.l Politecnico
\ T mmml’ ;: di Torino

\\ 1859  ju
‘L\._\ 4“&"

Politecnico di Torino

DIMEAS - DEPARTMENT OF MECHANICAL AND AEROSPACE ENGINEERING
Master’s Degree in Aerospace Engineering - Aerogasdynamics

A new Magneto-Fluid Dynamics model for Low Magnetic
Reynolds number regime in the Hybridized Discontinuous
Galerkin Framework

Candidate: Supervisor PoliTo:
Paolo Scuderi Prof. Domenic D’Ambrosio

Matricola 263784 Supervisors VKI:

Prof. Georg May
Prof. Thierry E. Magin

Thesis submitted in July 2021






@& von KARMAN INSTITUTE
/_ FOR FLUID DYNAMICS

The von Karman Institute for Fluid Dynamics

DEPARTMENT OF AERONAUTICS AND AEROSPACE
Short Training Programme & Master’s Thesis

A new Magneto-Fluid Dynamics model for Low Magnetic
Reynolds number regime in the Hybridized Discontinuous
Galerkin Framework

Candidate: Advisor:
Paolo Scuderi Giuseppe Matteo Gangemi

Supervisors:
Prof. Georg May
Prof. Thierry E. Magin

Thesis submitted in July 2021






A chi ha saputo starmi vicino...






Abstract

The Magneto-Fluid Dynamics has many aerospace applications when the gas is an ionized
mixture. Typically, this happens when the temperature of the mixture is very high. Indeed,
we need to consider new degrees of freedom of the molecules, the presence of the chemi-
cal reactions, and the possibility to have free electrons that can move from one point to
another. This is the typical situation during a normal atmospheric entry problem. In this
context, all the physical properties cannot be computed with the classical approximation
laws. The Chapman-Enskong method gives us the possibility to perturb the Boltzmann
Transport Equation and to understand which are the different contributions (of electrons
and heavy particles) to take into account. Hence, the modeling of the transport properties
can be conducted. The latter, which are functions of pressure and temperature, can also
change their values with the presence of external magnetic and electric fields. The physical
models that try to describe all these peculiar characteristics and the macroscopic proper-
ties of electrically conducting flows are, from a numerical point of view, highly stiff. In the
last years, a simplified version of the full Magneto-Fluid Dynamics system was proposed.
Two limiting cases are present based on the dimensionless parameter Magnetic Reynolds
number. When it is very small, the externally applied magnetic field is called rigid. Hence,
the induced magnetic field can be considered null. Therefore, the classical Navier-Stokes
equations with additional external electromagnetic source terms make up the simplified
Magneto-Fluid Dynamics system. The source term is composed of the Lorentz force for
the momentum equation and the Joule heating for the energy equation. No source terms
for the continuity equations must be taken into account under the assumption of frozen
flow, which is generally adopted in many hypersonic applications. The system cannot be
solved analytically, except where we are considering parallel flow, where the non-linear
convective terms drop down, i.e. Hartmann flow. As a consequence, we need to introduce
numerical discretization. One of the most innovative methods to solve non-linear PDEs
is called Hybridized Discontinuous Galerkin. It can be considered as a mix between FE
and FV methods. The hybridization concept introduces the possibility to parallelize effi-
cient the code and to reduce the high computational cost associated with the high-order
methods, e.g. Discontinuous Galerkin. In the past years, many Magneto-Fluid Dynam-
ics physical models were developed into F'V solvers. From the literature review, only one
researcher Group from the Massachusetts Institute of Technology and Imperial College
London, in 2019, has developed an MHD model for compressible flow in their HDG solver.
The High-Order Unifying Framework, that developed by May et al. in RWTH Aachen and
now is currently under improvements at The VKI, was empty of the Magneto-Fluid Dy-
namics model for a low Magnetic Reynolds number. The implementation from a physical,
mathematical, and computer science point of view, is explained in this work. Finally, the
model has been tested with simple test cases. Comparison with analytical data has been
conducted to validate the model.
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Chapter 1

Introduction

Plasmas are ionized gas mixtures. They have a lot of applications in the aerospace field and
others. For instance, we need to consider a plasma when we are studying the solar wind
[56], or the thermonuclear fusion [23]. In the aerospace field, a large amount of applications
are related to the hypersonic regime, the atmospheric entry problem, the plasma propulsion
with the Hall trusters, etc... In this work, we will use the High-Order Unifying Framework
[59] to develop a computational physical model which can take into account the effects
of the application of external electric and magnetic fields on the ionized gas mixture.
The presence of free electrons in the gas is a consequence of the high-temperature effects.
Indeed, when we are considering the hypersonic regime, the behavior of the fluid is not
like in the normal conditions. We are in the hypersonic regime when the Mach number
is very high and, in the region post-shock, the temperature increases significantly. For
this reason, we cannot consider the gas as perfect. The classical laws drop down, new
effects appear, the gas can be chemically reacting, thus it can conduct electricity. This
is one of the main problems that, in every space mission, we need to consider. In the
re-entry phase (see figure 1.1), as a consequence of strong bow shocks, plasmas appear in
the region around the body. In this context, two aspects are crucial: thermal protection
system to mitigate the heat fluxes at the wall and preserve the life of astronauts and the
telecommunication blackout. The latter is present when the plasma frequency is greater
than the radio frequency, thus the signal is reflected. There are different possibilities to
mitigate this phenomenon. One of them is regarding the decrease of the plasma frequency.
This is possible if we reduce the number of electrons present in a particular region. In
order to make it, the application of external electric and magnetic fields can be used. This
Master’s Thesis project is under the MEESST project of The von Karman Institute for
Fluid Dynamics and other Universities and Institutes.

Figure 1.1: Spacecraft during atmospheric entry in the hypersonic regime. Presence of
ionized gas mixture (i.e. plasma) in the region behind the strong bow shock. The picture
was taken from https://meesst.eu/technology/.
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1.1 Dimensionless parameter in magnetogasdynamics

Plasma could be considered the four-th state of matter. Indeed, it is particular charac-
teristics that are not present in the solid, liquid, and gas states. When the temperature
is very high the molecules of the gases start to dissociate. New degrees of freedom are
present in the study of the gas mixture. Magneto-Fluid Dynamics studies the behavior of
the fluids with the presence of electromagnetic fields. They could be externally applied,
or coming from the internal nature of the mixture. In this section, we enumerate the
principal dimensionless parameters that are useful in magnetogasdynamics. We have the
Reynolds number, the Magnetic Reynolds number, the Hartmann number, the Stuart num-
ber, the Mach number, the Prandtl number, the Peclet number, the Alfven number, the
Damkohler number, the Knudsen number, the Magnetic force number, the Deybe length,
and the plasma frequency which is typical in the study of blackout telecommunication. It
reads

wp 1 Nnee?

fp_

2 27\ meeo

(1.1)

1.2 Hypersonics and Magneto-Fluid Dynamics

Hypersonic is a regime of fluid motion that appears when the body reaches high velocity
with respect to the velocity of sound. In other words, we can call hypersonic the fluid
motion for all the Mach numbers greater than 5. However, this is not a clear line between
supersonics and hypersonics. Indeed, like in all the physical problems, we cannot distin-
guish with a clear threshold two different fluid motion regimes. Consequently, Ma = 5 was
chosen as a limit over which some physical characteristics become more important than in
the other flow regimes. Hypersonics is a very common situation during the atmospheric
re-entry, when the spacecraft goes very fast and, for instance for Apollo spacecraft, the
Mach number reached also 36. In addition, the hypersonic regime is extremely important
in the current days, and during the last years, many studies were conducted to satisfy the
request to develop hypersonic transport aircraft to reduce the time of the flights. For these
reasons hypersonics is an important part of modern studies in compressible flows.

In hypersonics, as a consequence of the high velocities, shock waves are always near the
wall. Hence, the thin shock layer appears. It has many complications in the treatment of
hypersonic motion because in a small region close to the wall we will have the boundary
layer (subsonic and supersonic) and the shock waves. They could interact, complicating
the entire flow field. In addition, again due to the high velocities, behind the shock high-
temperature effects are present. This physical aspect does not permit us to treat of the
gas as ideal or calorically perfect, because all its thermodynamic properties are now de-
pendent on the pressure and the temperature itself. New degrees of freedom are involved
in a fluid motion. Vibrational degrees of freedom are the first to appear. Indeed, the first
immediate consequence of the high-temperatures is the change in molecules’ behavior. In
normal conditions, when the temperature is not high, all the molecules are characterized
to have two types of degrees of freedom: the translational and the rotational. The first
one does not depend on the molecules’ structure, in other words, the translational degrees
are always three as a consequence of the space as a three-dimensional domain. Rotational
degrees of freedom, instead, depending on the molecules’ structure. These are the typical
degrees of freedom during the study of subsonic flows. As mentioned before, when the
velocities increase, as a consequence of the high temperatures, in the region post-shock
the molecules start to oscillate and behave like a spring. For this reason, the first degrees
of freedom that we need to add in the study of hypersonic flows are the vibrational ones.
Consequently, again with the increasing of the temperature, the molecules become more
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exciting. Moreover, chemical reactions appear and atoms could lose some of their electrons.
To take into account this effect we need to introduce also the electronic degrees of freedom.
But this is not the last one, because, when free electrons are present in the gases, obviously
they have previously left their atoms. Hence, the latter is now charged positive, in other
words also the presence of ions has to be considered. Therefore, also ionization degrees of
freedom is introduced. When the flow is composed of electrons and heavy particles we can
call it partially ionized plasmas. This is the typical situation that appears in the region
post-shock of a blunt body when it is immersed in the high-speed flow, such that Ma > 1.
These are not the only differences between hypersonic and the other flow regime of mo-
tion. Indeed, until now, the viscous effects are not mentioned. In the subsonic boundary
layer it is well known that the thickness ¢ of the boundary layer only depends on the local
Reynolds number, thus

1
v Rey

instead, in hypersonics, also the effects of the pressure become important with respect to
the inertial forces. As a consequence, the thickness of the boundary layer is proportional
also to the Mach number as follows

d x (1.2)

Ma?
v Rey

thus, in hypersonic flows, we are expecting a boundary layer thickness bigger than in the
subsonic case. We need also to remember that, as explained before, it is confined in the thin
shock layer. Hence, from this discussion, now it is more clear why the hypersonic boundary
layer could interact with shock waves with a general complication of the problem.

One of the first scientists who studied the hypersonic regime was Newton. Nowadays,
some preliminary analysis are conducted with his theory. The Newtonian Theory gives
us a mathematical description of what the percentage inclination of the shock waves is
with respect to the inclination of the wall. It is shown that this ratio depends only on the
ratio between the specific heat at constant pressure and constant volume. In addition, it
expresses also one of the most important concepts of the hypersonics, therefore the Mach
number independence. Indeed, all the quantities that we want to compute in the region
behind the shock, at one particular value of the Mach number will not change anymore
even if the Mach number is increasing continuously. As a consequence, no changes in the
engineering quantities of interest are present. Therefore, the forces acting on the body
will remain the same. This is one of the most particular aspects of hypersonics. Many
examples and well detailed explanations are present in [1]; [2].

Magneto-Fluid Dynamics (MFD) offers several advantages in aerospace applications, e.g.
propulsion systems like innovative plasma thruster, external flow control, reduction of
wall heat flux, moving of strong bow shock to reduce the high-temperature characteristic
behind it, hypersonic vehicle design. All these aspects are typical of the hypersonic regime.
During the past years, a lot of papers were developed to study the problem and to build
possible numerical strategies to couple together the Navier-Stokes equations, the Maxwell
equations, and chemical ones concerning non-thermochemical equilibrium. MacCormack
investigate possible numerical strategy [33]; [34]; [32]; [31]. D’Ambrosio and Giordano
investigated the bow shock in presence of imposed solenoid magnetic fields under different
conditions of the flow field [18]. They use bidimensional simulations over a blunt body in
order to evaluate the effects related to having coupled the Navier-Stokes with the Maxwell
equations.

In this Master’s Thesis work we are going to evaluate the effects of an external applied
electric and magnetic field in a flow at high velocity and high-temperature, typical of the
supersonic and hypersonic regime of the motion. In this sense, the presence of the magnetic

d (1.3)
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and electric fields could be derived from other numerical simulations on the same domain.
The three-dimensional functional distribution of electromagnetic field can be used as an
input file for the code that we are going to develop in this Master’s Thesis project.

1.3 High-Order Unifying Computational Framework

The code used in this Master’s Thesis work was developed by Woopen, Balan and May [59].
It is a solver based on High-Order discretization. In addition, also hybridization is possible,
hence it includes both DG and HDG methods. Several publications are present in literature
about the comparison between DG and HDG method to solve the same problem [60];
[58]. The code is linked with other external libraries to allow to include mesh generation,
adaptation techniques, and physical aspects related to high-temperature flows. The latter
are taken into account with the usage of Mutation++ [52]; [51]. The interface between the
code and the external library was developed by Devesse in his Research Master’s project at
The von Karman Institute for Fluid Dynamics [20]. In this work, the same idea is applied
to extend this interface to compute the physical quantities that we want.

The High-Order Unifying Computational Framework is written in C++, it is based on
object-oriented programming (OOP) and it is designed to be modular. In this sense,
new physical models can be created starting from the already existing and, based on
the DummyModel.h file. The code uses the Newton-Raphson method to solve the non-
linear system that originates from the DG or HDG discretization. Devesse worked on this
code and developed several high-enthalpy flow models, both for Euler and Navier-Stokes
equations, and a multispecies model [20].

The code requests the Jacobian matrix. To avoid to the developers to coding all the
jacobian for each model, the code was structured to use the Automatic Differentiation
(AD) algorithm to assemble the Jacobians of the fluxes. As a consequence, a new data
type is introduced in the code. It is AutoDiff and it stores both the value of the quantities
and the derivatives with respect to the chosen variables. This was one of the most difficult
issues that Devesse overcame in his project. This is a complete computer science argument.
We refer to [20] for other related discussions. Figure 1.2 shows the general scheme for the
code used in this project.

Initial

conditions Fluxes Line search

Boundary Physicality
conditions cheek

Physical Nonlinear
model solver
Mon
Unifying
framework
Linear solver Discretization

Figure 1.2: High-Order Unifying Framework conceptual scheme. The picture was taken
from [59].
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1.4 Mutation+-+

Mutation++ (M++) is a library written in C++ using the OOP. It was developed at The
von Karman Institute for Fluid Dynamics [52]; [51]. Its name derives from an acronym:
MUIticomponent Thermodynamic And Transport properties for IONized gases in C++.
Mutation++ permits us to create the mixture that we want to test through Mixture
object inside our code. It has been already used in other codes: Atkins and Deiterding
used M++ in their FV solver [3]| for high Mach number simulations, the same has been
done by Gomes, et al [21] in SU2 solver [48], Schrooyen et al. [49] coupled their DG solver
with M++ to study material ablation for high-enthalpy flows.

Mutation++ gives the thermodynamic, transport, kinetic, and gas surface interaction
terms that are used to close the set of equations that the CFD solver will compute. All these
quantities depend on the temperature, pressure, etc... Then, pair the solver and M-++ is
the major challenge to consider. Figure 2.6 shows the general scheme for Mutation-++
library used in this work.

++
Computational — Mutati@n —_—

(— Fluid Dynamics ) API
Model Abstraction

Modules

Discretization local Thermo. Transport
state-vector
Soodinete SVStem : i i m “
physicochemical

Boundary Conditions properties Utilities

\ J ab: Algorithms

Physical Laws

y

J

Figure 1.3: Mutation++ conceptual scheme. The picture was taken from [59].

1.5 Aim

The goal of this project is to develop a Magneto-Fluid Dynamics model for low Magnetic
Reynolds numbers. In this context, the classical Navier-Stokes system must be coupled
with the effects of external forces related to the applied magnetic and electric fields. Hence,
the code that we are going to develop in this Master’s Thesis project will allow us to make
numerical simulation taking into account the effects of high-temperature and also the
presence of constant and externally applied electric and magnetic fields that, for instance,
can be given in input as the output of other purely electromagnetic simulations.

1.6 Outline

This Master’s Thesis work is organized as follows. In Chapter 2, starting from the BTE and
with the usage of the Chapman-Enskong method, we will obtain the different contributions,
both for the Euler and the Navier-Stokes equations, in the transport properties. Hence,
a general description of the effects of high-temperature and the magnetic field will be
presented (in the flow chart 1.4 corresponds to "Physical model"). In Chapter 3, the
balance laws for MFD will be shown. Different approximation levels are presented, hence,
under the assumptions of the continuous regime, frozen flow, and the absence of induced
magnetic field, we will write the mathematical equations of our physical model (in the flow
chart 1.4 is expressed by "Mathematical model"). In Chapter 4, a general overview of the
typical numerical methods to approximately solve PDEs will be present. Hence, at the end,
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the high-order discretization based on the HDG methods will be displayed. In Chapter
5, the High-Order Unifying Framework will be analyzed. Finally, the implementation of
the model will be explained. In Chapter 6, the validation of the model for the Euler and
the Navier-Stokes equations will be demonstrated. To prove them, a comparison with the
analytical data provided by the Hartmann flow will be illustrated (all the last steps, in the
flow chart 1.4 are inside "Analytical solution"). Then, in Chapter 7, possible future works
will be indicated.



| ( .
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Figure 1.4: Flow chart of the typical engineering approach to study a physical problem. The same will be applied during this Master’s Thesis. We
are going to consider only the red path.
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Chapter 2

From BTE to transport properties

In the most general case, we can consider a gas mixture composed of Ny species, each of
them denotes by an index and belonging to the set S, which stores both heavy particles
and electrons. From a mathematical point of view, for heavy particles, we write

ieS,={1,..,N} (2.1)
and, at the same time, for the electrons, we write
Se = {e} (2.2)
bringing all together
jeS=8US ={1,..,N,e} ={1,..., Ng} (2.3)

2.1 Dimensional analysis

In this section, we will show which are the typical spatial and temporal scales in ionized gas
mixtures at very high temperatures. To make it possible, the approach of [23] is strictly
followed. It is well known that plasma is a reactive ionized gas mixture where we can find
the presence of free electrons. As a consequence, it is obvious that, in the most general
case, we need to write different equations for each different component. Hence, we will
have two sets of equations: one for heavy particles (all the species that are present in our
gas mixture) and the other set for free electrons.
Firstly, we need to introduce, like in every dimensional analysis, the reference values. As
already said, we are considering two main components, which ratio between their masses
is expressed by the following dimensionless parameter
Me

€= - (2.4)
where m, is the mass of electrons, while my, is associated with the mass of heavy par-
ticles. This is a very small parameter that drives the thermal non-equilibrium between
the electrons and heavy particles. In this description, in the asymptotic fluid limit, the
Knudsen number is also thought to be the same order of magnitude as the square root of
the previous ratio, i.e. Kn ~ 1/ [23]. In this context, as a consequence that ¢ < 1, the
continuity assumption is verified, thus Kn < 1.
By the kinetic theory, in plasmas are present two different velocity scales. The first thermal
speed is associated with electrons

T'ref.

