. The rest of the
free-stream flow parameters are proposed in Tab.

Table 5.1: Values of the free-stream flow parameters with respect to the Mal6 and Ma20 cases.
Ty represents the temperature at the wall of the cylinder.

Case Uoo [M/S]  Miaso [—] Teo = Tveo [K] Poo[Pa] Tw[K]
Malé 5000 16.5 228 9.75 300
Ma20 6000 20 228 9.75 300

5.2.2 Influence of the non-equilibrium phenomena on the flow properties

The aim of this subsection is to compare the results obtained when thermal non-equilibrium
is considered or not for the Mal6 case. To begin with the comparisons, the impact of the
thermal loads on the chemistry will be proposed. Then, in a second time, the position of the
shock with respect to the two models will be discussed. In order to distinguish the quantities
resulting from the Two-Temperature model or the One-Temperature model, the subscripts 2T
and 1T will be respectively used.

As it will be seen later, the impact of the ionization processes on the flow properties is neg-
ligible for the Mal6 case. Therefore, the mixture will be considered as neutral to limit the
computational time of the simulations. The air is then reduced to a five species mixture such
that S = {N,,0,, N, O, NO} where all reactional mechanisms are summarized in Tab.

Results for the distributions of the pressure, Mach number as well as the temperatures, when
thermal non-equilibrium is considered, are proposed on Fig. 5.3|and Fig.

€

9.75 712.44 1415.13 2117.82 2820.52 3523.21 0.007 0.034 0.160 0.749 3.514 16.485
[ S I S —

Pressure [Pa] Mach number [-]

Figure 5.3: Distributions of the pressure and the Mach number around the cylinder for the
Malé test case.
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Figure 5.4: Distributions of the trans-rotational and vibrational temperatures around the cylin-
der for the Mal6 test case.

Remark :

Theoretically, on the stagnation line, the velocity at the cylinder’s wall should be null. How-
ever, as we can see on Fig. it is not the case. This result could be explained by the fact
that the elements skirting the stagnation line are not just encompassing the latter. Indeed, it is
recalled that the approximated solution is constant on each element under the p = 0 interpo-
lation. Therefore, the element which is in contact of both the stagnation line and the wall, let
us call it the stagnation element, will also experience a non-null velocity flow field leading to an
overall non-null approximated velocity on this particular element. Normally, in order to have
a velocity which tends to zero near the stagnation point at p = 0 interpolation, one should
reduce the size of this stagnation element to zero such that it tends to be the stagnation point
itself.

Thermal loads impact on the chemical relaxation :

On Fig. temperatures obtained with the Two-Temperature and One-Temperature models
are compared for steady-state conditions. While all temperatures equilibrate to the same
value near the wall, a strong dissimilarity is observed just after the shock between the trans-
rotational temperature Tp1 and the one resulting from the One-Temperature model.
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Figure 5.5: Thermal relaxation along the Figure 5.6: Energy transfer terms related

stagnation line for the Mal6 case. to Two-Temperature model.



CHAPTER 5. RESULTS 59

0.80
0.20
0.75
= 70.15
5070 B
k9] k9]
£ go.10
3 0.65 o
s s
0.60 0.05
0.55 0.00
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
Distance [m] Distance [m]
(a) N, mole fraction (b) O, mole fraction
0.12
0.30
0.10
— _ 025
-0.08 =
S 50.20
50.06 8
£ So1s
(] [
S 0.04 S
2 2010
0.02 0.05
0.00 0.00
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
Distance [m] Distance [m]
(c) N mole fraction (d) O mole fraction

0.06

o©
o
o

o
o
=

o
o
¥

Mole fraction [-]
o
o
w

o©
o
=

0.00

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
Distance [m]

(e) NO mole fraction

Figure 5.7: Chemical relaxation of a neutral mixture along the stagnation for the Mal6 case.
Results obtained with the One-Temperature and the Two-Temperature models are respectively
represented by the dashed and solid lines.