Me ref.

Ueref. = kg (2.5)
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and the second one to heavy particles

T
Uh,ref. = kB m;ij;f (26)

The ratio between the two thermal speeds is, again, well expressed by the £ parameter,

hence
e — [ Me ref. _ Uhp,ref. (27)
Mhp,ref. Ue,ref.

where T,y is the dimensional reference temperature. In general, in non-equilibrium we
have two different values for the temperature, that is to say, one for heavy particles and
one for electrons. It is easy to understand that, if we are considering thermal equilibrium,
those two values will be equal. Heavy particles and electrons are continuously subjected to
collisions. Their differential cross-sections are of the same order of magnitude. Therefore,
the typical mean free molecular path [ can be considered identical for all the species in this
simplified treatment, hence

le,ref. = lh,ref. = lref. (28)

thus, one microscopic reference length is present in this work. On the other hand, the same
concept cannot be applied to the time scales. Indeed, having the same order of reference
length but, not the same order of thermal speed, we end immediately that electrons and
heavy particles do not have the same time scale. In particular, starting from the classical
definition of time like the ratio between length and velocity, for electrons the microscopic
reference time reads

le ref. lref
t = 2 . pu— . 2.9
erel Ue,ref. Ue, ref. ( )
while for heavy particles
l l
th,ref. = hore]. = rel. (210)

Up,ref.  Upgef.

Hence, two microscopic reference time scales are present, while only one for the length.
Consequently, this justifies the presence of two different thermal speeds are present in this
analysis.

Now, we would like to analyze the same at the macroscopic level. It is possible to
define a dimensional reference macroscopic length, called L,.s, form which we can define
the Knudsen number like the ratio between the microscopic dimensional reference length
and the macroscopic one, namely

Kn = Jref (2.11)
Lref.
In addition, by the definition of macroscopic dimensional reference length, we can define
also a macroscopic dimensional reference time. Remembering that it is comparable with
the microscopic reference time of heavy particles divided by the square root of the mass’s
ratio, we have

2.12
Upef. € ( )

tref. =

hence, three-dimensional reference time exists in this work. Two are microscopic, the third
one is macroscopic. All are related to the mass ratio, therefore we can write

c— Me,ref. _ Uh,ref. _ te,ref. _ th,ref. (213)
Mhp ref. Ue, ref. tref. 7fe,ref.
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At this point, it is important to introduce a new dimensionless parameter that will be
useful in this Chapter: it is the pseudo-Mach number. It expresses the ratio between the
mean velocity of the fluid and the mean heavy particles velocity. It is supposed to be of
order one [23], thus

Uref.
Up,ref.

May, = ~ 1 (2.14)
therefore, we can assume
[allz ~ [Janll2 (2.15)

The last introduction allows us to find a link between the Knudsen number and the
pseudo-Mach number. Indeed, starting from the definition of Knudsen number, substitut-
ing the definition of macroscopic dimensional reference time and, finally, remembering that
the microscopic dimensional reference length is identical for all the species, the Knudsen

number reads
Kn — lref. o leﬂ’ef. . lh,ref.

L'ref. tref.uref. - tref.uref.

(2.16)

then, we need to remind that the macroscopic dimensional reference time can be linked to
the microscopic dimensional reference heavy particles time introducing the & parameter.
In this way, we will obtain

Kn = le,ref. _ 52 Ue,ref.

Lref. Uref. (2 17)
Kn = lh,ref. _ guh,ref.

Lref. Uref.

the first expression needs to be manipulated again. Firstly, we need to express the ratio
between the dimensional reference electron thermal speed to the reference dimensional
macroscopic velocity as functional of €. Then, remembering that t. ,.r. = 2tye ., we have

Kn — le,ref. _ 62 Ue,ref. _ 52 Ue ref. Uhref. _ Euh,ref (218)
Lref. Uref. Up,ref. Uref. Uref.
hence, by the definition of pseudo-Mach number, we finally obtain
l l l
Kn = rele = teref _ _theef Sy (2.19)

Lref. tref.uref. B tref.uref. B Mah

where the continuty assumpiton is expressed by Kn < 1

Secondly, plasmas are characterized by the presence of electric and magnetic fields. In
this way, during dimensional analysis, we need to take into account also them. Assuming
that the reference electric field satisfies

kBTref.

2.20
QTef.Lref. ( )

Eref. =

such that the intensity of the magnetic field is governed by the Hall parameter, which again
has a different expression for electrons and heavy particles, respectively

B
ﬁe _ Qref. Dref. te,ref. _ 61_b
Meyref. (2.21)
QTef.Bref. 20
= 7th,7‘6f. =&
Mh ref.

where, we introduced the Larmor frequencies for electrons and heavy particles gyef. Bref. /Mires.
multiplied by the respectively kinetic time. In this sense, the magnetic field is assumed
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Table 2.1: Possible b values.

b Tonized mixture

<0 Unmagnetized
=0 Weakly magnetized

=1 Strongly magnetized

to be proportional to a power of the mass ratio through the integer parameter b, which
expresses the magnetization level of plasma. In particular, we can observe that b parame-
ter must not be greater than one for a physical reason. Table 2.1 shows possible extreme
values of b and their respectively physical meanings

In addition, we have assumed that the magnetic field is low such that 5. < Kn.
Consequently, from the definitions given we have

9

1—b
€ L —
May,

(2.22)
which reads

e’ > May, (2.23)

thus, since the pseudo-Mach number is assumed to be of the same order of magnitude of
one and b < 1, the mass ratio parameter has to be very small.

Summing up, the small parameter € that we have introduced in this section gave the
possibility to define three-time scales: two microscopic and one macroscopic. On the
other hand, only two reference lengths are present: one for the microscopic description and
another one for the macroscopic one. Hence, three different velocities have been introduced:
two are thermal speed and describe the physical behavior of electrons and heavy particles,
the third one describes a macroscopic point of view. Finally, the references for electric and
magnetic fields have been introduced thanks to Hall parameter and Larmor frequencies. It
is important to show that

fm U t t t
e — e,ref. _ h,ref. _ e,ref. _ h,ref. _ e,ref. _ @ — Kn Mah <1 (224)
Mhp,ref. Ue,ref. t’l‘@f. tref. th,ref. ﬂe
Introducing the Magnetic Reynolds number like the Hall parameter for electrons, we
have

e

Rep = fe =e'? < Kn = <1 (2.25)

ap
hence, it also satisfies the assumption Re,, < 1, namely the magnetic field induced is
negligible. In this Master’s Thesis work we will show how this assumption drives us through
the definition of the classical Navier-Stokes or the Euler equations with the additional of
the electromagnetic source term, according to [15]. These equations will be found within
the Chapman-Enskog perturbative method starting from Boltzmann equation [23].
From this point, for the rest of only this Chapter, we will refer to dimensionless variables.
They are obtained starting from the normalization by the reference values just introduced.
To simplify the notation, reference quantities are denoted by the subscript ref., while
dimensional quantities by the superscript *. In this context, for instance, the dimensionless
time and the dimensionless length are, respectively
* *
= x= X (2.26)
tref. Lref.
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2.2 BTE: Boltzmann Transport Equation

The Boltzmann equation (BTE, Boltzmann Transport Equation) describes with a statical
approach the behavior of a system in thermal non-equilibrium, in which there are some
gradients, hence transport fluxes are present. This equation does not provide us the perfect
position in the space of each particle, but it can predict a possible statistical distribution
function of all the quantities that we want to study.

The BTE is non-linear where the unknown variable is the probability distribution function
in the phase domain, thus in six-dimensional space: three dimensions for the space and
the other three for the velocity space.

Generally, it is also used to determine the characteristic properties of the fluid. In addition,
with some approximation, from the BTE it is also possible to obtain the Euler and the
Navier-Stokes equations. To make it possible, the Chapman-Enskog method has been used

[23).
Df of
b - (at>wu‘ (2.27)

The general BTE reads

where, in the RHS, there is the presence of convection, diffusion, and collision between
different particles. In the next pages, we are going to develop all these terms. It is
important to remember that, in classical physical space (¢,x), the total derivate reads

Df Of dx
= =5 +(Vxf) —
Dt ot dt
of (2.28)

_E (fo)c

while, when we are considering the phase space domain (¢,x, ¢), it shall be as follows

Df of dx de

Dt ot (fo)'OMJF(ch)'df (229
_af Fer !
—E‘F(VXJC)'C"‘(VCJC)' m

where there were applied the general definitions of velocity and acceleration. Hence, the
velocity is the derivative of the space with respect to time, while the acceleration is the
derivative of the velocity with respect to time. Bringing together equation 2.27 and equa-
tion 2.29, we have the classical BTE where we can easily find the convection and the
diffusion terms

af Femt - 8f
I e CA (230

convection . .
diffusion

where the external force is goven by F¢! = ¢ (E + ¢ x B). The LHS of equation 2.30 is
called streaming operator D; (f;), while its RHS is called scattering collision operator J;.
Hence, with this substitution, the BTE could be also written, in a more syntetic form, as

follow
D; (fi) = J; (2.31)

Being exact, the scattering collision operator reads

Ji =Y Jij (fis 1) (2.32)

jes

where

Jij (fi: ) = / (fif; = fifi) (lei = jll2) 03 dw de; (2.33)
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where o; ; is the differential cross-section, which mathematical expression is

(Ile; = cj12)*
R g LW - 2.34
Oij = Oij (Nm k5Tres, w-e ( )
where we have -
i
— 2.35
Hij m; +my; ( )
and
C; Cj
e= (2.36)
lei — ¢l
where w is the relative velocity given by
c —c
w=-—F" (2.37)
lei — ¢l

i.e. the same quantity denotes by e but computed after the collision. In other words, e
and w represent two relative velocities, the first one before the collision, the second one
after the collision.

This section is based on the kinetic theory, which is, for some aspects, different from the
classical fluid dynamic description. Indeed, in the fluid dynamic description the gas is
modeled as continuos (Kn < 1) in terms of macroscopic variables (e.g. p = p(t,x), or
u = u (t,x), thus we are referring to the physical space). Instead, in the kinetic description,
we assume the mixture composed by a set of species i € S = S U{e} that follow a velocity
distribution function f; in the phase space (t,x,c;), i.e. the possible set of all the positions
x and momenta c;. In this space, the number of particles that have their position and
velocity value in the range of x and dx, is defined from the probability density function
as AN = f(t,x,c;)d*xd®c;. As already said, the mixture is composed of ions, atoms,
electrons, and neutral particles, hence all of them contribute to the global property of the
fluid. In the following sections, we strictly follow the work [23]. However, a more accurate
description is present in [39)].

2.3 Macroscopic properties

According to 23], we define the the scalar product as follows

(=3 [&og @ (2.38)
JES
where Zj is the conjugate transpose of (; and the symbol ® represents the fully contracted
product in space. Consequently, in this context, in 23] is shown that the macroscopic
properties (density, momentum, and total energy) can be expressed as scalar products of
the distribution functions and the collisional invariants. Indeed, we have

pl:<<fawz>>7 iGS:{l,...,NS}
p(Vd - ud) = <<f7 ¢Ns+d>>a de {17273} (2 39>
9 .
pG+“Wj;“>>=«ﬁ¢M“»

where we have introduced the the collisional invariants expressed into axes moving with
the gas mixture, that are

W = (Mibij)es » JES
N8+d — . .
Q,Z) = (Wizczd)iES ) de {1’ 2’ 3} (240)
PNstt — <m¢Ci ) Ci) ,  de{1,2,3}
2 ics
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2.4 Chapman-Enskog method

Firstly we need to write the Boltzmann equation in dimensionless form for electrons and
heavy particles. Respectively, we have

Ofe F. Du
8ft + (uh + Ce) . vae + <m - ]:)th> . Vcefe - (Vcefe ® CE) : vuh = ...
N (2.41)
- Z/ (fefj — fefj) (llce = cjll2) 0ej dw dc;
JES
and, for heavy particles (V i € Sp,) we have
af; F, D
8{5 + (uh + Ci) -Vxfi+ <TTL — Duth> . VCifi — (VCifi ® Ci) :Vuy, = ...
- (2.42)
= Z/ (fif; = fif5) (lei = cjll2) 04 dw de;
jeS

In order to find an approximate solution of the Boltzmann equations for electrons and
heavy particles, referring to [23]; [36] we use Enskog expansion.

In the Chapman-Enskog method, the ionized gas mixture is described at successive order
of the € parameter. The number of the order is chosen according to the different time
scales that we analyzed before.

Firstly, we need to introduce the species distributions functions for electrons and heavy
particles, respectively

Jo= 2 L4 (660 + (200 + (60 + O ()

(2.43)
fi= I |1+ (6 + (0’| + O (F),  Vies,

where f0 and f? are the zero-th order solution which satisfy the Maxwellian distribution
functions at different temperatures. To be exact

3
0_, (™M \* _meCe
Je =me <27rk:BTe> eXp( 2!<:BT6>

3
m; 2 m;C; .
fZO =n; (27TkBT'> exp <_2kBT') , Vie Sy,

(2.44)

In this work, the focus is only based on the Euler and the Navier-Stokes equations. A
brief description of the electrons equations for the same level of approximation is present
but, for a more accurate discussion, we remind to [23]. For these reasons, we will immedi-
ately study the orders €° and €', without considering the lower orders which correspond to
the two microscopic time scales. However, always in [23] a long work describes every step.

Table 2.2: Resume and definitions of electrons variables.

Order Time Heavy particles, i € Sy, Electrons, {e}

g0 tref. Euler 0-th Drift-Diffusion

el tref./€ Navier-Stokes 1-st Drift-Diffusion
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At this point, we substitute the Maxwellian distribution function onto the BTE equa-
tion, then we multiplied the BTE by the collisional invariants and we obtain

wlszZ (fz):”(/szJZ m e {1,...NS,...,N5+d,NS+d+ 1} (2.45)

hence, integration over the velocity yields gives us

/Ib;n'Dz (fz) dc; =/¢:nJZ (fz) dc;, m € {1,...NS,...,N5+d,NS—|—d+ 1} (2.46)

then, we need to sum up the species. In addition, with the usage of the property of the
collisional invariants [23|; [36], we obtain the global conservation equation

(™, D)) = 0, m € {1,..Ny,...Ng+d, Ny +d+1} (2.47)

All the details of the derivations can be found in [39]; [23]; [36].
The same procedure needs to be repeated at each approximation level.

2.4.1 Order zero-th

Finding this solution we will obtain the Euler equations for the heavy particles and the
zero-th order drift-diffusion equations for electrons.

Heavy particles

We obtain three balance laws: continuity, momentun and energy.

op;
(p; —0
o TV (piap)
9 (prun) 1 1 .
g\enan) | g 1) = —ngE B .
ot + PRUL @ Up + Ma%p, Ma}gl ngki + jo X (2 48)
d (pren)

o + V- [(pnen + pr) up) = AE;*
where AE(’)’HE is the energy transfered from the heavy particles to the electrons. In addi-
tion, summing the first equations all over the heavy species i € Sp,, we have the classical
continuity equation

dpn

Electrons

We obtain two balance laws: continuity and energy.

o 1
Pe +V <pelIh + peVe) =0
ot May, (2.50)
O0eCe) LG [(puee +p) W] = — Vo 4 o J B AEG
ot Mah Mah

where AES_)h is the zero-th order energy transfered from the electrons to the heavy par-
ticles.

It is important notice that no equations for the momentum is written. This is one of the
most important aspects about the description of the electrons’ behaviour. They parteci-
pate to the global mass and global energy, but not in the global momentum. Or rather,
their contribution in the global momentum equation is only present in the pressure gradi-
ent and, of course, in the Lorentz force. No additional terms.
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One particular attention is required for the energy equations of heavy particles and elec-
trons. In the heavy particles we introduced the energy transfered from from heavy particles
to electrons like AE(’}_’G, while, in the energy electrons equation we have written the en-
ergy transfered from electrons to heavy particles like AES™". Obviously, these two terms
are equal in magnitude, but they have opposite sign. Indeed, if a determinate quantity is
trasfered from heavy particles to electrons, this means that heavy particles in that situa-
tion are losing energy, but, in the same moment, electrons acquire it. In other words, if
we consider the plasma with One-Fluid model, we do not need to take into account this
contribution, because the sum of these two terms is zero. Moreover, if we are considering a
Two-Fluid model, different equation for heavy particles and electrons need to be written,
and we need to introduce it. Nevertheless, their global contribution is null. Hence, from a
mathematical point of view

AEMe 4+ AEST =0 (2.51)

Summary of the zero-th order

We have just obtained equations two continuity and two energy equations for heavy parti-
cles as well as for electrons, but only one momentum equation for heavy particles. All these
equations are written in non inertial reference system, thus we have introduced J. which
is the electrons conduction current in this reference system and E' = E + Majuy, x B, i.e.
the electric field in heavy particles reference system. Of course, we can write the same
equations in an inertial reference system by substituting J. with j. and E’ with E. These
will be arguments of the next Sections.

2.4.2 Order one-st

We need to introduce the following defintions for heavy particles

Heavy particles

0p; €
a? +V- (piuh + Mahmvz) =0
Opntin | < Oyt — I>+ © V- (rh 4 7.) = pnaB o+ (o +) x B
. u u — 2V T Te) = a2 "
ot PrUp h Ma%pﬁ Ma% Ip T1e Ma% q JoT1J)
a(pheh) 13 . 3 /
3 (pnen) ' 1 : __f . = J,-E +..
5 + V- (prenun) + (prl + e7y) : Vuy, MahV an + May, 4 -

o+ AENTC 4 cAERT
(2.52)
where AE{L_’e is the first order energy transfered from the heavy particles to the electrons.
In addition, summing the first equations all over the heavy species i € Sp,, we have again

P
% F V- (ppup) =0 (2.53)

In other words, the contributon of the mass diffusion is null if we take into account all the
species.
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Electrons
Ope 1 € 9
[ pr— 0
o TV (pe“h T Man Ve T May, Ve
0 (pee 1 - : 1
(gie) + V- (peeetty) + peV - uy, = ——Iahv (Ge +24?) + May (Je+eJ2)-E + ...

o4 eMapJ, - up x B+ AEST 4 e AESTH
(2.54)
where AEth is the first order energy transfered from the electrons to the heavy particles.

Summary of the first order

From the definition of Knudsen number (see equation 2.19) and, with the initial assumption
May ~ 1, we can write the last equations in a more compact form. In this way, we
emphasize the scale on which the transport takes place. It is well known that we are
considering the continuous model, thus Kn < 1. In this context, the last equations put
in evidence which are the principal terms involved in the physical description. These
equations will be manipulated in the next pages to obtain something more useful for our
project.

Note that these equations are always written in a non-inertial reference system which is
moving with the mean flow velocity u.

2.5 Transport fluxes

Solving the conservative equations, we need to introduce some closure equations in order
to compute the viscous stress tensor, the heat flux, and the density current. These three
terms are related to the thermodynamic and transport properties of the flow. In this sec-
tion, we will analyze how they can be computed.

All the following expressions are obtained in the most generalized case for weakly or unmag-
netized plasmas in thermochemical non-equilibrium, thus two temperatures are present.
Instead, in the case of thermochemical equilibrium is easy to get the equations from the
ones just mentioned, with the only constrain T, =T}, =T

2.5.1 Notation

In the most general case the transport fluxes are anisotropic, that is their mathematical
translation is a tensor. It is important to remember that this is valid only in the presence
of a strong magnetic field applied. In the case of weakly and unmagnetized plasmas, the
transport coefficients are well expressed by the isotropic functions, i.e. scalar quantity. In
order to generalize the treatment, we need to introduce the unit vector of the magnetic
field as

B
B=-—-— (2.55)
B2
then the following matrices
Ml =B B
M'=1-B®B
0 —-Bs By (2.56)

M® = | B; 0 -B
—-By B 0



2.5. TRANSPORT FLUXES 19
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Figure 2.1: Notation for anisotropic transport coefficients.

hence, the vector x can be spitted into

xIl = Mmllx
xt =Mtx (2.57)
x® = M®%x

where, in the (x, B) plane, xl is the component of x parallel to B, x* is the perpendicular
direction with respect the magnetic field, while x® in in the transverse direction. In
additon, it is simple to verified that x = xIl + x*. Figure 2.1 shows what just explained.
In the most general case, when strongly magnetic fields are externally applied, the transport
coefficients are anisotropic, given by

p=Mdl M+ MO (2.58)

where o is the general transport coefficients that we want to analyze. It is important
to note that this is the most complicated situation. Indeed, when we are considering
not strongly magnetized plasmas, for instance, the weakly magnetized (b = 0) or the
unmagnetized case (b < 0), the anisotropic structure of transport coefficients drops down.
In these last situations, the transverse component of the transport coefficient is the first to
vanish ® = 0, while the perpendicular transport coefficient tends to the parallel one, i.e.
ut — u”. From a physical point of view, this means that transport is efficient in the same
plane where the magnetic field is present, while no transport is present in the transverse
direction.

2.5.2 Diffusion driving forces

In this section, we introduce the diffusion driving force for electrons and heavy particles.

Electrons

The first-order electrons diffusion driving force reads, according to [23], as follows

1
d. = — (Vp6 — nequ,) (2.59)
Pe
while, the second-order electrons diffusion driving force is given by
Nede

e

d?=—

e

Mazuy, x B (2.60)
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These are the mathematical expressions for strongly magnetized plasmas. We remember
that the intensity of the magnetic field is taken into account by the b parameter. For
strongly magnetized plasmas its value is one. When we are considering weakly magnetized
or unmagnetized plasmas (b = 0 and b < 0, respectively), some modifications appear.
Obviously, in these cases, the effect of the magnetic field is lower than in the previous, i.e.
strongly magnetized plasma. In this sense, remembering that E' = E + uj, x B (with the
approximation of the pseudo-Mach number), the second term in the RHS can be neglected.
Hence, we will have for the first-order electrons diffusion driving force

1
d. = ]7 (vpe - neQeE) (2'61)

while no change is present in the second-order electrons diffusion driving force.

Heavy particles
The heavy particles diffusion driving force reads, according to [23], as follows

1 .

di = ]Th (sz - niqiE' — nin’e) s 1€ Sh (2.62)
where F;. is the average electron forces acting on the i-th heavy particles. This terms
gives us the possibility to link the behaviour of heavy particles with the electrons one. The
most general mathematical expression for the average electron force acting on the heavy
particles i is the following

Pe

Fio= o [geide —X°V (In Te)] . ieS, (2.63)

where, with the initial assumption May, ~ 1, it reads

Fie:_&[

- |ede — xV (mTe)} . ieSy (2.64)
7

Both the last equations show the link between hevay particles and electrons, The av-
erage electrons force that acts of heavy particle is proportional to the electron diffusion
driving force and the electron temperature gradient through the electrons pressure and the
mixture number density of the i-th heavy particle. In addition, we specify that o, and hot
are the anisotropic transport coefficients. For weakly and unmagnetized plasmas, where
the transverse coefficients drop down to zero and the perpendicular ones are identical to
their parallel component, the simplified version of the average electron force acting on
heavy particle i is presented as follows

Fio = — % lade — (VT i€ 8, (2.65)

(2

where ae; and x§ are the isotropic transport coefficients.
Equation 2.62 can be written again as function of only the temperature of hevay particles,
thus thanks to the ideal gas law p = pRT/M = nkgT, we have

_ 1
" nkgTy,

di (Vpl — niqiE’ — niFie) s 1 E Sh (266)

then, substituiting equation 2.65 in last expression obtained, we will have

1
d;, =
nk:BTh

(Vpi = nigiE + peaieide — pex§V (InTe)], i€ S, (2.67)
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2.5.3 Diffusion velocities

In this section we introduce the diffusion driving force for electrons and heavy particles.

Electrons

Kolesnikov [29] found how the thermal diffusion influences the heavy particles diffusion
velocity
The first-order electrons diffusion velocity reads, according to [23], as follows

Ve = —Dc[de — xV (InT)] (2.68)

while, the second-order electrons diffusion velocity is given by

v = Z QejVj (2.69)

JESH

Heavy particles

The heavy particles diffusion velocity of species i € Sy, reads, according to [23], as follows

v =— Z D;; |:di + xn,;V (InTp) — ;LZFZE] ,  1ESK (2.70)
: h
JESK

where Kolesnikov included, also, the cross contribution electron temperature gradient mul-
tiplied by the thermal diffusion of electrons [29], i.e. the term x.;V (InT¢).
Equation 2.70 satisfies the mass conservation constrain

> pivi=0 (2.71)

JESK

2.5.4 Stress tensor

In this section, we introduce the stress tensor for electrons and heavy particles. In classical
fluid dynamics, it is associated with the pressure contribution perpendicular to the surface
and the viscous stress, governed by Newton’s law. Here, the same concepts are present,
but the introduction of electrons has to be taken into account. Obviously, the total stress
tensor will be

T=T,+T, (2.72)

Electrons

Electrons do not contribute to shear stress due to their mass disparity compared to heavy
particles. Indeed, the dimensionless parameter € is very small. Hence, we have

T.=0 (2.73)

Heavy particles

The heavy particles viscous tensor reads, according to 23], as follows
Ty = —phS (2'74)

where the tensor S is defined, for Newtonian fluid with the application of Stokes’ hypothesis,
as follows

2
S = Vuy, + (Vu,)? — 3 (Voup)I (2.75)
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Finally, we can obtain the general form of the stress tensor. No contribution of electrons
must be considered. For this reason, we can omit the subscript h in the transport property.
Hence, we have

) - % (V)L (2.76)

4
2510 : 35—
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Figure 2.2: Effect of the pressure on the dynamic viscosity and the ambipolar electric field
for air 11 species.

2.5.5 Heat flux

In the simplified situation, we can express the heat flux thanks to Fourier’s laws, hence
the heat flux is supposed to be proportional to the temperature local gradient through
a coefficient, that we call thermal conductivity. It is important to remember that the
negative sign, which is present in this Law, means that the heat transport is against the
temperature gradient, that is the heat flux is from a hotter body to a colder one. However,
Fourier’s law is a strong simplification. In this section, we will show the main contribution
of electrons and heavy particles in the total heat flux. Obviously, the total heat flux will
be

A=+ an+a (2.77)

hence, according to [50], we have
q = - ()‘h + >\e + )\Saret + )\R) vT (278)

where A\g is the reactive thermal conductivity, and it can be expressed by the classical
contribution and by the Brutler-Brokaw reactive thermal conductivity, as figure 2.3 shows.
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Figure 2.3: Contributions in thermal conductivity A for air 11 species, p = 1 atm. Reactive
thermal conductivity and Brutler-Brokaw reactive thermal conductivity. FEffect of the
pressure on the different approximations.

Electrons

The first-order electrons heat flux reads, according to [23], as follows
qe = —A VT + PeXeVe T peheve (2'79)
while, the second-order electrons heat flux is given by

qg = Pe Z Xe,jVj + Pehevg (2.80)
JESh

where the translational thermal conductivity A, and the thermal diffusion ratio x.r; of
electrons are expressed with the second order Laguerre-Sonine approximation [36]; [35].
The effects on the thermal electron conductivity of the pressure and the magnetic field is
shown in figure 2.4.
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Figure 2.4: Anisotropic electron thermal conductivity.
magnetic fields.

Heavy particles

Effects of the pressure and the

The heavy particles heat flux reads, according to [23], as follows

an = —MVTh+pr > XngVit+ > pihiv;
jes

(2.81)

where the translational thermal conductivity (A) and the thermal diffusion ratio (xp r;) of
the i-th heavy particle are expressed with the second order Laguerre-Sonine approximation
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[36]; [35]. In addition, h; is the specific enthalpy. The latter is made up as follows
hi = hr; + hp;, 1e€8), (2.82)

where h7; is the specific translational enthalpy evaluated at the translational temperature
T}, of the i-th heavy particle, while hr; is the specific formation enthalpy.

Equation 2.81 can be also written as function of only the temperature of heavy particles,
thus thanks to the ideal gas law p = pRT /M = nkgT, we have

qn = — M\ VT +nkpgTy Z Xh,jVj + Z pih;v; (2.83)
JES jES

Finally, from equation 2.83, the electrical conductivity is the sum of two contributions: the
classical Fourier and the correction called Eucken. The first term is the dominant at low
temperatures, where the behaviour of the thermal conductivity is similar to the dynamic
viscosity. Indeed, we seek its approximation thanks to the Prandtl number defintion. In-
stead, the second term takes into account the rotational, vibrational and electronic thermal
conductivity. Hence, its contribution is bigger at high temperature.

2.5.6 Density current

This is a crucial point for our work. Indeed, this Master’s Thesis aims to introduce the
electromagnetic source term to evaluate its effect on the classical solution of the Euler or
the Navier-Stokes equations. In this context, the electrical conductivity of the mixture
must not be equal to zero, because, if this should not be true, obviously the conduction
current will be null, and, consequently, no source terms will be in our system. In this
section, we introduce the contribution of electrons and heavy particles to the total electrical
conductivity. The total heat flux will be

i=le+in+i2+nqu, (2.84)

that stores both the conduction and convection contribution. In addition, the electrical
conductivity reads
oe =Y niqiDijki; (2.85)
i,jES

which is present in the generalized Ohm’s law for magnetized ionized gas mixtures (note the
substitution of the mean heavy particles velocity with the mean velocity and the assump-
tion of isotropic electrical conductivity, i.e. we are considering weakly or unmagnetized
mixtures)

. 1 Yip
= . (E B) — § —— 1 — ...
j=nqu+o.(E+uxB) 2 [nkBTthj nkBThv( np)
hjes (2.86)
. — E IXh,;V (InTh) xe,; V (InT¢)]

1,j€S

which shows how the current flows. Three different mechanisms are presented: the first one
is associated with the convection term (this is the term that, with the MDH approzimation,
is assumed to be null), the second one is related to the conduction term, while the last one
is due to the presence of spatial temperature and pressure gradients. Generally, the order
of magnitude of electron diffusion velocity with respect to that of heavy particles depends
on the driving forces. In general, there are two common cases:
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e No spatial gradients: in this situation, the density current is given only by the

interactions between the electromagnetic field and the velocity field. No driving
forces associated with pressure and thermal gradients are present. Hence, it can be
shown that the heavy particles diffuse slower than the electrons, hence

[Villz < [[Vell2, i€ Sp=38\S (2.87)
thus, the total density current is dominated by the electrons’ contribution, therefore
J e = negeve (2.88)

In this case, the electrical conductivity is given by
Oc = NeqeDeeke (2.89)

where the electrical conductivity given in equation 2.89 is expressed by the first and
the second order Laguerre-Sonine approximations [36] and [35].

Ambipolar assumption: in this case, the electrons diffusion velocity is the same
order of magnitude as that of ions, hence

[villz ~ [[vell2, 7 € Sp\Sn (2.90)

where S, represents the set of neutral heavy particles. The ambipolar assumption
written with its mathematical translation is

> xigv; =0 (2.91)
JjeS

which meaning is that the conduction current is assumed to be zero, therefore
i~0 (2.92)

Under the ambipolar assumption there is the possibility to have an electric field. This
is shown as a function of the temperature in figure 2.2. The effects of the pressure
and the magnetic field on the electrical conductivity are shown in figure 2.5.
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2.6 Overview of transport fluxes

In the previous sections, the description of all the different fluxes for electrons and heavy
particles has been shown. Summing up, there are three main transport fluxes: diffusion
velocity, stress tensor, and heat flux. General expressions for each one of them have been
written in the previous sections. In these definitions, transport coefficients appear. They
are what we need to compute to obtain the numerical solution. In general, we can say that
they are strongly dependent on the temperature and the pressure of the mixture. These
coefficients are well computed by the Mutation +-+ library [52]; [51]. Then, in the most
general case, the transport matrices for electrons and heavy particles can be assembled
and, finally, the fluxes will be computed. Here it is shown a general resume.

Table 2.3: Resume and definitions of heavy particles variables, general case.

Heavy particles, i € Sp, Simbol Definition
Pressure Ph npdh
Charge nLqn Z nig;
ieC
o . 1
Diffusion velocity Vi — | C,fip; dC;
n;
. . €
Mean species velocity u; u, + —v;
May,
Viscous tensor T Z /miCi ® C; fip; dC;
1€SK
Conduction current density jn Z Qi Wy
€S
. 1
Heat flux ahn Z / §mZCZ - C;C; fi0; dC;

1€SH
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Table 2.4: Resume and definitions of heavy particles variables.

Def. b<1
1
d; Diffusion driving force — (Vpi —n;q;E — niFie)
Dbhn
1
vi [ citondc =3 Dyd; — 61V (InT})
i jesn
2
T /mici ® Ci figi dC; —Hh [Vuh + (V)" — 3 (V- uh)I]

€S

) 1
a Y / gmiCi - CiCifigi dC; > pihivi — VT +nkpTh > knriv;
1€S, JjES JjES

Table 2.5: Resume and definitions of electrons variables, general case.

Electrons, {e} Simbol Definition
Pressure Pe nele
Charge NeQe -
o : 1
Diffusion velocity 1st order Ve — / C.fepe dC,
Ne
. . . 2 1 2
Diffusion velocity 2nd order v — [ Cefed: dC,
Te

Mean electrons velocity 1st order Ue uy, + Ve
May,

Mean electrons velocity 2st order u? u. + v2
May,

Viscous tensor T, / C. ® Cefetpe dC,
Conduction current density 1st order Je NeGeUe
Conduction current density 2nt order j2 neqeug
. 1
Heat flux 1st order e 506 - CeCefepe dC,

1
Heat flux 2nd order Q2 / ice . CeCefed% dC.
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Table 2.6: Resume and definitions of electrons variables, first order.

Def. b<0
1
d. Diffusion driving force — (Vpe — nequ')
Pe
1
Ve . / Cefee dC, —D.d. — 6.V (InT,)

(=)

Te /Ce ® Ce fepe dC,

1
qe / §Ce : Cecefe¢e dCe _Dede - eev (ln Te)

Table 2.7: Resume and definitions of electrons variables, second order.

Def. b<0
d?  Diffusion driving force flele Majuy, x B
€
1
VZ n/cefe¢g dC. _5bODedg - Z Oéejd?
¢ JE€Sh

. 1 c
qg /206 . Cecefed)g dCe _5b0p€0€d§ - pe Z X]d.? + pehevi
JESK
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2.7 Conservation equations

In this section, we briefly summarize the equations obtained by using the Chapman-FEnskng
method. We will show how, starting from these sets, we will obtain the classical form of the
Euler and the Navier-Stokes equations, keeping in mind the initial assumption May ~ 1.
Consequently, it is important to understand the physical contribution of the ¢ parameter.
It is very small for the hypothesis introduced in [23]. Hence, in the next step, we can
assume to neglecting these terms according to the previous works [36];[35]; [50]. Anyway,
all the equations obtained read

Ipe .
8pt +V- (peuh) +V- (peve) = We
8pi . .
ot + V- (piup) + V- (pivi) = wi, 1€ 8y,
0
W+V'(Phuh®uh+p1)—V‘(—Th):an+jh><B, i € Sp
0 ev-e . 3 (& [&
(gte : + V- [(pe€e +pe)up] = V- (=qe) =je - E+ AEO—”L + AEl_m
8 (& . . e e .
(pa’;h)+V-[(ph€h+ph)uh]—v~(—Thuh—qh)—Jh‘E—i-AE[})L% +AE{L% , 1€ 8y

(2.93)
now, remembering that the total pressure is defined as p = pe + pp, the totale mixture
number density is n = n. + np, the total mixture charged is defined as p. = nqg = neqe +
Zjesh n;qj, the total heat flux is q = g, +qy +¢2, the total stress tensor is only composed
by the heavy particles contribution, the total density current is j = je + jn +j2 + nquy, the
total momentum is associated only with the heavy particles contribution, i.e. pu = ppuy,
the mixture internal energy is pe = pee. + pren, the total stress tensor is given only by
the heavy particles contribution, i.e. T = —7; = uS, while the total energy is pE =
pe+pp (|upll2)? /2 (where the kinetic energy reads as reported in [23]), the heavy particles
mean velocity corrisponds to the general velocity vector u = (ug, ..., ud)T where d is the
dimension of the problem, we have

aaf: + V- (piu) -V- (—J,) :d}i, 1€ Sh
8(8?)+V'(PU®U+pI)—V~T=ch+j><B (2.94)
0 (pE)

5 +V-[(pE+pul-V-(ru—-q)=j-E

that is the classical set of Navier-Stokes equations for chemically reacting and conducting
flows. In this Master’s Thesis work we are going to consider chemical equilibrium. In this
context, no diffusive terms for the mass equations need, in addition, the mass equations
must be substitute with the global continuity law. Hence, we have

op B
a—l—V-(pu)—O
a(aptu)+V-(pu®u+pl>—V-r=ch+j><B (2.95)
8 (pE o
(gt )+V~[(pE+p)u}—V‘(zu—q)=J'E

which are the equations that describe the physical model of Magneto-Fluid Dynamics under
the assumption of frozen flow (Da — 0) and no induced magnetic field (Re,, < 1). For
our application, the electric and magnetic fields are externally applied.
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2.8 Summary

This chapter showed which are the sets of equations that we introduced in the High-Order
Unifying Framework [59] and how the high temperature can change the physical properties
of the gases. These characteristics are evaluated with the library Mutation++, developed
at The von Karman Institute for Fluid Dynamics (VKI). The interface between the two
codes (High-Order Unifying Framework and Mutation+-+) has already been developed by
Devesse [20] and it was used to create the physical model of this Master’s Thesis. Figure
2.6 shows the general scheme for the library Mutation++-.