As mentioned by Park in [65], the one-temperature description of the flow leads to a substan-
tial overestimation of the rate of equilibration. A rate towards equilibrium which is, among
other things, impacted by the chemical kinetic of the flow. In fact, the dissociation and ex-
change processes consume a lot of the internal energy of the gas which tends to decrease the
post-shock temperature. At thermal equilibrium, the controlling rate temperatures T, is dic-
tated by Tjr itself. Therefore, the onset temperature required for the reactional mechanisms
is reached faster compared to non-equilibrium model where the controlling rate temperature
is defined as an average of the trans-rotational and vibrational temperatures.
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The consequences of this behaviour is shown on Figs. where the dissociation pro-
cesses for the One-Temperature model occur quicker than the ones when the thermal non-
equilibrium is considered. Consequently, on Figs. the production of atomic nitro-
gen and oxygen is also seen to be hastened. The effect of the chemical kinetic on the rate
towards equilibrium can also be seen on Fig. where the temperature Tj7 decreases in a
more abrupt fashion compared to the temperature profiles of the Two-Temperature model.

On the other hand, when the TT model is considered, the controlling rate temperature for the
dissociation processes is such that T, = 1/TTy. However, the vibrational temperature requires
a certain amount of time to reach a sufficiently high value to allow dissociation leading to that
particular offset seen above. As we can see on Fig. this raise of vibrational temperature
is caused by an abrupt excitation of the vibrational mode of the molecules through collisional
processes just after the shock. These processes are mainly characterised by the energy ex-
change term {2y 1 which tends to rapidly decrease as the molecules dissociate. These events
lead to a decay in the dissociation processes which allows the trans-rotational temperature
Tor to reach higher values compared to the temperature T;1 of the OT model.

Another impact of the disparity between the temperature profiles resides in the production
of nitrogen oxide (NO). In fact, from Tab. the production of this species results from
an exchange process where the controlling rate temperature is equal to the trans-rotational
one. Therefore, the NO production is significantly increased in the non-equilibrium model in
contrast to the One-Temperature model where the peak value of production is almost twice
lower (see Fig. . Note that, as discussed in [74} 8, 9], NO molecules play an important
role in the radiative heat flux which itself can have a large impact on the degradation of the
thermal protection system.

Until now, steady-state was considered for the thermochemical relaxation which may justify
the similar values in temperature and species concentrations between the One-Temperature
and Two-Temperature models near the wall of the cylinder. However, this behaviour may not
be the same for unsteady conditions. In fact, as the flow is establishing itself, variations of the
species concentrations over time will occur at the wall, variations that will be tend to zero as
the flow reaches its steady-state.
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Figure 5.8: Results obtained with the Two-Temperature (TT) and One-Temperature (OT) mod-
els for the relaxation of a five-species air mixture in an adiabatic reactor. Only the atomic
oxygen is represented for the chemical relaxation.

As we can see on Fig. differences exist in the results between the TT and OT models for
the relaxation of a five-species air mixture in an adiabatic reactor. The adiabatic reactor case
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has been used given the unsteady state and only the atomic oxygen has been represented to
serve as an illustration. By imagining this behaviour being convected within the shock layer,
one would then obtain values in the species concentrations at the wall hat will differ between
the two models at a given time.

In brief, the temporal variation of the species concentration at the wall varies depending on
whether thermal non-equilibrium is considered or not. Therefore, this result reinforces the
need of considering thermal non-equilibrium for ablative problems as the reactional mecha-
nism occurring at the TPS depends on the species quantities convected at the wall by the flow

(see Fig. [L.§).

Shock standoff distance variations :

As we can see on Fig. the distance of the shock along the stagnation line is slightly
reduced when thermal equilibrium is assumed. As mentioned in [88], this standoff distance
from the wall depends on many factors and can also have several relationships relatively to
the flow environment.