MixtuL

Thermodynamics :

Transport Kinetics

«interface» «interface» - i n «interface» «interface»
Transfer StateModel ¥ interlace. i [T Reaction RateLaw
Mode! = i1 |ColisionDB Viscosity I T
= : : RateManager
«interface» ¥ rfaceStat |
: ThermoDB «interface» i i urtaceState ;
: Thermal H o ¥ ]
! Conductivity X StoichiometryManager ' '
¢ | MultiPhaseEquil Algorithm [ v |
Solver JacobianManager E Properties | | Properties ‘
; «interface» i ik |
{ Diffusion ¥ i '
Matrix \ : ThirdBodyManager
| Sec. 2.3.1. Thermo. | | Sec. 23.2. Transport ! Sec. 2.3.3. Kinetics !\ Sec. 2.3.4. GSI

Figure 2.6: Mutation++ structure and different module. How the micture properties are
computed. The picture taken from [51].

The next pictures are related to the air with 11 species, i.e. e=, N*, OF, N2+, O;,
N, O, NO, Ny and Oy but only three elements, i.e. oxygen, nitrogen and electrons. The
reactions are ruled by the Park’s mechanism [45]. Figure 2.7 describes the mass fraction
Y; = m;/m. We will use only this mixture to create and validate the new model of this
Master’s Thesis. It will very simply be to adapt it to more mixtures, or to change only the
mixture, for instance, dioxide of carbon with eight species, argon with three species, etc...
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Figure 2.7: Mass fractions for air 11 species.



Chapter 3

Physical models and governing
equations

By now it is well known that the High-Order Unifying Framework developed by May et
al. [59] works with the conservative form of the equations. This chapter will show the
governing equations and the physical model of our interest.

3.1 The physical significance of balance equations

The typical balance equation is the mathematical translation of the basic physical princi-
ples. It reads, in the differential form, as follows
0¢ .
—+V. - &= 3.1
! ? (31)
where ¢ is the variable of our interest, ® represents its flux, and (b its production with
respect to the time. All these variables are referred to the volume. The flux can be split into
convective and diffusive parts. The first one is associated with the macroscopic behavior
of the flow field, while the second one with the microscopic mechanisms which are present
everywhere else. In this sense, by applying the convection-diffusion splitting, the total flux

is expressed as follows
® =pjpu+J (3.2)

hence, bringing together equation 3.1 with equation 3.2, we have

%+vmmm+VJ=¢ (3.3)
that corresponds to the typical balance law written in the conservative and differential form.
The same can be also written in the integral form. In this sense, we are not considering
an infinitesimal volume of fluid, but an integral volume. It is important to notice that
the volume €2 is arbitrary. Hence, it is possible to integrate equation 3.3 and, with the
application of Gauss’ Theorem, we can write it as follows

d/¢m+/pmwmm+/qum:/¢m (3.4)
dt Jo 00 00 Q

that is the classical integral form of the balance equation.

Equations 3.3 and 3.4 are the general balance laws that describe the fluid motion. These
forms still persists also when electromagnetic fields are applied to the fluid. In the next
steps, we are going to write equation 3.3 by specializing for mass, momentum, and matter
energy.

33
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3.2 Nayvier-Stokes equations for electrically conducting flows

In the most general case, the fluid can be considered as a mixture that contains different
species, each one with a given density. Its variation during the time can be caused by
the convection phenomena, the production through chemical reactions, and the diffusion
expressed by Fick’s law. Hence, we can write equation 3.3 for each specie density as follows

pi
ot

where the diffusive flux is expressed by

+ V- (pin) = V- (=Ji) =w; (3.5)

where v; is the diffusion velocity (in S.I. [m/s]). It is important to notice that the sum
over all the species of the different diffusive fluxes is null. In other words, if we consider
the fluid from a global point of view, we do not see its contribution. Therefore, the total
mass cannot diffuse. It is also important to notice that the global density of the mixture is
given by the sum of each density p = Ziisl p;. Hence, if we sum together all the equations
3.5, we will obtain the global continuity equation, which reads

dp

— +V-(pu)=0 3.7

LV (o) (37)
The same passages need to be applied to obtain the momentum and the energy equations.
Hence, we have

0
E;)tu) +V- (pu ®u +pl) -V T = chappl. +j X Bappl.
(3.8)

I(E) | . [(pE+p)u] =V - (tu—Jy) =j- Eqp

ot

where J,, is part of the energy diffusive flux and it stores both the heat contribution (given
by Fourier’s Law) and the electromagnetic effects.

3.3 Maxwell equations

In S.I. Maxwell equations describe the behavior of the electromagnetic field. Their most
generalized expression, that is used when there is also the presence of electromagnetic
source (which are mathematically described by the density charge p. and the conduction
current j), they read

vV-E="
€0
V-B=0
3.9
VxE:—a—B (3.9
ot
. OE
V x B = poj + poco—;

ot

where the speed of light is defined, through the vacuum permeability po (in S.I. [H/m])
and the vacuum permittivity 9 (in S.I. [F//m]), as follows

CcC =

— 299792458 (3.10)
Moo S

In general, the Maxwell equations are the mathematical translation of different physical
principles: the last two, where there is the presence of the curl of the electric and magnetic
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fields, and they have connected with the other field thanks to the partial derivative with
respect to the time, are called Faraday’s Law and Ampére-Maxwell’s Law, respectively.
These two equations established the link between the electric and the magnetic field. The
variation in the time of one field originates the other one, thus the electric and magnetic
field can be thought of as an electromagnetic wave that propagates with the speed of light,
which is a physical value constant that nobody can reach. Instead, the first two equations
are called Gauss’ Laws for the electric and magnetic fields. The second one tells us the
solenoidal property of the magnetic field. The same is satisfied by the electric field only
when there are not source terms to be taken into account, i.e. where the density charge is
null.

In the numerical discretization, these are the possibilities to have some discontinuities at
the interface between two nearby mesh elements. When we are computing the numerical
solution over time, these discontinuities propagate with the speed of light and they will
transport signals that affect the solution after a determinate time.

3.4 Magneto-Fluid Dynamics

If the flow can conduct electricity, there will be a mutual interaction between the fluid flow
and the electromagnetic field. These interactions are only possible if in the mixture there
is the presence of charged particles, thus electrons, but not only, also positive ions, e.g.
cation. As a consequence, for low temperature, when the system does not include these
charged particles, the physical model, that we are going to describe in this section, is not
possible to apply. Or rather, it is possible to apply it, but no changing should be present in
its solution compared to the solution computed with the classical Navier-Stokes or Euler
equations.

The presence of charged particles in a fluid under the application of externally electric
and magnetic fields introduces a new external force: the Lorentz force. In addition, we
should also take into account that the electric field is the sum of the induced electric field
and the electrostatic part. On the other hand, also the magnetic field can be split in this
way. Generally, we can define the electric and the magnetic field as functions of a scalar
potential ¢ and a vectorial potential A, i.e.

oA
E=-V¢— —
VO o (3.11)

B=VxA

Electric and magnetic fields create the electromagnetic field. During its numerical simu-
lations, discontinuities appear at the interfaces. As a consequence, when we compute the
solution over time, different waves propagate with the speed of light. These waves are
the consequence of numerical discontinuities. On the other hand, the same happens for
the normal fluid dynamic problem. The biggest issue is related to the magnitude of the
propagation velocity of the discontinuities. In classical fluid dynamics, the discontinuities
propagate with the speed of sound, which is a thermodynamic property of the mixture
that we are considering, due to the fact it is proportional to the square root of the temper-
ature. In the electromagnetic simulation, the discontinuities propagate with the speed of
light. In this context, the two speeds have different orders of magnitude. Hence, when we
are going to select the correct time step to compute the solution along the time, we must
consider the most restrictive case, i.e. the speed of light. Therefore, the stability condition
introduces the correct time step for the electromagnetic part of the simulation, while a
too short temporal stencil for the fluid dynamic problem. Hence, the electromagnetic field
will be well computed, while the fluid dynamic field not. This is the biggest disadvantage
of Magneto-Fluid Dynamics numerical simulations. In order to overcome this problem,
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different numerical methods were proposed in the previous years, like [17]; [18]; [33]; [34];
[32]; [31]; [6]; [16]; [19]; [7]. From a mathematical point of view, we can affirm that the
system mades up of Navier-Stokes and Maxwell equations is stiff. Hence, the stiffness of
the system is associated to stability conditions. However, the scope of this Master’s Thesis
is not based on the development of a numerical method to evolve over the time the full
Magneto-Fluid Dynamics system. We will base this work on the steady-state solution of a
physical model valid when the Magnetic Reynolds number is very small.

In this section, a method to develop the physical model is shown starting from the classical
conservation laws. After, the MHD approximation is introduced, then we will focus our
discussion on the set of equations of interest of us.

3.5 Derivation of Full MFD system

At this point, we have already written the Navier-Stokes equations for electrically con-
ducting flows. In addition, also Maxwell equations have been presented. For a three
dimensional problem (d = 3), we will have d + 2 scalar equations which arise from the
Navier-Stokes equations, 2d 4 2 scalar equations from Maxwell’s ones, one scalar equation
for the continuity of the charge, and Ny continuity equations, one for each species.

All these equations make up the full Magneto-Fluid Dynamics system. In the next section,
we will introduce some physical approximations to reduce the complexity of the system.
In these terms, we will introduce the simplified Magneto-Fluid Dynamics system.

3.5.1 Simplified MFD system

In engineering applications, especially for aerospace ones, the full system is not solved.
Several numerical methods were developed in the previous years, but the huge computa-
tional cost still to be very high. In order to make it considerable for our application, we
introduce the MHD approzimation. It is a list of hypothesis which give us the possibility to
simplify the full Magneto-Fluid Dynamics system of equations under particular conditions.
Here, there is the presentation of the different hypothesis:

e Displacement current density: the displacement current density, that is the term
eo0:E, is the lowest of the terms present in the Ampére’s law. In fact, in typical
engineering applications, the electric field does not change during time with very
high frequencies. If this happens, this hypothesis is not possible to apply. In the
other cases, we can neglect it. Hence, Ampére’s laws, under this condition will be

V x B = uoj (3.12)

thus, if we apply the divergence operator, remembering that the divergence of the
curl is always null, we will have

V-j=0 (3.13)

therefore, from the continuity equation for the charge, this means that there will not
be variations over the time of the total charge density. In other words, the latter
remains constant in time, thus it is a function only of the space, i.e.

pe = pc (t,X) — pe = pe (X) = pe (v1, 72, 73) (3.14)

e Convection current density: this second hypothesis can be thought of as derived
from the previous one. Indeed, if we consider the total current density we have

j = jconv. + jcond. (315)
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thus, we have split the current density into two terms: the first one related to the con-
vection part and the second one which describes the conduction phenomena. These
two terms have not the same order of magnitude, more preciously we have

Hjconv.||2 < Hjcond.||2 (3.16)

hence, this hypothesis is based on the denial of the first term. As a consequence,
it is simple to understand that there is not the possibility to have the velocity field
null because this should mean that we are considering a static case and convection is
not possible if everything remains in its positions. Then, we need to impose that the
density charge is null. This second hypothesis is not always applied. For instance,
if we are considering D’Ambrosio’s approach [15] we need to introduce it, while if
we would like t to follow Giordano’s approach [22] we do not take into account this
second hypothesis.

Finally, from the first two hypotheses, we have assumed that the density charged is
a function only of the space and it could be considered null.

e Generalized Ohm’law: at this stage, the current density is made up only of the
conduction term. In this sense, we need to introduce a physical model to write the
physical phenomena into a mathematical form. The generalized Ohm’s law gives us
this possibility. It models the conduction term as follows

Jeond. = 0e (E+u x B) (3.17)

Summing up, the MHD aproximation return us two main ideas: the density charge does
not vary during the time and it could be assumed null; the current density is modeled with
conduction term that is described by the generalized Ohm’s law.

From this point, it is very simple to understand why we obtain a simplified Magneto-Fluid
Dynamics system. Indeed, from Ampére’s law, with the results of the approximation just
adopted by D’Ambrosio, we have

V x B = 0]

3.18
= pooe (E+u x B) (3.18)
where the only unknown variable is the electric field, hence
1
E= VxB—-uxB (3.19)
Ho0e
that can be substituted in the Ampére-Maxwell’s law, thus
1
Vx( VxB—uxB>_—8tB (3.20)
H00e
that, after some manipulations, give us the magnetic induction equation
0B 1
—+V- (u@B-B®u)+ Vx(VxB)=0 (3.21)
ot Ho0e

The mathematical passages that we have just made to obtain the magnetic induction
equation are written in [15] where there is shown that this introduces the coupling be-
tween the Navier-Stokes equations and the Maxwell equations. Indeed, modifications in
the momentum and energy equations appear as a consequence of the introduction of the
Maxwell stress tensor. It stores the contribution of the magnetic pressure and also one term
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links with a fictitious magnetic stress (B ® B) /ug. Finally, we can write the simplified
Magneto-Fluid Dynamics system for non-thermochemical equilibrium as follows

pia
pu
pi ) —Ji
B B®B
o[ o [y (B2 Be 0
a2 | 7@ +V- 210 Ho -V T =..
pEp (I|B2)? u-B Tu—q
+ pEpg + u-—B
B (p pPep 2410 1o 0
u®B-B®u
wj
0
1 0
= ... 1
H00e ; (VXB)2+B (V2B)i|
0
V’B

(3.22)

where an additional continuity equations are present, one for each species in which the
mass flux J; is expressed by equation 3.6. In addition, a modified value of the total energy
per unit of mass is expressed by the following formula, where there is also the introduction
of the magnetic field

pEp = pE + M
o (3.23)
2 2 .
) <e+ () ) . U8l

If the non-equilibrium thermochemical kinetics is neglected, no diffusive and source terms
there will be in the continuity equations, hence the simplified Magneto-Fluid Dynamics
system written in the conservative form will be

pu
Bl2)? B®B
’ s (o 1B
2 | pu 2410 Ho T
— +V- ) V. =
ot | pEp B +(||B||2) u_u-BB TU—q
B prpEn 2410 1o 0
u®B-B®u
0
— 1 1 0
- hooe | o (VxB) +B-(V°B)|
0
V’B

(3.24)

hence, in general, the simplified Magneto-Fluid Dynamics system for thermochemical equi-
librium is made up of two vectorial equations and two scalar equations, instead of the
classical one vectorial equation and two scalar equations of the Navier-Stokes system.

Now, two limiting cases based on the Magnetic Reynolds number parameter are pre-
sented
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e Small Magnetic Reynolds number: in this case, the complexity of the system
is reduced. It is the classical set of Navier-Stokes equations with the additional
electromagnetic source term, composed by the Lorentz force and the Joule heating,
respectively for the momentum and energy equation. It is the system of the research
studies in this Master’s Thesis work. In this situation, the magnetic field is called
rigid. Indeed, the magnetic field can be thought of as the sum of the applied and the
induced magnetic field, i.e.

B = Bappl. + Bina. (3.25)

hence, the last equation of system 3.24 can be modified. In order to make it we need
to remember the mathematical vectorial identity

V.- (ueB-B®u)=u-VB-B:-Vu+B(V-u)+u(V:B) (3.26)

and, from Gauss’s equation for the magnetic field 3.9, we can simplify the last term
as a consequence of the solenoid property of the magnetic field V - B = 0. Hence,
equation 3.26 reads

V-u@B-B®u) =u-VB-B-Vu+B(V-u) (3.27)

then, with the substitution of the equation 3.25 and the application of the property
3.26, the last equation of the 3.24 system reads

atBappl, + 0Bipg. +u- VBappl. +u-VB4 — Bappl. -Vu-—..

(3.28)
e = Bing - Vu+ By (V1) + Bing (V1) = v, VB, + v V2Bina,
where the magnetic viscosity has been defined as vy, = (uooe) " (in S.L [m?/s]. In
addition, we recall that the applied magnetic field does not change over time and
space, thus the last equation is now written as follows

0Bina. +u- VB4 — Bing - Vu+ B (V . u) =..

. (3.29)
e = Bappl. -Vu — Bappl. (v ’ u) +vmV'Bina.

now, we can estimate the order of magnitude of each term. Before, we need to
remember that we can define two reference times. We define both them starting
from a reference length [, the magnetic viscosity v, and the fluid velocity ||ul|s.
Thus, we have:

— Time for the adaptation of the magnetic field at the fluid motion, i.e the typical
physical time of the induction mechanism, which reads

L2
ty = <L (3.30)

Um

— Time to evolve of the magnetic field, i.e. the typical time of the diffusion
mechanism of the magnetic field, which reads

tf o Lref

= (3.31)
[ull2

where, their ratio is expressed by the Magnetic Reynolds number, i.e. Re,, = t3/ts.
Hence according to Re;, < 1, we have

ty Lty (3.32)



40 CHAPTER 3. PHYSICAL MODELS AND GOVERNING EQUATIONS

Now, we can analyze the order of magnitude of equation 3.29. We notice that the
LHS has order O (tJIl), while the RHS has order O (¢;!). Therefore, the LHS is

negligible with respect to the RHS. As a consequence, the first two terms of the RHS
need to be balanced by the last one, i.e.

Bappl. ~ Bind. (3 33)
tf ty '
which means
t
Bina. ~ iBappl. = Ren Bappl. (334)

therefore, if the Magnetic Reynolds number is very small, we have
BindA < Bappl. (335)

thus, the magnetic field can be considered constant. No induction effects are present
under the low Magnetic Reynolds number regime, i.e.

B ~ By (3.36)
that justifies why the magnetic field is called rigid.

e Large Magnetic Reynolds number: the code is currently empty of this model.
This could be a possible idea for further developments. In this situation, the system
is equivalent to system 3.24 but, the magnetic induction equation stores only the
convective term. No diffusion effects of the magnetic field are taken into account. In
addition, no source terms related to the magnetic field are present, but an additional
vectorial equation for the induced magnetic field needs to be considered. In this
situation, the magnetic field is called frozen.

3.6 Closure equations

Both the previous systems are not closed from a mathematical point of view. In other
words, the number of unknown variables is greater than the number of scalar equations.
This forces us to introduce the closure equations, which are relations that describe, from
a physical point of view, the mechanisms of the transport fluxes (mass, momentum, and
energy) to solve the system. In mathematical languages, we will introduce scalar equa-
tions to increase the number of available equations to reach the same number of the total
unknown variables. In this context, physical laws that describes all the diffusive fluxes
need to be taken into account. In classical fluid dynamics, they are represented by the
Fick’s law, Newton’s law, and Fourier’s law, respectively for mass, momentum, and heat
fluxes. In the current section, we will introduce them and we will explain the typical ef-
fects related to high temperature. The situation has been more precisely explained in the
previous Chapter where, thanks to the perturbation of BTE equation we have shown how
to obtain the Euler and the Navier-Stokes equations and how the transport coefficients can
be evaluated also when the external magnetic field is applied, like in our problem.

3.6.1 Thermodynamics

In this Master’s Thesis work all the thermodynamic and transport properties will be com-
puted by Mutation++ library [52]; [51]. In particular, for each mixture we have different
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species, which are denotated by the index i = {1,..., Ny} where Ny represents the number
of species in the mixture. By the classical definition of specific heat we have

c_de
vodar
C (3.37)
Pooqr

According to [20]| each species in the mixture is considered to have the same behavior of
a thermally perfect gas. This hypothesis is often made in hypersonic applications. As
a consequence, we can define the specific energy and the specific enthalpy (i.e. in S.I.
[J/kg]) like a function of the temperature and, remembering that we are working with
mixtures that contain Ny species, we need to consider all the thermodynamic properties
for each species. For this reason, in the following formulas, the subscript ¢ is added in
each definition. Starting from the specific energy and the specific enthalpy for each species

(Vi € {1,..., Ng}), we have
T
€ — €0, = / Cy; dT
7o (3.38)

T
hi - hoﬂ' = / Cp,i dT
To

Hence, for a general mixture where there is the presence of several species, we need to add
all the contributions weighted by their mass fraction Y; = m;/m. In other words, all the
species contribute to the specific energy and specific enthalpy, but with a different weight
that is taken into account by the mass fraction. As a consequence (Vi € {1,..., Ns}), we

have we have
Ns
€= 5 e;Y;
i=1

N
h=>Y " hY;
=1

where h = e + p/p. In addition, in the low-enthalpy model, the pressure is computed with
the classical ideal law p = pRT /M = nkpT), i.e.

p=p(y—1) (E - “'“'”) (3.40)

(3.39)

2

hence, without any consideration regarding the real gas effects, which are typically taken
into account van der Waals’ Law. However, when different species are present in the
mixture, the use of Dalton’s Law to compute the total pressure is more accurate than
equation 5.5, i.e.

N N R
p=) pi=) pin T i€{l ., N} (3.41)
i=1 i=1 ¢

3.6.2 Transport and high-temperature effects

In the flow, there could be regions where the temperature is very high. This typically
happened in the post-shock region where, as a consequence of the strong shock, the total
temperature is constant because the process is adiabatic, but the static temperature in-
crease. Consequently, the Mach number in the region post-shock will be, of course, lower
than free stream conditions. Hence, the kinetic energy associated with the high speed is
moved increases the internal energy of the molecules. The high temperature excites the
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vibrational energy, thus it causes dissociation and, if the temperature is very high, also
ionization. As a result, the heat flux at the wall is dominant.

When the temperature is very high the theory developed for calorically perfect gases drops
down. Indeed when high temperature is reached the gases start to dissociate and ionize and
the specific heat is a function of both pressure and temperature. Under these conditions,
the gas becomes chemically reacting. Also, the transport properties are taken from the
same Mutation++ library. In this section, we need to introduce the transport properties
that allow us to introduce the electromagnetic source term in our equations.

Viscous stress tensor

The mixture is considered to be Newtonian. In this sense, with Stokes’s hypothesis, we
have, thanks to Newton’s law

T=p|Vu+ (Vu)' - % (V-u)l (3.42)

where p is the dynamic viscosity. It is the transport property. Of course, it is null in the
Euler physical model, indeed in that situation, all the diffusive fluxes vanish. Some mathe-
matical laws (see figure 3.1) were developed to analyze its variations with the temperature:

e Power Law

T w
W= pref (Tf> (3.43)
re

where T,y is a reference temperature, fi,.f is the dynamic viscosity at the reference
temperature and w is an empirical value (for air w = 0.75).

e Sutherland’s Law

3
T2
=S 3.44
n=SEy (3.44)
where § = 1.458 x 105 kg/ <m5\/ﬁ) and x = 110.4 K.
Heat flux

In general, the heat flux is defined by the Fourier’s law, thus

q=-\VT (3.45)

where A\ is the thermal conductivity and x the thermal diffusivity. The behavior of the
thermal conductivity at low temperature is quite similar to the dynamic viscosity one (see
figure 3.2). In this sense, it can be computed starting from the definition of the Prandtl
number, i.e.

HCp

A= — 3.46

By (3.46)
Typical value of Prandtl number for air is 0.71 —0.72. In general, in the liquid the Prandtl
number is higher than in the gases. For instance, for water at T' = 20°C' it reaches 7. On
the other hand, liquid metals (e.g. Hg, Na) have Prandtl number very low.
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Figure 3.1: Dynamic viscosity computed with the Power law and the Sutherland’s law mod-
els. Comparison with the M++ solution which takes into account the high-temperature
effects. Effects of the pressure on the dynamic viscosity and its approximations.

Electrical conductivity

Briefly, we remind that the most general source term for the Navier-Stokes electrically
conducting flow model has the following aspect

0
s (W, VW) = | pcEgppi. +§ X Bappl. (3.47)
j : Eappl.

thus, it contains the Lorentz force and the Joule heating in the momentum and energy
equations, respectively. Of course, no source terms are needed for the continuity equations
if we are not going to consider chemical reactions, namely no production of species is
allowed in that physical model.

The electric and magnetic fields are externally imposed by the user, thus no transport
properties are needed to compute them, however, there will be the possibility, under the
ambipolar assumption, to neglecting the density current and to introduce the ambipolar
electric field, which will be given by the same external library. In order to evaluate the
density current vector and the total density charge, we need to couple again the High-Order
Unifying framework [20]. It should be noted that, in a mixture composed of different species
including ions and electrons, the total density charge is not made up only of the density
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(¢c) Heat specific at constant volume. (d) Error analysis with changing pressure.

Figure 3.2: Thermal conductivity computed with the Prandtl apprximation. Comparison
with the M+ solution which takes into account the high-temperature effects. Effects of
the pressure on the thermal conductivity and its approximations.

charge of the electrons, but again with a weighted sum of all the density charge, hence

N
Pec = ch,in (348)
=1

where Y; = m;/m is the mass fraction. Obviously, the non charged species do not contribute
to pe.
On the other hand, the latter term that has not been yet specified is the density current j.
It expresses the interaction between the electromagnetic field externally applied and the
fluid motion. Its general expression is

Ny

§=ud peiYi+ e (Bapp + 1 x Bapy) (3.49)

i=1
where it has been split into two contributions: the first one is associated to the convection
phenomena and the second term to the conduction current. In general, the electrical
conductivity is anisotropic in the case of a strong magnetic field applied. Otherwise, its
behavior can be easily assumed isotropic.

3.6.3 Chemical reactions effects

In normal hypersonic applications, when chemical reactions are present at high temper-
atures, different assumptions of the behavior of the fluid give different solutions. As a
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consequence of the high temperature, the molecules of the mixture increase their degree of
freedom, namely also the vibrational, electronic and ionization degree of freedom will be
computed. The mixture that is chemically reacting can be studied based on the dimen-
sionless parameter Damkohler number

t
Da = L (3.50)
128

that expresses the ratio between the typical flow time and the chemical time. In normal
aerospace hypersonic applications we have Da ~ 1. As a consequence, the most accurate
physical models introduce N, continuity equations, one for each species present in the
mixture. Studying the flow from a numerical point of view we consider two extreme cases:

e Frozen flow: this is the case when the Damkohler number is very low, i.e.
Da—0 (3.51)

By the definition of the Damkohler like the ratio between the typical flow time and
the chemical time, the consideration of frozen flow involves that the chemical reaction
time is a different order of magnitude greater than the flow time. Hence, chemical
reactions have a small effect on the behavior of the fluid. Therefore this effect can
be neglected, thus no adding equations for modeling the different mixture species
is needed. The system is made up of the classical set of the well known Navier-
Stokes equations with only one single continuity equation. The latter is obtained by
summing all the continuity equations for each species. In this situation, the heat
specific at pressure constant introduced in equation 3.37 is expressed as follows

N,

F

Cp = § :Yicp,i
=1

N

F

¢, = E Yicy i
=1

where Y; = m;/m is the mass fraction. In this physical model, the equations will be
the classical Navier-Stokes set

(3.52)

dp B
E‘FV(/)U)—O

0w | G (pueutpl) V-1 = pf (3.53)

ot
+V-[(pE+p)u] - V- (ru—@) = pf-u+ O

9 (pE)
ot

e Local thermodynamic equilibrium: in this case we have
Da — oo (3.54)

In this case, the local thermodynamic composition at one point in the flow is the
same in the equilibrium conditions of temperature and pressure. When the flow
is considered in local thermo-chemical equilibrium we need to modify the normal
Navier-Stokes equations. We must add one equation for each element. Not one
equation for each species, that is if we are working with a mixture made up of 11
species (for instance airll) we do not need to introduce 11 continuity equations, but
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only one for each element. In this situation, the specific heat capacity at constant
pressure and volume introduced in equation 3.37 are expressed as follows

— Y.
=1 P (3.55)
Yoo ray;
E F 7
C,U = CU —+ Z €; < >
=1 dr p,Ye

that shows as, when the gas starts to dissociate and ionize due to the high tempera-
ture ¢ and cf have a completely different behavior that depend on

D
N
= dY;
err, = Zhi <Z>
’ i=1 dr pYe

N,
S in
=3 ()
D, Ye

i=1

(3.56)

In this physical model, the equations will be the classical Navier-Stokes equations
with an additional equation for each element

EJrV-(pu):
8((9[)11) +V-(pu@u+pl) — V-1 =pf
9 (pE) t ' (3.57)
gt +V-[(pE+pu] -V -(ru—q) =pf -u+9Q
8(2{6) +V-(pYeu) =V - (=Je) =0

Figure 3.3 shows he differences between the frozen and LTE condition for the ratio of
heat specific and the speed of sound a = y/vp/p. It is shown that the biggest variations are
present when the temperature is very high, which is a classical situation in the hypersonic
applications in the regions post-shocks.

Figure 3.4 shows the heat specific at constant pressure for frozen and LTE conditions.
In the right part of the figure, the difference between them is taken into account. The
latter plot shows that for very high temperatures the difference will be important, even if
it oscillates and it does not have a precious trend with the increment of the temperature.

Figure 3.5 repeat the same concept also for the heat specific evaluated at constant
volume. In both the figures also the effects of variation in the pressure are considered. the
behavior is quite the same, no huge variations are present if we consider small variations
in the pressure.
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Figure 3.4: Frozen flow and LTE model: effects on ¢, for air 11.
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Figure 3.5: Frozen flow and LTE model: effects on ¢, for air 11.
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3.7 Summary

In this Chapter we have shown the typical governing equations for electrically conducting
flow. Starting from the full MFD system, thanks to the MHD approzimation, we have
obtained the simplified version of the MFD system. Then, assuming no chemical production
rate and the frozen flow condition, we have conducted a dimensional analysis based on the
Magnetic Reynolds number. Two small limiting cases were presented. In our case, we
will consider the option under the continuity hypothesis, i.e. Kn <« 1; the frozen flow
assumption, i.e. Da — 0,; and the absence of induced magnetic field, i.e. the magnetic
field is called rigid Re,, < 1 . In this situation, the physical model is translated into
mathematical language as follows

op B
E‘FV'(/)U)—O

0
(pU) +V- (pu ®u +pl) -V.r= chappl. +J X Bappl. (358>

ot
+ V- [(pE+p)u] —V'(zu—(l) :j'Eappl.

9 (pE)
ot

where the density current is given by the generalized Ohm’s law as follows

J=pcu+oe (Eappl. +u X Bappl.) (359)
and the density charge reads

Ns
pe=>_ peiYi (3.60)
=1



Chapter 4

Numerical Methods

The physical behavior of all the systems is described by using ODEs or PDEs. Several
examples are present in [38|. In general, we can split PDEs into three different groups
based on their mathematical properties. Elliptic equations, like the stationary heat equa-
tion (e.g. Poisson equation), have their A matrix definite, parabolic equations have their
A matrix singular, while the hyperbolic equations have all eigenvalues real.

At this point, it is important to remember that we are going to solve the Navier-Stokes
equations which are non-linear partial differential equations (PDEs). Even if the normal
set of Navier-Stokes equations is empty of the electromagnetic source term, his mathemat-
ical structure does not change. In other words, the non-linearity is associated with the
convective terms, namely, it is always present, both in the Euler and in the Navier-Stokes
equations, hence also in ideal fluids which have null viscosity.

The main problem related to the non-linearity does not permit us to find analytical so-
lutions for the fluid problems, unless we are going to consider very simple tests case
where, as a consequence of the approximations, the convective terms disappear and we
will be able to solve the full system analytically. Typical examples in fluid dynamics are
parallel flows, thus when the velocity field does not vary in one direction, for instance
u = (uy (w2, 23) ,ug (x2, x3) , ug (x2,z3))". Naturally, these peculiar cases have not engi-
neering applications.

To find a solution for our problem, having understood that we can not use the analytical
approach, we have other two possibilities: experimental results and numerical analysis.
The first one is very useful, but it requires many costs and a lot of time to change some
details in the experiments. For this reason, it is important to verify the numerical data
for simplified geometry with experimental data, especially for hypersonics. In addition, a
limited number of facilities for high speed and plasma flows are present all over the World.
In this way, during the previous years, many numerical methods were developed. This
was also possible with the improvement in the field of computer science (the future field
of studies would be also quantum computing).

The aim of this Master’s Thesis, due to the high energy required for the experiments, is
associated with the numerical analysis.

Numerical methods use maths rules to discretize the equations and to find the solutions in
specific points. After that, with a strategy that depends on the numerical method that we
are using, the numerical schemes rebuild an approximate solution for all the other points.
Namely, it is very simple to understand that, even if we select the perfect numerical method
(which does not exist), we will always obtain a numerical solution that is quite different
from the analytical (when it is possible to find) or from the real solutions (that come out
from the experimental results). Good numerical methods can reduce these errors to find
the best approximative solution. During the past years, a lot of numerical methods were
introduced for different types of equations. For instance, elliptic equations are well solved

49
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by finite elements methods (FE methods), parabolic equations by finite difference methods
(FD methods), and hyperbolic equations by finite volume methods (FV methods).

Here, it is presented a brief discussion of the most important numerical methods. We
anticipate that the code which was used in this Master’s Thesis is based on the Hybridized
Discontinuous Galerkin method (HDG), which is a sort of mix between FE method and
FV method.

4.1 DMotivation: Fluid Dynamics equations

In classical fluid dynamics, the behavior of the fluid motion can be described from an
inviscid point of view, e.g. ideal fluid, by the Euler equations and, for real fluid, by Navier-
Stokes equations.
Navier-Stokes equations are a set of scalar and vectorial PDEs which describe the motion
of the viscous fluid. In addition, the Euler equations are always PDEs and they can be
derived by the Navier-Stokes equations neglecting the viscous terms. In other words, the
Navier-Stokes equations are more general than the Euler equations.
During the XIX sec. the French C.L. Navier and the Anglo-Irish G.G. Stokes developed
separately the Navier-Stokes equations. Currently, they are one of the unsolved problems
of modern Mathematics together with Riemann’s Hypothesis, NP and P problems, etc...
The irresolvability of the Navier-Stokes equations is strictly connected with the non-linear
terms which describe the convective contribution of the fluxes.
The Navier-Stokes equations, like the Fuler ones, are a set of laws regarding the mass,
momentum, and energy contained in an infinitesimal, or finite, volume. They describe the
fluid motion in two different ways. The first approach is called the Lagrangian approach
and its equations are classified as non-conservative. Instead, the second one is called the
Eulerian approach and it gives conservative equations.
However, the system is not well determined. More spefically, in the most general case
without any source term (e.g. classical three dimensional Navier-Stokes simulation, thus
d = 3) we have m = d + 2 scalar equations and 4d + 2 unknown variables (d for the
velocity vector u = (uy, ..., ud)T, other d for the heat flux vector q = (¢, ..., q'd)T, 2 for the
density p and the specific internal energy e, and 2d for the symmetric stress tensor). As a
consequence, the system has order

ool

4d+2)-m _ 0034 (4.1)

For these reasons, in the previous Chapters, closure equations have been developed.

4.2 Overview of classical numerical methods

In this section, a list of the most important numerical methods present in the literature is
explained. The main pros and cons are presented. This is not an exhaustive section about
all the numerical methods present in the literature. For specific discussion, we address to
[38].