From the theory of Wen and Hornung [85], the standoff distance A for a non-equilibrium flow
around a sphere of diameter D can be expressed as

A peo |1 (Peq )2
— =00 (1) +L, 5.1
D Peq | 282 \ Ps o
2
_ Poo Psh 1~<p°°p“’—1> +L|, with 2= b (8‘)) , (5.2)
Psi Peg | 262 \ psh poo UooPsn \ O /gy

where pg;, and p,,; respectively denote the densities after the shock and at the equilibrium state
while (Jp/0t)g, refers to the change rate of density immediately after the shock.

From Eq. one can observe that the shock standoff distance is related to the density ratio
before and after the shock p/ps; such that this distance increases as the ratio increases as
well. In the case of the One-Temperature model, pe/ps;, = 0.11 while pe/pg, == 0.15 for the
Two-Temperature model.
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Figure 5.9: Shock standoff distance at the stagnation line with the Two-Temperature model
(solid line) and the One-Temperature model (dashed line) for the Mal6 case.
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5.2.3 Thermal non-equilibrium impact on the ionization processes

The subject of this section will focus on the analysis of the influence of thermal non-equilibrium
on the ionization processes. As the mole fractions for the neutral heavy species follow the
same behaviour as the one for a neutral mixture, only the effect of thermal non-equilibrium
on the ions and free electrons will be discussed here. The results proposed on Fig. and
Fig. are respectively representing the thermal and chemical relaxations for the Ma20 case.

As we can see on Fig. the thermal relaxation profiles are very similar to the ones obtained
in the previous subsection, except for the peak values for all temperatures due to the stronger
shock occurring at Mach 20. However, new terms appear in the participation of the vibrational
temperature elevation. In fact, it is recalled that the free electrons translational energy also
contributes to the vibrational energy in the Two-Temperature model (see Eq. [3.11). From Sec.
these sources of kinetic energy for the free electrons (see. Fig. emerge from :

1. the elastic energy exchange between the free electrons and heavy particles (£27);

2. the free electrons production due to the ionization processes ({2¢).
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Figure 5.10: Thermal relaxation along the stagnation line for the Ma20 case.
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Figure 5.11: Energy transfer terms along the stagnation line for the Ma20 case when a partially
ionized mixture is considered.
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Note that the energy sink term (2] related to the free electrons translational energy loss during
electron impact ionization is slightly delayed. This could be due to time needed for the free
electrons to be produced, free electrons that are required for the impact ionization reactions
to occur. As mentioned in Sec. this energy exchange must be considered as the sur-
plus energy could enhance their production leading to an overestimated avalanche ionization.
Regarding the Mal6 and the Ma20 cases, this sink term only has a minor impact on the free
electrons production. Nonetheless, for more extreme shocks, its impact is far more significant.
On Fig. a comparison of the free electrons mole fractions when {2; is taken into account
or voluntary omitted is proposed. One can see that a complete overestimated free electrons
production occurs when this term in disregarded.
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Figure 5.12: Impact of neglecting the free electrons translational energy depletion due to
impact ionization mechanisms. The results are based on the shocking2T™ ™ test code where a
shock speed of 11.4 [km/s] has been considered.
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Figure 5.13: Chemical relaxation of a partially ionized mixture along the stagnation for the
Ma20 case. Results obtained with the One-Temperature and the Two-Temperature models

are respectively represented by the dashed and solid lines. Only the charged particles are
represented.

Similarly to the enhanced production of nitric oxide, one observes higher peaks in the pro-
duction of ionized species for the Two-Temperature model (see Fig. [5.13). Especially for the
molecular nitrogen ions which could be explained by the numerous reactions producing it
compared to the other ionized species. By looking at Tab. the source of free electrons and

ions seems to mainly emerge from associative reactions and not from impact ionization in the
TT model.
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This hypothesis is motivated by the fact that :

1. associative ionization reactions are controlled by the trans-rotational temperature for the
TT model. A temperature which is higher than the one when for the OT model due to
the dissociation mechanisms as previously explained;

2. impact ionization processes may be negligible as they are controlled by the vibrational
temperature Ty in the TT model.