4.2.1 Finite Difference method (FD)

These methods are used with the differential form of the equations and, initially, were
developed for parabolic PDEs. The simpler method to discretize PDE is based on the
mathematical definitions of derivatives. In the FD method, we need to divide both the
spatial and temporal domain into specific points, called nodes, where the solution will be
computed. The connections between these nodes are based on the mathematical definition
of derivatives. Hence, in general, for the first derivatives, we will have three different
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possibilities: backward, central, or forward, with different orders of approximation. In
particular, the second one is the second-order approximation, while the first and the third
ones are the first-order approximation. It is important, for this method, to remember the
Taylor expansion to reconstruct the solution between two, or more, nearby nodes.

4.2.2 Finite Volume method (FV)

These methods are used with the integral form of the equations and they work fine for
hyperbolic PDEs. With the FV method, we are spitting the domain in cells and we will
compute the solution for each cell. There are two different possibilities: we can decide to
compute the solution in the center of the cells (called vertex-centered) or in the vertex of
the cells (called cell-centered). To be specific, for each cell we will have one solution and
the solution over the cell is computed with its mean value. The fluxes connect two nearby
cells. The choice of the sloper introduces the possibility to have numerical instabilities.
In general, the sloper of the approximate solutions in each cell is chosen according to the
stability problem and the choice of different schemes (e.g. ENO, WENO, etc...). The sloper
is limited, in this sense we cannot reach High-Order accuracy, thus we cannot increase at
the very high value the degree of the polynomial function that approximates the solution
in each cell. For this reason, during the last years, to overcome this problem, High-Order
methods have been developed.

In addition, discontinuities appear in each interface between two nearby cells. When
the approximate solution evolves in time, as a consequence of the discontinuities at the
interface, different signals propagate and affect the solution. In order to understand which
will be the solution after a selected future time, we need to solve a Riemann problem
for each interface. This increases the computational cost. To reduce it, there is also the
possibility to solve an approximate Riemann problem. In addition, in 1959, Gudunov’s
schemes were though. They are methods that solve exact (or approximate) the Riemann
problem in each interface. They are based on three different steps: in the first step,
the solution is reconstructed starting from the cell averages. In the second step, the
reconstructed data are evolved over the time (this is the only physical step of the whole
procedure). Finally, in the third step, the solution is averaged over each cell to obtain the
cell averages. Hence, the steps are Reconstruction, Evolve, and Average. For this reason,
the method is also called REA algorithm.

4.2.3 Finite Element method (FE)

Initially, these methods were thought for elliptic PDEs. Their main idea is to approximate
the solution with shape functions in each element. In other words, the solution is well
computed in precise points in the domain (called nodes) and approximate otherwise. The
main idea is quite similar to FD method, but FE method differs from FD method by the
way it finds the approximate solution in all the points that are not nodes. While in FD
method two different nodes are connected with the usage of the concept of derivatives,
in FE method, the link is established with these particular shape functions (for instance,
Lagrange or Hermite functions). It is obvious that the order of accuracy increases if we
are considering shape functions of higher polynomial degrees.
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4.3 High-Order numerical methods

In Computational Fluid Dynamics (CFD), when we want to simulate flows at very high
velocity, thus hypersonic regimes, F'V methods are generally used. This choice is related to
the high stability of these methods based on the upwind calculation of the fluxes between
two nearby cells. The FV methods have the advantage to be very stable but, on the other
hand, they are low order accurate and, in presence of high gradients, as in the regions pre-
and post-shock, they introduce a large amount of artificial viscosity. As a consequence,
even if we are computing the solution without diffusive fluxes, therefore with the Euler
equations, variations in the entropy appear because they are caused by the artificial dissi-
pation [8].

In this context, during the last years, numerical researchers interested in fluid dynamics
have developed many numerical methods based on Discontinuous Galerkin (DG) discretiza-
tion. This type of discretization becomes from the Continuous Galerkin (CG) one. In CG,
at the interface of two nearby elements is imposed the no jump condition. Instead, in DG
discretization jumps between two nearby elements are possible. Hence, again as in FV
methods, with the DG discretization, at the interface discontinuities are present. Subse-
quently, when the numerical solution is proceeding over time, a Riemann problem has to
be solved for each interface: exactly the same of FV method. Hence, the idea to simulate
compressible flows with DG discretization is not new [14]; [47]; [53]. Nguyen et al. [40] de-
veloped a RANS and URANS models based on one equation Spalart-Allmaras model and
they applied them to flat plate, NACA 0012 airfoil (Re = 1.85 x 10%) and bidimensional
cylinder (Rep = 3 x 10°), all subsonic or transonic test cases. Schrooyen et al. [49] used
DG solver to simulate gas surface interaction and ablation in high-enthalpy environment;
Lv and Thme developed a DG solver to simulate chemical reacting flow for combustion [30];
Ching and Thme simulated compressible multiphase flows [11|. They made subsonic and
supersonic numerical tests, reaching also Mach 12. Again, Ching, Lv and Thme used DG
solver in hypersonic re-entry applications [9]; [10]; [12] to study heat transfer and particle
tracking. They simulated at Mach 17, but assuming ideal gas law and without considering
the effects of chemical production, high temperature, and the possibility of external elec-
tromagnetic field applied. Hartmann and Houston [24] simulated with DG discretization
external subsonic flow over NACA 0012 airfoil and the internal transonic flow inside a
converging-diverging nozzle. Both the previous cases studied by Hartmann and Houston
were conducted with Euler equations.

All the just mentioned works are based on DG methods, which main disadvantage is the
high computational cost. Within this trend, a new formulation in the DG method was
introduced.

Hybridizable Discontinuous Galerkin (HDG) methods are variation of the classical DG dis-
cretization. The requirement to switch from DG to HDG is to reduce the computational
cost. In HDG methods, indeed, an additional degree of freedom is added. This, which at
the first stage could be thought as an increment of the global computational cost, permits
us to decouple the problem and to make the hybridization. In this sense, firstly the prob-
lem related to the additional degree of freedom between nearby elements is solved, then
the solution is approximate in each element. The elements were previously connected with
fluxes, as in FV methods, by the resolution of the first problem. In this way, the overall
computational cost is reduced. Nguyen, Peraire et al. [43] were the first to introduce
HDG methods in fluid dynamics. Woopen, Balan, May and Schutz made comparisons be-
tween DG and HDG discretization in the same solver that is used for this Master’s Thesis
project [60]. Firstly, the usage of HDG methods for scalar model convective diffusion equa-
tion (which is a standard basic scalar model for Navier-Stokes equations) was proposed by
Nguyen et al. [41]; [42] and then applied to incompressible and compressible Navier-Stokes
equations [44]; [46]. They reached also Mach 20, but they simulate only a single species
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flow with ideal gas law. In addition, supersonic flows were simulated with HDG solver by
Vila-Prez et al. [55] with the addition of HLL Riemann solver to solve the evolution of
the discontinuities at the interface between two nearby elements. The implementation of
the Magneto-Fluid Dynamics model with HDG methods is at the beginning stages. In the
literature Ciuca, Nguyen et al. [13] developed a model that solved classical Navier-Stokes
with an additional equation that describes the induction of the magnetic field. This is
typically used in magnetohydrodynamics (MHD) analysis.

In this project, we are interested in the application of low Magnetic Reynolds number in
hypersonic flows, thus when the presence of externally applied electromagnetic fields is
taken into account in the source term, without any additional vectorial equation. In other
words, no induction magnetic field is considered.

4.3.1 General concept Galerkin methods

Only in the last years, when the computers were improvemented, and the researcher would
have wanted to find the numerical solutions with the fewer errors possible, that the interest
for High-Order methods appeared.

The HDG method is a High-Order numerical method based on the FE and FV methods. It
is derived from the DG discretization, but, in order to reduce the computational cost due
to the high numerical resolution, an hybridization is applied. The hybridization consists
of the introduction of an additional unknown variable.

The HDG methods were initially developed for elliptic problems. For this reason, to
show you the main ideas, we start from a simple 1D elliptic model problem with non-
homogeneous Dirichlet boundary conditions, strictly following the May’s approach [37], we
have

— Ozt = |, reQ=(-1,1)
u(—1)=a (4.2)
u(l)="»%

which analytical solution can be found with classical integration, and it reads

Q

(—1,0) (0,1)

Figure 4.1: Domain of the Problem 4.2.

u(x) = —ng + c1x 4 ¢ (4.3)

where, with the restriction imposed by the Dirichlet boundary conditions, we have to fix
the values of constants that appear as a consequence of the integration

. b—a
1:
2
4.4
a+b+f (44)
CQZT

bringing together equations 4.3 and 4.4 we have the general solution of 4.2

u(x)zg(l—ﬁ)—l—g(l—x)—i—g(l—i—:c) (4.5)
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Now, we could imagine to split the general problem into more problems (for instance

two) on the same domain and to establish a connection between them with the adding of
a new degree of freedom. In figure 4.1 there is a sketch of the 1D domain in which we are
solving the Poisson model problem.
This domain is split into two other domains, which are represented in figure 4.2. The choice
of the color will be more clear in the next pages but is associated with the post-processing
of the solutions. Thus, in this simple model, we have decided to split the problem 4.2 into
two different elliptic problems on two different domain €27 and €5 such that = Qq U Q.
In this sense, we can re-write the initial Problem 4.2 as follows

—OpzU1 = f, T € Ql = (—1,0)
up (1) =a (4.6)
U1 (0) =A

and

— waQZf, {L‘EQQ:(O,U
uz (0) = A (4.7)
u9 (1) =b

which is, instead, based on figure 4.2.

04 no;  nj2 Q9

e < n Py
[ < @ > 9

(—1,0) (0,0) (0,1)

Figure 4.2: Domain of the Problem 4.6 (red, left) and Problem 4.7 (blue, right).

With this operation, we have split the initial Problem 4.2 into two different problems,
each one with a specific solution. Finally, we need to establish the connection in x = 0
between w1 and us through A, which ensures the continuity, but not the differentiability of
the general solution in x = 0.

Obviously, the left Problem 4.6 and the right Problem 4.7 have two different solutions. In
particular, for the left Problem 4.6, appling its boundary conditions we are able to obtain
the values of its constants as

/

ca=A-a—3 (4.8)
C12 = A

instead, for the right Problem 4.7, we have

)

C22 = A
which means that the respective solutions are

ul(x):—gxz— <a+£>x+/\(a:+1)

uQ(x):—gx%L <b+£)x—/\(x—1)

(4.10)
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Equations 4.10 show that the solutions depend on the A parameter. Of course, only

one value of A can guarantee the continuity and the differentiability of the global solution
inx=0.
Figures 4.3, 4.4 and 4.5 show what we have just said. For two different sets of non-
homogeneous Dirichlet boundary conditions according to the table 4.1. The results are
present in figures 4.3, 4.4 and 4.5. In addition, for each set of boundary conditions, we
have chosen two different values of A\ parameter. The dashed lines are always related to
the global solution, obtained without any splitting in more domains. However, always the
external force of the Poisson problem is taken equal to one.

Table 4.1: Boundary conditions for the conceptual examples for the HDG discretization.

Case A Case B
u(—=1)=a 1 0

u(l)=b 0 0.3

-1 -08 -06 -04 -02 0 0.2 04 06 08 1 -1 -08 06 -04 -02 0 0.2 04 06 0.8 1
T T

(a) Case A. (b) Case B.

Figure 4.3: Analytical solution of Problem 4.2 for f = 1. Two different set of Dirichlet
boundary conditions: on the left Case A, on the right Case B.
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(a) Case A. (b) Case B.
Figure 4.4: Solution of Problem 4.6 and 4.7 for A = 0.75.
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x &
(a) Case A. (b) Case B.

Figure 4.5: Solution of Problems 4.6 and 4.7 for A = 1.25.
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For this reason, the next step is to seek a constrain that forces the A parameter such
that the solution of Problems 4.6 and 4.7 will be equal to the solution of model problem
4.2.

Firstly, for any test function v € H} (Q) we can integrate the two problems

—/ V2uv do = fvdx
Ql Q1

(4.11)
— Veugv da = fvdx
Qz QZ
summing together, only one equation is obtained
— Vupv da — V2ugv da = fo dz + fuv dx (4.12)

0 Qo Q1 Qo
integrating by parts, remembering that le fudx+ sz fvdx = fQ fvdx
—/Vul'nlgv ds+/ Vui-Vou dx—/ Vug-ngv ds—l—/ Vug-Vodx = / fvdx (4.13)
r 0 r Qo Q

which we can write again, incorporating the I' integrals, as follows

Vui - Vo dz + Vug - Vo dz — / (Vuy — Vug) -njov ds = / fv dx (4.14)
Q

1951 Qo r
and defining w:= Q — R as
Q
ui= {ul’ X &5 (4.15)
uz, X € oy
equation reads
/ Vu- Vv de = / fvdx +/ (Vup — Vug) - nypv ds (4.16)
Q Q r

All these passages have shown how we have re-written our initial problem in a different
form. Equation 4.16 seems the classical variational formulation. It should have been if there
was not the additional source term caused by the integration by parts and the previous
choice to have split the main problem into more different problems. As a consequence, to
find the general variational formulation, we have to impose that the latter integral is null,
namely that its integral function respects the following condition

(Vul - VUQ) ‘N9 = 0 (4.17)

where it is important to notice that the condition is not imposed on the test function
caused it will not be, obviously, null.
In this sense, the initial Problem 4.2, now is re-formulated as follows

-V .ok = flk, x e K
o|lk = Vulk, x€eK
Ul = Neg, X € ex (4.18)
ulg =0, x € 0K NN
[e] =0, xel

which is the problem that we need to solve for each element of the mesh.

The previous procedure can easily be extended in more dimensions with the same ideas,
and it is the base to develop DG methods. This generalized idea was strictly derived by
[37]. Here many prophetical examples are also present.
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4.3.2 Continuos and Discontinuos Galerkin method (CG and DG)

The main difference between the continuous and discontinuous formulation is based on
the possibility to have discontinuities at the interface of two nearby elements. In the CG
method, the shape functions are piece-wise continuous. Hence, the approximate global
function is continuous at the interface, but the continuity condition does not ensure the
differentiability of the same function. In other words, the solution gradients could have
not physical significance at the interface, therefore the global solution loses its physical
significance. Consequently, the possibility to have jumps in the interfaces has been intro-
duced with the DG approach. Figure 4.6 shows this principal aspect of the two different
methodologies. However, the solution in each element with the CG method is computed
with the classical FE idea based on shape functions, as well as for the DG method.

L L\

Figure 4.6: CG (left) and DG (right), bidimensional approach.

The DG method gives us the possibility to solve locally the problem for each element.
Indeed, no continuity conditions need to be imposed for the test functions at the interfaces.
Hence, the shape functions could be chosen null outside the element where we want to
solve locally the problem. In this context, it is easy to understand that the method is well
structured for mesh refinement (both p, h or hp-refinement).

4.3.3 Hybridized Discontinuos Galerkin method (HDG)

The HDG method improves the DG method with the introduction of an additional degree
of freedom between two nearby elements. This degree of freedom has, from a mathematical
point of view, d — 1 dimension, where d is the number of spatial dimensions of the problem.
Therefore, if we are working on a one-dimensional problem (d = 1), the trace will be a
point, while, if we are working in a bidimensional domain (d = 2), the trace will be an
edge and finally, if we are computing a three-dimensional simulation (d = 3), the trace will
be a surface. However, the mesh will be made up of both the contributions, thus elements
and traces.

At this point, the discretized problem is solved in two different steps:

e Trace variables: in this first step, the problem is not solved for each element. This
first round aims to establish a connection between the traces using the elements of
the mesh. This is possible because we are solving conservative laws. In this sense, the
numerical scheme must respect the conservative property. This first computation in
the global HDG method gives us in the output the solution for the trace Ap. This is
saved and will be used as the boundary condition for the element-by-element problem.

e Element-by-Element: the second step to complete the HDG process resolution, is
to solve, for an individual element, its local problem. We need to impose the properly
boundary conditions. The latter are given from the previous step. At the same time,
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the previous step is solved in the I'j, set. Now, when we want to compute the solution
for each element, we need to split the solution obtained in the previous step on I'j,
set into the left and the right possible value for each trace. This splitting procedure
justifies the previous definition of the 07 set. This is the crucial point of the HDG
method. With this splitting, we can obtain the proper Dirichlet boundary conditions
for each interior element. For the mesh element which has one, or more, edge/s of
the boundary, we imposed on that edge/s the boundary conditions thanks to the FI;L
set. Hence, the polynomial solution with p grade can be computed for each element
solving several local DG problems.

Figure 4.7: HDG, bidimensional approach.

o\

Figure 4.8: HDG bidimensional approach: resolution steps. The first only for the trace
variables (left), the second (right) is a DG problem for each element, when the Dirichlet
boundary conditions are given from the first step.

Suming up, figure 4.9 and 4.10 show the HDG conceptual approach for one dimensional
and bidimensional cases.

Figure 4.9: HDG one dimensional approach. Elements (black) and trace (red).

The method can be also efficiently parallelized in order to reduce more the overall
computational cost. However, it is:

e Hybrid: because it is a mixed formulation on F'V and FE methods where, to make it
possible, an additional degree of freedom called trace is added. It gives us the possi-
bility to establish a connection between the elements without solving the problem for
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AVA

Figure 4.10: HDG bidimensional approach. Elements (grey) and trace (red).

all the elements. Indeed, the concept of hybridization stands on splitting the problem
into two problems: the first one for trace variables, the last one for each element.
In addition, it is also shown that the hybridization concept has many advantages on
the mathematical implications in the splitting of the matrices.

e Mixed: because we are searching an approximation both the potentianl w; and the
flux oy,
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4.4 Navier-Stokes discretization

We can write the classical system of Navier-Stokes equations in the conservative differential
form. It is important to introduce the possibility to have source terms to consider the
external electromagnetic source term.

The compressible Navier-Stokes equations can be written as follows

ow+V-f.(w)—-V-f (w,Vw)=s(w,Vw) (4.19)

where, if we introduce the generalized function f (w, Vw) which stores both the convective
and diffusive fluxes, and we assume steady state conditions, we will write again equation
4.19 as follows

V. -f(w,Vw)=s(w,Vw) (4.20)

that is the generalized system that describes the physical behavior of the fluid in different
cases under the steady-state approach. It contains three different equations: two scalar
equations that express the conservation of mass (the continuity equation) and the conser-
vation of the energy (i.e. the first principle of thermodynamics) and one vectorial equation
(called momentum equation) that corresponds to Newton’s Law. The latter equation can
be rewritten as d scalar equations, where d represents the number of the dimension of the
problem that we want to analyze. On the same idea, we can define m as the number of
scalar equations that form the full system. Of course, if we do not take into consideration
any chemical reactions and thermodynamic non-equilibrium, we will have m = d 4+ 2. In-
stead, if we consider the possibility to introduce chemical reactions, the number of scalar
equations will increase because we have N, continuity equations, one for each species.
Hence, in this situation, we will have m = d + 1 + N;. On the other hand, it is easy
to understand that if we are studying a multi-temperature model, the number of scalar
equations will be m = d + 1 + N;. In addition, in the most general case, we will have
m = d + Ns + N; scalar equations. Obviously, all these possibilities are valid when we do
not introduce any other vectorial equations in the full system. In the code the m parameter
is often called COMP.