Contrariwise, these impact ionization reactions could be the reason of the higher production
of free electrons right after the shock for the One-Temperature model (see Fig. [5.13f). In fact,
it is thought that their additional contribution to the free electrons production may be due to
their easiest occurrence as the controlling rate temperature is not dictated by the vibrational
temperature anymore.

Finally, in the light of Fig. the assumption made in the previous subsection of only
considering a neutral air mixture can be validated. In fact, the order of magnitude of the
free electrons contribution to the net vibrational energy rate of creation/destruction is very
small compared to the heavy species energy transfer terms (O(102) and O(10%), respectively).
Therefore, the impact of the ionization processes has only a minor effect on the thermochem-
ical properties of the flow for the regimes considered in this work.

5.3 The high order shock capture problematic

The main purpose of this section is to address the limitation of Argo in modeling shocks at
high order. A limitation that prevented us from studying the impact of the interpolation order
on the simulation results obtained in the previous section.

5.3.1 Local order adaptation and the current limitation in shock modeling

As discussed in Sec. one of the advantages of the DG methods resides in the ability
to have an interpolation order which can vary locally on the domain through p-adaptation
methods. This approach can be very useful to accurately capture phenomena only in specific
areas of the flow field while saving computational resources by lowering the order everywhere
else a high precision is not necessarily required.

As an illustration, one can consider the simulation of the flow past the cylinder presented
in Sec. Given the lack of interest in modeling the free-stream at high order, a p = 0
interpolation can be used on this part of the flow field (see Fig. [5.14). On the other hand,
the high reactivity of the shock layer and the shock itself may require the utilisation of a
higher interpolation order in sight of accurately capturing all phenomena. Therefore, a p = 2
interpolation in the shock layer can be performed based on a step function which increases
the order with respect to the external boundary of the shock capture band.

Figure 5.14: Representation of the local interpolation order adaptation.
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However, the capture of sharp interfaces such as shocks in high order DG methods has always
been a challenge in CFD and its insufficient resolution usually leads to Gibbs oscillations,
inaccurate results, nonlinear instability and simulation breakdowns [25]. To counter this issue,
a number of methods have been proposed in the literature but a complete review of these
methods is out of the scope of this thesis. Therefore, only the shock capturing method based
on artificial viscosity will be mentioned here.

Initially proposed by VonNeumann and Richtmeyer [84] in the early fifties, the idea behind
artificial viscosity is to add dissipation close to discontinuous regions through extra viscous
terms. This allows to cancel spurious oscillations by spreading the shock over a number of
cells such that it can be resolved by the numerical method. For a more intensive discussion
of this topic, the work proposed by Bordes [7] during his thesis is recommended. The aim of
his work was to study the artificial viscosity method at disposal in Argo and to propose an
improvement based on the weaknesses identified. His study was based on a several test cases
such as the shock capture in supersonic wedge or the prediction of the heat flux profile at the
wall of a cylinder in a supersonic flow. Unfortunately, it turned out that the shock capture at
hypersonic regimes could not be handled.

In this work, several attempts have been performed in modeling the relaxation phase just
after the shock at high orders while trying to capture the shock itself only at p = 0. The idea
was to reduce the shock capture band as much as possible and then to sequence the order
from p = 0 to p = 2 only in the region delimited by its internal boundary and the cylinder’s
wall. Nevertheless, this method showed to be inefficient due to the slight variations of the
shock’s position during the different phases of the order sequencing. Position variations that
provoked the shock to enter in the high order area which systematically made the simulations
to breakdown. The only solution was to extend the shock capture band to be assured of
excluding the shock from the high order zone. However, while a part of the relaxation was
successfully captured at p = 2, the rest was still captured at p = 0 which gave unsatisfactory
results. This explains the choice of using a zero order interpolation on the whole domain of
the simulations from the previous section.

Note that the motivation of Sec. was to obtain comparative results for the One-Temperature
and the Two-Temperature models. Hence, a zero order method was not really a problem as
simulations of both models relied on it.

5.3.2 Local mesh size adaptation

From the discussion above, it has been shown that adaptive order features could not currently
be applied on shock modeling in Argo such that a p = 0 interpolation must be used on
the whole domain. But then, how could one enhance the accuracy of the results given this
limitation on the interpolation order ?

In the presentation of the numerical setup in Sec. the idea was to refine the areas
respectively to the intensity of their gradients. More specifically, a configurable shock capture
band has been proposed where the size of its elements was manually adjustable. Given
the structured mesh and its simplicity, such a parametrization was quite easy. However, for
unstructured meshes related to more complex geometries, a manual configuration can be very
challenging and h-adaptation methods may turn out to be very useful.

Actually, Argo is fitted with such a method where the adaptation of the mesh size is dictated
by three main user-defined parameters which specify the accuracy, location and density of the
mesh refinement. These parameters are respectively represented by the minimum length of
the elements, the variables used for the adaptation and the ratio of total elements before and
after adaptation.
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Figure 5.15: Thermal gradient based h-adaptation method applied to the Mal6 case around the
Apollo Command Module of Chapter[l| The adapted mesh is displayed on the lower part of
the figure.
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On Fig. the minimum length is set to 1e~°[m], the adaptation is based on the trans-
rotational temperature gradients and the ratio of total elements before and after adaptation is
one. As we can see, the initial distribution of the elements is corrected and areas subjected to
strong temperature gradients such as the bow shock or the wake shock wave are refined.

6184 7992
I 5584 I 7212
4983 6431
4383 5651
3782 4871
3182 4090
2581 3310
1981 2530
1381 1749
780 969
180 189
T [K] T [K]
4901 5361
4434 4848
3967 4335
3499 3821
3032 3308
2565 2795
2097 2281
1630 1768
1163 1255
695 741
228 228
a Ty [K] Ty [K]
(a) Initial mesh (b) Adapted mesh

Figure 5.16: Trans-rotational and vibrational temperatures distributions around the Apollo
Command Module for the Mal6 case. Simulations are performed on the "naive" initial mesh
(left) and the h-adapted one (right). A pure and reactive molecular oxygen mixture is consid-
ered.
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On Fig. one observes the large impact of the h-adaptation method on the results. By
means of the shocking2T™ test code, the post-shock trans-rotational temperature is esti-
mated at 10150K which gives an error of respectively 39% and 21% for the initial and adapted
mesh. Note that the estimated peak temperature from the test code is based on the Rankine-
Huguniot relations which may overestimate its value due to their theoretical aspect. Note
that several iterations of adaptation can be performed in order to reduce this error percentage
even more.

Summary :

In this section, the problematic of capturing shocks with high order methods has been dis-
cussed. Furthermore, given the restriction of modeling shocks at p = 0, the idea of using
h-adaptation methods to enhance the accuracy of the results has been reviewed. This part of
the discussion echoed the use of a configurable shock capture band in the previous section.

Finally, for the reasons seen above, the study of the impact of the interpolation order on the
simulation results where shocks occur cannot be achieved at the moment. Therefore, one
would need another test case which combines the particularity of modeling a high enthalpy
flow and being shock-free at the same time. Such a case is proposed in the next section.

5.4 Thermal non-equilibrium in supersonic nozzle flows

In the previous section, the current limitation of Argo in capturing shocks at high orders
has been discussed. One concluded that the simplest solution to avoid the simulations to
breakdown was to model these sharp interfaces by lowering the polynomial order to zero and
to locally refine the mesh to recover some lost accuracy. Such a refinement could be done
either manually or through a proper h-adaptation method depending on the complexity of the
mesh and its ease to be manually configurable.