At this point, it is important to remember that our problem needs appropriate boundary
conditions on the edge of the domain €). In this sense, the problem is written as

V-f(w,Vw)=s(w,Vw), x € QcR? (4.21)
B(w)=(u, q-n), x € 09 |
where w is the state-local vector of the conserved variables, which general definition is

w: R™ x (0,00) — D C R™=4+2 (4.22)

and D is the space of the possible value that the state-local vector could be assumed
during the simulation. To give a definition of this space is important to remember that
the state-local vector of the conserved variables looks like

p p 1
w=|m|=|pu|=p|u (4.23)
pE pE E

where p is the density of the mixture (in S.I. [kg/m?]), u = (u, ..., ug)” is the fluid velocity
vector (in S.I. [m/s]) and E the specific total energy (in S.I. [J/kg]). As a consequence,
we can define the variations of the state-local vector in each direction of the problem. In
this sense, we shall obtain

Vw: R™ x (0,00) — D c R™*?4 = R(d+2)xd (4.24)
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After these definitions, it is very simple to understand the mathematical form of the
convective, diffusive, and source terms. In particular, we will have, for the convective fluxes

£, (w): D — R™¥d = R@+2)xd (4.25)
while, for the diffusive flux
£, (w,Vw): D x R™*4 5 Rmxd = R(d+2)xd (4.26)
and, for the source term
s(w,Vw): D x R™*d 5 gmxd = Rld+2)xd (4.27)

Until now, in all the mathematical definitions given, there was the presence of the
space D, but it has not yet been defined. Previously, we anticipated that it contains all
the possible physical solutions to the problem. It is well known that we cannot expect a
negative density, a negative energy, or a velocity vector that has lower, or higher, scalar
components than the dimension of the problem. For these reasons, it is important to define
this space as follows

1 2
D .= {w = (p,m,pE)" | p>0,meR? E — 3 <HrnH2> } (4.28)
p

which encloses all the observations that we made before.

4.5 Spatial discretization

Assuming that we are working with a mesh made up of triangular elements denotes by K.
In general, the element near the K-triangular element is called K’, and the edge that they
have in common is named, in the most general case, e. More specifically, if we consider
two nearby elements, we denote K~ the left one and K™ the right one, like figure 4.14
shows. In addition, each element has a boundary denoted by dK.

The set of each K-triangular element is called triangulation. More precisely, we call T, the
collection of disjoint, non-overlapping elements which tessellated the domain €2, like figure
4.11 shows. Its mathematical translation is the following

Tn={K} (4.29)
such that
0= ] K (4.30)
KeTy,

Each triangular element has three edges that can be on the boundary of the domain
(what we called 09) or inside it. We need to divide these two cases:

e Interior boundary: for each of them, we call 97}, the set of all the element boundary
of each element. Thus, if we are considering two nearby elements, their common
edges, in J7},, appears twice, i.e.

OT;, = {0K\0Q | K € Ty} (4.31)

In the same way, we can define a different set where the common edges are store just
one. It is called I'y, see figure 4.12

Iy:={e : e=0K NOK" for K™, K" € Tp; measq_1e #0} (4.32)
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Figure 4.11: Scheme of domain §2 split into a collection of non-overlapping triangular
elements K.

N/
CE

Figure 4.12: Internal egdes.

(b) T

¢ External boundary: we call it Fz. It stores all the edges of all the triangular
elements that are on the boundary of the domain (see figure 4.12). Hence, its math-
ematical translation is
= |J oK non (4.33)
KeTy,

Figure 4.13: Scheme of Fz.

Now, let us consider two nearby triangular elements of the triangulation 7. As already
mentioned, we call K~ the left element and KT the right one. Their common edge is e
where we can notice the presence of two outward pointing normals: n~ and n™ for the
left and the right element, respectively. Each element has its boundary, hence we have
0K~ for the left triangular element and K™ for the right one. Figure 4.14 shows all these
definitions.
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Figure 4.14: Two nearby triangular elements of the mesh. Notations and definitions.

Discontinuities are allowed at the edges. As a consequence, we need to identify the
jump between the two nearby elements and, in addition, the mean value. There are two
cases to take into account which depend on the edge that we are considering. In other
words, if the edge is internal, we will have some definitions, if it is external we will have
others rules. However, the definitions of the jump operator ([...]), according to [37], is split
into scalar and vector-valued function. Respectively, for the interior edges (thus I'y,), we
have

[u] =u"n~ +u"n"

[al=a” 0" +q"n 43

+

where it is important to notice that the jump for a scalar function is a vector, while the
jump operator applied on a vector-value function returns a scalar. Furthermore, the jump
is null for a continuous function.

In the same way, we can define the operator of the mean value ({...}) for scalar and vector-
value function in the interior edges. Respectively, we have

u” +ut
{u} = —
qa +qt
{a} = s

(4.35)

These definitions change when we are considering edges on the boundary of the domain
(thus T%, that is 92). In fact, in this situation, there is not the presence of the two outward
unit normals, but we have only one outward unit normal. Hence, the jump operator is
defined as follows

[u] =un
fal =q-n 0
while the mean values look like
fu} =u (4.37)

{a} =q

In each triangular element, we are going to approximate the solution with a function of
order p. Usually, the polynomial degree of two nearby elements does not vary. However, if
it happens, we have two different polynomial degrees: py - for the left triangular element
and pg+ for the right one. The polynomial degree of the shared interface is chosen as the
higher of them, i.e.

Pe = max {px—; P+} (4.38)
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4.5.1 Approximation spaces
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We denote ITP (D) the set of polynomials of maximum degree p on the some domain D.

We introduce discontinuos functions space

Vi={vel?(Q) : vlx e’% e (K), K € T} (439

Wi, ={weL*(Q) : w|g e PX € (K), K eT;}" '
and the mesh skeleton

My={peL*T}) : wlgell’ e (K), ecTy}" (4.40)

where L? (Q) is the space of square integrable functions on the domain D. Hence, v € Vy,
w € Wy and pu € My, are piecewise polynomials of degree p which can be discontinuos

across edges (for v and for w) or vertices (for p).

4.6 Notation

We denote these inner products as follows

(v,w)y = > /Kvw dz

KeTy

(VW) = Y /Kv-wdz:

KeTy,

vV, W) a7, = /vwdcr
wtor = 3 [

KeTy,

(v, w)r, = Z /vw do

ecl'y, €

In addition, we can define the number of elements
ne := [T
and the number of internal faces (trace variables)
ng = [yl
The projection of w onto the skeleton of the mesh is A, namely

A= w|ph

4.7 Different formulations of the problem

(4.41)

(4.42)

(4.43)

(4.44)

The first step to discretize with the HDG method our equations is to write again them,
which in the most general case are a system of partial differential equations of the second
order, like a system of the first order. In order to make it, we need to reformulate the

problem by introducing the quantity

a=Vw (4.45)
namely, our starting problem now is posed as follows
g —Vw=0, x e QcR?
V- [fe(w) — fy(w,0)] =s(w,0), x €0 c R (4.46)

B(w) = (u,q-n),

x € 0f)
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which is the strong formulation.

Hence, we can introduce the DG discretization of the problem.
In equations 4.46 we have written the strong and mixed form of our problem.
Now we are interested in the mixed and variational formulation of the problem. To find
them, we must introduce test functions as follows

(Th, n) € Vi x Wy (4.47)

and by multiplying problem 4.46 against test functions 4.47. Then, integrating by part
the last equation, finally, we will have the standard DG discretization written in the mixed
formulation of the problem, namely the DG discretization of the problem will be

Finding xP% := (o, wy,) € XPY := V), x W), 5.4 V yPY := (1, ¢1,) € XPY such that
0= AP (0. yp)
= NP9 (0, wn; Th, 1)
= (Th, o), + (VT wp) . — (Th - m, D)o, — (4.48)
— (Von, fe (wn) — £, (wn, o)) 7 — (D0 s (wh, o0)) 7 + (D0, fo = fo)om+
+ NDS (oh, wis 6n) + Ny, (G h, Whs Thy d1)

At this point, we can switch from the DG formulation of the problem to the HDG one.
In order to make it possible we need to introduce the additional degree of freedom related
to the trace variables of the mesh. This is taken into account by Ap. Consequently, our
final problem will be:

Finding x;, := (oh, wp, A\n) € Xp := (Vp, Wi, My) such that V y, := (7h, &n, un) € Xp
is verified that

0 = Np (Xn, Yn)
= Nu (0, Why s Ths Ghy 110)
= (Th,on)7, + (V- Ty wn) g — (Th -1, An)or, —
— (Von, £ (wn) — £ (W, 00)) 7. — (Dh, s (Why @) 7 + (Sn, fo — fo)om+
+ Nhse (On, whs én) + Nioa (0h, whs Th, ¢n) +
+ (pn, [fe — fal)r,

(4.49)

where in the formulations 4.48 and 4.49 we have introduced also the shock-capturing and
the boundary operator both for the DG and HDG formulation, respectively N}, 4 and
Nhi,00. More precisely, the last one reads

Nuo (Oh, whs dn) = (Th - 1, waq (wp))h, +
. (450)
+ (P, (fe (waq (wr)) — £, (waq (wr) , oaa (Wh, qr))) - M),

where the fluxes are computed in two different ways [59]: Roe-like approach for the con-
vective flux, and BB2-like method for the diffusive flux.

4.8 Summary

In this Chapter we have shown the most common numerical methods used to solve PDEs.
An overview of FD, FE, and FV methods has been presented. The most important advan-
tages and disadvantages for each one of these methods have been tabled. Then, introducing
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the Fluid Dynamic equations for hypersonic flows, problems related to the low order of FV
methods were compared to the high-order methods. In this sense, it has been shown how
in the last years the attention has been focused on the DG methods. On the other hand,
the high computational cost of these methods has necessarily introduced the hybridization
concept. Hence, in the second part of this Chapter, the HDG discretization of the Navier
Stokes system for electrically conducting flow has been presented.
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Chapter 5

The code: High-Order Unifying
Framework

The High-Order Unifying Framework works with the conservative form of the equations.
Currently, no implementation for time-dependent solutions is implemented. Furthermore,
it is continuously under development. It is a modular code, well extensible at the im-
plementation of new physical models. It assembles automatically the Jacobian matrices.
In order to make it, it uses the AutoDiff data type, which stores both the value of the
variables and their derivatives.

5.1 Automatic Differentiation (AD)

In computer science, Automatic Differentiation is a typical way to compute the derivatives
of functions. The High-Order Unifying Framework works with AD [59]. The AD is based
on the classical derivatives rules for sum, difference, product, and division. Furthermore,
its algorithm is made up of the chain rule.

In general, we can say that there are two different procedures to use the chain rule to
obtain derivatives. Their concepts and ideas are the same, but they are applied in two
different strategies

e Forward accumulation

6wz~ 811),‘ 811)1‘_1
= 1
ox ow;—1 Oz (5-1)
e Reverse accumulation
Ox ox 8wi+1 (5 2)

8wz~ - 8wi+1 8wi

AutoDiff type

AutoDiff is the computer science type used to store both the value and its derivatives. In
this sense also the current code works with it. On the other hand, the library Mutation—++-
[51]; [52] does not use AD. In order to correctly compute all the physical quantities that we
need in our code, a thermodynamic interface was developed by Devesse [20] to introduce
the effects of high temperature and chemical reactions, typical situations in hypersonic
flight.

In this Master’s Thesis, the idea developed by Devesse |20] has been applied to evaluate the
electrical conductivity. In this way, if for further developments there will be the necessity to
implement boundary conditions for the electromagnetic term, the AD step will be already
completed.

69
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HDG Unifying Framework

|

L State w }

|
{W(AD) = {w; VW}}

| {ae(AD) = {oe; doe}}
—{T(AD) — (T dT}]—

{ T'=T+0T J M++

{ ol =0 (T') ]74[ e =0 (T) ]7

[ do, = ZedT J

Figure 5.1: Flow chart to interface the High-Order Unifying Framework to the Mutation+-+
library. This explains how to overcome the problem of AutoDiff data type which stores,
at the same time, the value of the variables and their derivatives. The general idea was
strictly taken by Devesse [20].

5.2 Dummy model structure

All the models are built on the dummymodel .h structure. Inside there are all the functions
that are required to the construction of each physical model based on the conservative
differential form of the equations. The most important parameters are the bool type
Convection, Diffusion and Source. They can be set as true or false based on the
conservative form of the equations. In addition, we have NumDerVar that is an int type
variable and it stores the number of derivated variables that the EvalDerVar function
computes. Finally, NumBdryCoeff parameter, like the previous one, is int type variable
and it contains the number of the coefficients that we want to receive in output in the
coefficiens-NE-p-extra.txt file.

There are parameters related to the physical aspects of the model that can be changed by
the user as s/he wants. Then, the most important variables to take into account are the
following: state which stores sparam, dervar, bcstate, benr which contains the integer
value that corrisponds to the boundary conditions type (take a look at bdrystate.h file
and remember that, inside Netgen geometry creation the bc value is benr + 1).

5.3 General output

During the simulation, the code computes all the quantities for each cell. Hence, the
routine is called for each triangular, or quadrilateral, element. Then, it gives us different
output files:
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e Solution file: it stores the numerical solution for the Paraview post-processing and
the binary file to start again the simulation from the previous just computed solution.
The first one is the file.dat, while the second one the file.out. The structure of the
name file is always the same solution-NE-p-extra.txt.

e Log file: it contains some information about the adaptation process. In general,
there is a number of rows equal to the number of the iterations during the adaptation
procedure (from one to the final value inserted in the run.py script). The meaning
of its columns is the following: number of elements of the mesh, the ndof value
(number of global point inside all the elements), the time to compute the solution at
that iteration and, finally, the difference between the current time and the starting
time. The name of this file is log-p-extra.txt.

e Error file: it stores the following columns: number of elements, the ndof value
(number of global point inside all the elements), then other thirteen columns in
bidimensional simulations which represent the following paramter: ndof /¢, where
d is the dimension of the problem. These last columns are concerning with the error
estimation. The name of the file is errordata.csv.

e Coefficients file: it is organized in this way: the first column stores the benr
parameter (thus, the type of boundary conditions), then there are d columns that
store the sparam.pos parameters, thus the coordinates of each cell. Of course, in
bidimensional simulations, there are only x and y values, while in tridimensional
there is also the presence of z column. The third block of columns stores the value
of the computed coefficients. For instance, in inviscid simulation, we are interested
in the coefficient of pressure (hence, only one column is present and it contains the
¢p value), while in the viscous simulation we introduce also the coefficient of friction
(hence, two columns are present, one for ¢, value and the last one for ¢y value). The
name of this file is coefficiens-NE-p-extra.txt.

e Mesh file: it is a file to open in Paraview for the post-processing and viewing of the
mesh generated by the solver. The denomination of this file is mesh-NE-p-extra.dat.

NE represents the number of elements in the mesh, p the polynomial degree for the approx-
imate function in each cell and extra what we want, for instance, the Mach number, the
angle of attack, the Reynolds number or all the fluid dynamic parameters that describe
the simulation. The code is open to everyone, in this sense everyone can change and adapt
it to his needs.

5.4 Physical models

The code [59] is continuously under developments and it is used for research activities. In
the code, there are already developed several physical models. In this section, we will go
to describe them.

5.4.1 Compressible Euler

The Euler equations are made up of inviscid continuity, momentum, and energy equations.
Hence, in the conservative differential form, we can write

V£, (w) =0 (5.3)
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where the state-local vector and the convective fluxes are defined as follows

p pu
w=|m f.(w)=|pu®@u+pl (5.4)
pE (PE +p)u

where the pressure is related to the other conservative variables thanks to the equation of

p=p(r—1) <E— “'“’”) (5.5)

state

2

and the temperature is defined through the ideal gas law by

Tzlp_1<E_(HuH2)2> (5.6)

(7_1)%;_% 2

The full model is well explained in [4].

5.4.2 Compressible Navier-Stokes

The Navier-Stokes equations in the conservative differential form are given by

V-f

Le

(w)=V-£f,(w,Vw) =0 (5.7)

where the vector of conserved variables and the convective fluxes coincide with the Euler
equations. Also, the pressure and temperature are the same. Instead, the diffusive fluxes,
are given by
0
f, (w,Vw) = T (5.8)
Tu-—q

where the stress tensor T depends on the nature of the fluid. For Newtonian fluid, it is
defined, after the application of Stokes’ hypothesis, as follows

2
T=pu [Vu + (Vu)! — 3 (V-u)l (5.9)
where p is the dynamic viscosity defined by Sutherland’s law as
3
T2
—vp=9 5.10
p=vp=Sg— (5.10)

with S = 1.458 x 1076 kg/ (m s \/E> X = 110.4K and v is the kinematic viscosity (in
S.I. [m?/s]). In addition, the heat flux is defind by the Fourier’s law, thus

q=—AVT (5.11)

where A is the thermal conductivity (in S.I. [W/ (m K)]), while K = A/ (pcp) is the thermal
diffusivity (in S.I. [m?/s]). The ratio between the extension of kinematic and thermal
boundary layers is expressed by the Prandtl number, thus

5 2
proto_ ¥, (5) (5.12)

Typical value of Prandtl number for air is 0.71 —0.72. In general, in the liquid, the Prandtl
number is higher than in the gases. For instance, water (at 7" = 20°C) it reaches 7. On
the other hand, liquid metals (Hg, Na) have Prandtl number very low. The full model is
well explained in [4].
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5.4.3 Compressible Euler high-enthalpy

The mathematical structure of these equations coincides with the classical Euler equations.
No diffusive fluxes are present, hence

V£, (w)=0 (5.13)

the differences are based on the closure equations. Indeed, as a consequence of the high-
temperature, all the physical quantities are not more constant. In this models, developed
by [20], the external terms are computed by Mutation++ library [52]; [51]. For instance,
when we are considering a mixture composed of different species, we cannot compute the
pressure through equation 5.5, but with the combination of Dalton’s law and perfect gas
law [27], we have

Nop
_ N o 5.14
p ;pz M, (5.14)
where R is the universal gas constant (in S.I. 8.3145 J/ (mol K ), while M; is molar mass.