However, one of the main motivations of using DG methods is to benefit from their high-order
modeling capacity and, thereby, to avoid these strong refinements at low order. Therefore, the
purpose of this section is to investigate the impact of higher order methods in modeling high
enthalpy flows. To do so, a shock-free problem is required to get rid of the interpolation order
constraint and the supersonic nozzle flow turned out to be a good candidate.
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Figure 5.17: Representation of the nozzle geometry and the numerical setup of use in this
section.

The test case consists in modeling a steady over-expanded inviscid flow in a supersonic nozzle
where the dimensions of the nozzle have been taken from [74]. The inlet boundary condition
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is characterised by the reservoir conditions summarized in Tab. [5.2l where thermal equilibrium
is assumed. Given the supersonic outlet boundary condition, no information is needed except
the initial pressure ratio between the reservoir and the outlet which is imposed to ensure a
supersonic flow in the divergent section. The geometry of the nozzle as well as the numerical

setup are proposed on Fig.

Table 5.2: Reservoir conditions for the supersonic nozzle case.

Mixture Yé\Iz -] YV[-] To=Tyo[K] pol[Pa]
Nitrogen 0.983 0.017 5000 101325

Considering the numerical simulation, a p = 2 interpolation order has been used based on
a three-level order sequencing. The tolerance on the convergence for the two first levels was
1e~® while the last level (at p = 2) reduced the initial residual by 12 orders of magnitude.
Given the implicit time integration, the GMRES algorithm is also used. Finally, the convective
fluxes were estimated by means of the AUSM+up scheme. The distributions of the main flow
parameters along the nozzle are displayed on Figs. while the thermal relaxation is

proposed on Fig.
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Figure 5.18: Distribution of the pressure and the Mach number along the supersonic nozzle.
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Figure 5.19: Distribution of the trans-rotational and vibrational temperatures along the super-
sonic nozzle.
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One can observe a non-zero velocity right at the inlet and discrepancies between the specified
reservoir conditions and the numerical values obtained at the inlet. For the temperatures,
this phenomena can be seen on Fig. where the trans-rotational temperature is equal to
4900K instead of 5000K. Note that the vibrational temperature, which corresponds to reservoir
conditions, rapidly equilibrates the trans-rotational one such that both temperatures are in
equilibrium in the convergent section of the nozzle.

This behaviour could be explained by the rapid reactional mechanisms occurring at the inlet
due to the high temperatures encountered. Several tests have been carried out to mitigate this
effect such as locally refining the mesh right at the inlet or setting the reservoir conditions at
the equilibrium composition of nitrogen at 5000K. This equilibrium composition was given
by the mppequil tool supplied with Mutation + +, the resulting mass fractions are the ones in
Tab. Nevertheless, the problem persisted.

5000 ! —T
. —_ Ty
4500
9
o : Collisonal de-excitation lag
2 4000 |
© :
3 |
Q
£ :
@ I
3500 I
3000 !
—{ Comvergent }—| [ ivergent |
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0
Distance [m]

Figure 5.20: Thermal relaxation along the supersonic nozzle.

As mentioned above, thermal equilibrium is continuously achieved in most of the convergent
section. This is not surprising as this part of the nozzle is subjected to small gradients leading
to a trans-rotational temperature that remains at values which allow all vibrational levels to
immediately adapt. Such a result is similar to the one obtained in [51]] where a more in-depth
discussion of this phenomena is proposed. However, when the flow approaches the throat,
the trans-rotational temperature tends to rapidly decrease. Furthermore, due to the increasing
flow regime along the nozzle axis, the energy exchanges tend to be frozen as their timescale
becomes larger than the timescale of the flow. Thereby, a "lag" in the collisional de-excitation
processes emerge and the vibrational and electronical internal modes cannot adapt. A non-
equilibrium state is then created with a growing intensity towards the nozzle exit, as we can

see on Fig. [5.20]

Note that the results obtained with the supersonic nozzle are very interesting as they are in
complete opposition with the one discussed in Sec. In fact, when the hypersonic flow
past a blunt body was considered, the flow was initially characterised by a strong thermal
non-equilibrium after the detached shock which tended to equilibrate downstream. On the
other hand, in the nozzle, the flow jumped from an equilibrium state to a non-equilibrium
state at the outlet.
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Finally, on Figs. the impact of the interpolation order is represented. The simula-
tions were performed based on the exact same numerical setup except for numerical fluxes
which are estimated with the flux-splitting AUSM+up scheme (see Fig. and the Lax-
Friedrichs scheme (see Fig. [5.22). Given the constancy of the problem inside the nozzle, no
outstanding differences can be observed between the simulations at p = 0 and p = 2 when
the AUSM+up scheme is considered. On the contrary, when the more diffusive Lax-Friedrichs
scheme is used, strong discrepancies appear between the imposed conditions and the numer-
ical values at the inlet and also between the temperature profiles all along the nozzle.
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Figure 5.21: Comparison of the thermal relaxation under a p = 0 and p = 2 interpolation
order. The interface fluxes are computed through the AUSM+up scheme.
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Figure 5.22: Comparison of the thermal relaxation under a p = 0 and p = 2 interpolation
order. The interface fluxes are computed through the Lax-Friedrichs scheme.
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5.5 Conclusion

In this chapter, the thermal non-equilibrium model implemented within Argo in the scope of
this thesis has been used to model high enthalpy flows in various conditions.

In the first place, impact of the model on the thermochemical properties of the flow for a neu-
tral and partially ionized mixture has been investigated. The studies have been made through
the modeling of a hypersonic flow past a cylinder at Mach 16 and Mach 20. As expected,
discrepancies between the Two-Temperature and the One-Temperature models in the species
production straight after the shock have been observed. A strong difference between the two
models has been noticed concerning the production of nitric oxide. As mentioned before, an
accurate modeling of this species is crucial as it may have a large impact in the radiative heat
flux prediction.

Finally, the current limitation of Argo in capturing shock at high orders has been discussed.
The outcome was a constraint in the modeling of such problems only at an interpolant poly-
nomial order of zero. Therefore, a shock-free problem allowing higher interpolation orders
has been suggested.
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CONCLUSION

6.1 Achievements and main outcomes of this work

In this thesis, the module DGAblation of the multi-physics platform Argo has been extended
allowing it to deal with thermal non-equilibrium based on the Two-Temperature model of
Park [64] 65]. This module, developed by Schrooyen [74], is capable of providing highly reli-
able results by means of its strong coupling approach between the resolution of the material
response and the flow field. Coupled with the advantage of Argo in modeling problems
with unstructured meshes at high orders based on its Discontinuous Galerkin discretization
scheme, this module allows accurate predictions in the thermal response of an ablative mate-
rial.

Initially, the flow field was solved assuming equilibrium between all energy modes such that
it was characterised by a single temperature. However, the conclusions of Park [65] about the
limitation of one-temperature based models in predicting high enthalpy flows at hypersonic
regime led to the development of a large variety of solvers capable to treat thermal non-
equilibrium such as DPLR [86], US3D [13], LAURA [27], hy2Foam [15} [16], SU2-NEMO [45]
or LeMANS [57]. Consequently, the motivation of this work was to fit the DGAblation module
with such a feature in order to enhance its reliability. The development methodology was
done in as follows.

The extension of the current Euler governing equations with respect to the Two-Temperature
model was developed. This model assumes a non-equilibrium state between the translational-
rotational and vibrational-electronic energy modes of the molecules resulting in an additional
internal energy modes conservation equation. The thermodynamic and finite-rate chemistry
properties required for the closure models were provided with the library Mutation™™.

Given the discontinuities at the interfaces of the mesh elements inherent to the Discontinuous
Galerkin methods, the adaptation of two Riemann solvers to the extended governing model
has been done : the Riemann solver based on the Lax-Friedrichs scheme and another one
related to the AUSM+up flux-splitting scheme which gives the opportunity to treat low Mach
number flows. In the same way, the Jacobians linked to the implicit time integration schemes
have also been adapted to the new model where the convective terms have been treated
analytically and the energy source terms through finite-differences.

The verification of the model within Argo has been possible through the development of two
side codes, both written in C* " and coupled to Mutation™". The first one called reactor2T++
consisted in a zero-dimensional adiabatic thermal bath which allowed to isolate the source
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terms related to the energy transfers and the finite-rate chemistry. An external validation
of this test code has been conducted based on the comparison of the obtained results with
the ones of SU2-NEMO and LeMANS in [45]. The other code, shocking2T**, allowed the
validation of the convective terms and the correct extension of the Riemann solvers through
the modeling of the thermochemical relaxation behind a strong normal shock. In both cases,
good agreements in the results were found between the side codes and Argo, except for the
free electrons population due to a possibly wrong evaluation of a quantity related to that
species either in the test codes or in Argo.

Considering the governing model used in this work, the investigations have been mainly
brought to the impact of the thermal non-equilibrium phenomena on the flow chemical ki-
netic. Two results are worth mentioning :

1. In steady conditions, discrepancies in the relaxation times and the species produc-
tion rates (especially for the NO molecules) have been observed between the One-
Temperature and Two-Temperature models right after the shock.

2. For unsteady conditions, differences over time in the species concentration at the wall
have been experienced between the two models. Differences that tend to diminish as
the flow was establishing itself resulting in common values at the wall in steady-state
for both models.

Considering the important role of nitric oxide in the radiative phenomena [9] and the need for
the ablative processes of an accurate prediction of the species present at the wall, considering
thermal non-equilibrium in the modeling of the flow proved to be essential.

6.2 Perspectives

As discussed in Chapter |2, the physical model implemented during this thesis is derived
from the Multi-Temperature Navier-Stokes equations where a series of assumptions were
taken leading to the Two-Temperature Euler equations. Given this simplified model, some
improvements to reach a higher fidelity level could be performed. Such improvements are
discussed hereunder.

In the first place, one could enhance the accuracy of the model by considering the transport
properties of the flow. Mass, momentum, and energy transport in fluids are governed by
molecular collisions which require the evaluation of collision integrals. However, a multi-
temperature collision integral database is already at disposal within Mutation™™ [77]. As a
motivation, it has been shown that the non-equilibrium of the vibrational mode can have a
large impact in the modeling of the heat flux [55].

Furthermore, radiative heat flux is also known to play an important role in heat transfers
[65]. Therefore, it could be interesting to investigate their impact, especially with the higher
production of NO molecules which has been observed in Chapter [5| The treatment of the
radiative heat flux may however require the upgrade of the energy partitioning model to
the Three-Temperature model where the vibrational and electronic-electron heat bath are not
considered in the same manifold anymore. The reason of such an upgrade is discussed in
(22, 21].

Considering the energy partitioning model itself, its extension to the Three-Temperature
model is not a priority except if the radiation phenomena are considered. Nevertheless, an in-
teresting feature would be the extension of the Two-Temperature model to deal with multiple
vibrational temperatures for the diatomic particles. In the light of Sec. it would require the
addition of x vibrational energy mode conservation equations where x represents the number
of separate vibrational temperatures. It has been shown that the Vibrational-Vibrational en-
ergy transfers promote vibrational energy redistribution between the vibrational energy pools
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leading to a quicker relaxation towards equilibrium [16]. At the moment, Mutation™ con-
siders every diatomic particle as a single oscillator leading to a single vibrational temperature
but the library has been specifically designed to be easily extendable.

Finally, given the higher computational cost of three-dimensional problems, the extension of
the governing model to treat thermal non-equilibrium has been limited to two-dimensional
problems. Furthermore, the optimisation of the code was not the priority here and may
deserve a special care.

In conclusion, this work can be seen as a first step in the development of a complete and
reliable thermal non-equilibrium model within Argo. Given the framework of a Master thesis,
a more complete physical model would have been out of the scope. Nevertheless, some ideas
of improvements for future work have been proposed.
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