5.4.4 Compressible Navier-Stokes high-enthalpy

The set of equations is equal to Compressible Navier-Stokes, thus
V-f(w)—V-f,(w,Vw)=0 (5.15)

the only differences, like in the Euler high-enthalpy version, are based on the closure
equations. Indeed, as a consequence of the high temperature, all the physical quantities
are not more constant. In this models, developed by [20], the external terms are computed
by Mutation++ library [52]; [51].

5.4.5 Turbulence modelling

In turbulence modeling, the set of equations contains both convective and diffusive fluxes.
The number of scalar equations depends on the number of closure

V-f.(w)=—V-f,(w,Vw) =s(w,Vw) (5.16)

Spalart-Alarms RANS turbulence modelling

This is a turbulence model where there is an additional equation to solve in order to
describe the Reynolds stress tensor. Hence, for Spalart-Alarms, we will have m = d + 3
scalar equations

k —w RANS turbulence modelling

In the k — w turbulence model we are going to introduce two different scalar equations that
describe the behavior of the specific turbulent kinetic energy k and the specific turbulent
dissipation rate w. In this sense, we have m = d + 4 scalar equations. The complete model
is well explained in [61].

5.4.6 Multispecies

This model is completely explained in [20]. It is used to simulate chemical non-equilibrium
where, as a consequence of non-equilibrium, source terms for mass equations are added. In
addition, the continuity equation is not unique like in the previous cases, but we will have
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a number of continuity equations equal to the number of species that are involved in the
physical-chemical processes. Hence, we have

V-f.(w)-V-f, (w,Vw) =s(w,Vw) (5.17)
where
pi piu —J;
w=|m f.(w)=|pu®@u+pl f, (w,Vw) = T (5.18)
pE (PE +p)u Tu-—q
while the source term is )
wj
s(w,Vw)=1[ 0 (5.19)
0

where w; is the chemical mass production per unit of volume in the unit of time.

5.5 Relaxation

To solve the non-linear system of the HDG method (4.49) the code [59] uses the Newton-
Raphson method. Following, for instance [58], we have

Ni ] (03 yn) = =Ni (<iiyn) s Yyn € X, (5.20)

where N} [x}'] (6x}';ys) denotes the Fréchet derivative of N, (0x};yp) with respect to xJ,
while NVj, (x}';yp) is the residual. It continues the loop until the residual will be lower than
a threshold, thus

Ny, (X35 yn) < threshold (5.21)

then, it updates the solution as
X = x4 5! (5.22)
This method is stable if the initial guess is chosen near the solution. It is also obvious
that nobody can know a priori this aspect. In order to avoid stability problem of the

numerical methods, that could give solutions without physical significance, in the code a
modified Newton-Raphson method has been implemented [60]

1
(60 ggeduR) N il Gsin) = i Gt (5.29
Th
where K|
At} = CFL" ———— .24
b i=C Ae +4Ng (5:24)
which CFL in chosen as
n\ 2 n\3
col3<> —2<)], n < ng
no no
CFL" := e (5.25)
CFL" ' {1+ ¢; max |0,log ’hinHz , n>ng
[NV 2

where, cg, ¢1 and ng, depends on the problem of interest. In addition, it notices that
for n > ng it is easy to notice that if the numerical solution is not converging we have
N2 >[IV~ Y]2, thus CFL™ remains constant (for n > ng), instead, when we have
IV ]2 <IN |2, namely when the solution is converging, the CFL™ increases.

It is very simple notice that for At" — oo the modified Newton-Raphson method drops
down and the classical Newton-Raphson method is applied. This is the case when, accord-
ing to the previous observation, the solution is converging, hence the CFL™ — oo, thus
Xy = Xp.
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5.6 Hybridiation

Equations 5.23 obtained by the application of the Newton-Raphson method are a system of
linear equations in the unknown quantity 0x7. Remind that x; is a vector, which defintion
is xp, := (qn, wp, A\p) In this sense, equations 5.26 are linear system in the unknown quantites
(6Q, W, 6A)" which contains the expansion coefficients of x,. Hence, following [60], we

A B R\ [/Q F
c D S|lew]|=|¢c (5.26)
L M N) \sA H

In order to reduce the complexity of the problem, a good strategy is to implement a method
that can solve the global system without assembly it. In other words, until this moment
the process to find the discretization of our equations with DG or HDG methods is the
same. Now, we are interested in optimizing the solution. To make it possible, we remind
that in the HDG method we have previously introduced a new degree of freedom, which
connects two nearby elements. This is JA, the third component of the vector §x;. Hence,
our hybridization is based on splitting the system 5.26 into two other systems. More

specifically we will have
A B 0
@ + R oA = F
C D) \oW S G
(5.27)

(z M) <;§/) + NoA = H

In this way, we have re-formulated the problem. Firstly, it was on the unknown variables
0Q) W and 0A, now we have a set of two different equations on two unknown quantities
(0Q,6W) and 0A. In other words, we have increased the number of unknown quantities
splitting the initial unknown vector dx; into two parts. This mathematical passage, which
could be found not useful, permits us to re-write the system for the only unknown variable
O0A. Indeed, we can obtain

5Q\ (A B\ '[(F R
()= (@ ) 1(e)- () 02
substituting, we have

(L M) <é g>_1 [(g) - <1;> 5A} + NOA=H (5.29)

that is

(L M) <é, g>_1 <g> —(L M) <é g) B (g) A+ NO6A=H (5.30)

namely, the only unknown variable is dA

[N—(L M) (é g)l (§> SA—H— (L M) (é g)l (g) (5.31)

This the final solution. Solving equation 5.31 we have the possibility to know, firstly,
0A and after, using equation 5.28, to compute (6@, 0W).
The matrix on the LHS of equation 5.31 is sparse ny x ny block matrix, where we remind
that ny is the number of the internal faces. The same is verified for DG discretization,
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the only difference is based on the number of non-zero elements in the matrix on the LHS.
Indeed, for the HDG method, the number of non-zero elements is lower than for the DG
discretization. More specifically, table 5.1 represents the order of the non-zero elements
present in that matrix for the two methods. It is important remember that d is the spatial
dimension of the problem, m the number of scalar equations that describes the physical
solution of the problem (e.g. for the classical Euler of Navier-stokes equations m = d + 2,
instead, when we are working with non chemical equilibrium, new continuity equations are
added, thus = d + 1 + N;, while if we are considering also multitemperature models we
need to add energy equations, and in these terms we will have m = d 4+ Ns + Ny), p is the
polynomial degree, n. := |T5| and ny := |I'y|

Table 5.1: DG vs HDG. Number of non-zero elements.

Method Non-zero elements

DG O ((d + 2) nem?p*?)

HDG O ((2d + 1) nym?p*@=2)

In the code [59] the system is solved with ILU(n) (Incomplete LU decomposition) pre-
conditioned GMRES (Generalized Minimal RESidual method) available on PETSc library

[5]-

Note that the main difference between DG and HDG method is that in the DG dis-
cretization the numerical trace of the solution is defined explicitly in terms of wy, while,
in the HDG discretization, it is an unknown variable called Ap.

5.7 Shock-capturing

The High-Order Unified Framework [59] adopts the shock-capturing approach developed
by Hartmann and Houston [24|. Shocks are present in a compressible flow, thus when the
relative variations of the fluid density are not negligible. Usually, this situation appears
when Ma > 0.3 — 0.4, namely when the effects of pressure force is twice (approximately)
the magnitude of inertial force. As a consequence of the compressible behavior of the fluid,
from a mathematical point of view we have V - u # 0. Compressible flows can be divided
into subsonic or supersonic. The first case is associated when the Mach number is lower
than 1 (or rather, lower than 0.7 — 0.8 because of the transitional regime). The second
case is related otherwise. When the flow is supersonic, the discontinuities appear in the
physical and numerical simulations. Shocks are one of them and they are the most difficult
to study from a numerical point of view. Indeed, large gradients of the quantities are
present in a very small region. Numerical schemes do not much stable in the presence of
high variations. Consequently, in the equations, a stabilization term has to be introduced.
The methods implemented in the code (see [60]) use the following stabilization term

V.[e(w,Vw),Vw| (5.32)

where, the artificial viscosity € is computed with the norm of the residual of convective
fluxes for each K element, namely we will have a different value of the artificial viscosity
for each element that is computed starting from g, a user-defined parameter. Formalism
gives us

72— 72— =d+2
eoh3;” eohs P &

B J T el = [ el 6

EK =
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where there is also the introduction of mesh size parameter hg of the K element, defined as
h K = h/pr. It has been introduced in order to accelerate the convergence of the artificial
viscosity € to zero, thus reducing the artificial perturbation introduced as a consequence
of fluid dynamic shocks.

The shock-capturing function has also to be discretized. In its discretization the surface
integral contribution is negligible, thus, only the volume contribution is taken into account,
namely, with mathematical definitions, we have

Nise (Tny Wi, on) = (Von, € (wh, o) on) 7, (5.34)

In conclusion, it is important to notice that this term is involved only in local discretization.

5.8 Mesh refinement

The code includes both isotropic and anisotropic mesh refinement. It is defined:

e Isotropic mesh refinement: this method is also called "shape regular" because
it refines the mesh using only elements with a bounded aspect ratio, thus stretched
elements are avoided.

e Anisotropic mesh reniment: with the application of this method also the use
of stretched elements is possible in the regions of rapid variations of the numerical
solution. The anisotropic mesh refinement routine of the code computes principal
directions and stretching ratio.

During the mesh refinement, the code starts with anisotropic mesh refinement computing
principal directions and stretching ratio. Subsequently, the isotropic desirable element is
found with the adjoint-based error estimation. Finally, the new mesh is generated and
new iterations for the computation start. The new mesh is always generated with BAMG
(Bidimensional Anisotropic Mesh Generator) [25], free available with Free-FEM |[26].

5.9 Adaptation

In general, we have to chose between h, p or hp adaptation. Ideally, we can improve the
numerical solution, i.e. reducing the error, with the incrementation of the polynomial
degree that reconstructs the solution for each element, or splitting the initial element into
more ones. The first one is called p-adaptation, while the second one is the h-adaptation.
Obviously, hp-adaptation includes both strategies.

In the code is implemented a strategy that is based on a sensor defined for each element.
This sensor was initially thought by Persson and Peraire [47]. In [60] there is well explained
all the adaptation procedure. However, summing up, in the code [59], the smoothness
sensor is defined for each K element as follows

> [ =) =) ax

S = K& - (5.35)

Z /wa dx (w,w)

KeTh

and for each element the choice between A or p refinement id based on a threshold eg
according to

S - {< €s, p-refinement (5.36)

>¢€g, h-refinement
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For each element, it possible to build the patch P (K) which contains whole the element
and some piece of its neighbors. Hence, 8 dimensionless parameter is defined as the
ratio between two derivatives: at the numerator, the maximum derivative, and, at the
denominator the derivative evaluated in the perpendicular direction to the numerator one.
Thus, its mathematical formulation is

1

wht! T+p

B = (wp+1> (5.37)
1

where wPt! is the maximum p + 1 derivative of w. After that, having computing the
anisotropy dimensionless parameter 3, it is possible to evaluate the new element size from
the its defition, i.e.

_n (5.38)

hence, also the element orientation 6. Then, the element sizes and the orientation are
used to compute the metric. Subsequently, the new mesh is created with BAMG. All the
process continues until the threshold (defined by the user) is reached.

5.10 Adjoint-based error estimation

Adaptation procedure is important to reduce the error and obtain more meticulous numer-
ical results, i.e. good simulations can well estimate the engineering and physical quantities
of interest, hence solve, or understand, the initial problem. In order to evaluate the error
we need to introduce a target function J,. Remembering that xj, is the approximation of
x, we can introduce an error quantity that reads

en = Jp (x) — Jn (xn) (5.39)

that is the difference between the specific target function of the problem evaluate with and
without the numerical approximation xy,.

Having understood what is the target function, we need to use Taylor expansion for deriving
the adjoint-based error estimation strategy. Hence, expanding Jj, (x) with Peano form of
the remainder, we have

I () = Jn (1) + T (xn) (= 30) + O ((x = x2]2)°) (5.40)
thus, defining dx;, = x — xp, we have
I () = Jn (xn) + Ty () 8+ O ((1oal2)°) (5.41)
Now, the same idea is applied to the Newton-Raphson formulation. Hence, we have
N (5:¥0) = N (eni ¥n) + M Gonsvn) (= xnivn) +O (e =xall2)?) - (542)
and, again, recalling the previous definition of dxy, we have
N (35 ¥) = N (63 ¥9) + M, Gonsve) (03nsvn) + O ((163all2)”) - (5.43)

where, as a consequence of the consistentcy of the discretization, the LHS is null, thus
N4 (x;y,) = 0. Hence, equation 5.43 reads

— N (i) = N (3nsva) (5xnsvn) + O (((19%]12)°) (5.44)
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Substituting equation 5.44 into 5.41, and negleting the term of order greaten than one, we
have

Ep = Jh (X) - Jh (Xh) <1 i= _Nh (Xh; Zh) (545)

In equation 5.45 a new parameter appears. This is the adjoint solution zj := <cjh, Wy, 5\h> €

X},. The adjoint solution is the connection between the target functional of our interest,
that everyone could change in the code, and the residuals. It is important notice that
the evaluation of the error could be computed also with local approch, thus in a single K
element. In this case we have nx. For more details, see [60], from this section was inspired
by.

The previous choice of target functional The code [59] is continuously under
development and it is used for research activities. Several publications are reported in
the Bibliography. Here, in this small paragraph, a list of the previous target function is
presented with reference to papers. In the code, one of the possible geometry to test the
numerical algorithm is NACA 0012 airfoil. The simulation with this geometry can be done
with an inviscid or viscous model, hence with the Euler or the Navier-Stokes equations,
respectively. Consequently, two target functions are present by Woopen, May and Schutz
in [62]. For the Euler model they used

J(w):/aﬂ p(w)B-ndo (5.46)

while for Navier-Stokes model they used
J (w, o) :/ p(w) — 7 (w,0)] B n do (5.47)
Oy

where 3 is different for evaluation of drag or lift. For drag we have 8p = (cos «, sin a)T /oo,
while for lift we have 8, = (—sina, cos @)’ /oo, where cop = YpocMaZ l/2.

In the same work [62] they also tested a bump smooth in which the target function was
defined as a dimensionless parameter that represents the production of entropy. In this

sense
1 -7
p 14
J(w) = / () —1| dx 5.48
A\ e ] (5.48)

Again in [62] the same researcher group studied the bidimensional convection-diffusion
scalar defining the target function as

J(o,w) = mzp (w—en-o) do (5.49)

where they choose ¥ (x,y) = cos (2mz) sin (27y).
For more accurate detail we remind to [37]; [60].
5.11 Boundary conditions

The High-Order Unifying framework has already implemented a lot of boundary conditions.
Hence, in this section, we shall enumerate them.
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5.11.1 Slip wall

This is the classical boundary conditions for the Euler model, where, due to the assumption
that the gas can be considered ideal, that is its viscosity is null, namely the Reynolds
number of the flow is infinity, no boundary layers are present in the region near the wall. For
this reason, the velocity vector is perpendicular to the normal wall. From a mathematical
point of view, we have

u-n=0 (5.50)

that is, in terms of the state-local vector of conserved variables

woq (p,m, pE) := (p,m, pE) (5.51)

5.11.2 No-slip wall
u=0 (5.52)

that is, in terms of the state-local vector of conserved variables

woq (p,m, pE) := (p,0, pE) (5.53)

e Adiabatic no-slipp wall
VT -n=0 (5.54)

e Isothermal no-slip wall
T,, = const. (5.55)

5.11.3 Symmetry plane

In terms of the state-local vector of conserved variables, we have

woq (p,m, pE) == (p, I —m®@n)m, pE) (5.56)

5.11.4 Far field

The far field conditions are computed base on the characteristic upwinding. Starting from
the convective fluxes we can obtain the Jacobian matrix. Reminding that we are working
with a bidimensional problem, that is d = 2, we shall have two different Jacobian matrices.
However, in bidimensional case the convective flux is expressed as follows

pU pU
2
_ _ | puitp  pvu
fo=(f1 f2)= v po? 4 p (5.57)
pulH pvH
where
w2
2 2 2
w ws + w:
A ERRI
1 1
IR L w3 (5.58)
. Wo—>
pUY 20
puH
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and
ws

w2
Wa—2

ppvvu 2 Jwn 2 2

foo=1| '3 = Wi 1 _ wp twy (5.59)
pvi+p w1 + (v ) ( wa 2wy
pvH wy (’y—l) [w%—i—w%]
yw3z—— — 2 w3
w1 2 1

Note that H = h+(||ul|2)? /2 = E+p/p. After some manipulations we will obtain different
Jacobian matricies, one for each direction

_ Of . (w) Of, (w)ow

A\VAS § = = — 5.60
fe (w) Ox ow 0Ox ( )
thus
0 1 0
7_3 w%+ 7_1 w% (3 )wg (1 )wg
3£C’1 2 w% S 2 w% Y w1 Y w1
ow —w3 5 w wr
4 w} + wj ws wl _ (y=1Y witw3 wy
—’Y?‘i‘( -1) 3 | w2 ’Ywﬁ‘i‘(l—”Y)w?—(T) o (L=)ws 3
(5.61)
and
0 0 1
w2 .
ot W wy wr
2c,2 2 2
< v -3\ wj v—1\ w;
o | ()34 (5)% a-az 3t
2 2
Wy ws + w 2 _ 242
v =) (e B0 B - (35)
(5.62)

Another way to obtain a generalized form for the Jacobian matrices, according to 28], is
the following
f. = wup + pas

where

as=(0 n u,)" (5.63)

d
where u,, = E u;n;. Hence, we have
i=1

Up = N1U + N2V + N3W
w9 w3 Wy (564)

thus, we have

oup, 1 wany + wang + wyns
—_— — | — ny mng n3 0
ow  wq wy

1 (5.65)
:;(—un n1 N9 N3 O)

w2

Twy
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Finally, the Jacobian matrix is

%_Ow aunw+a@+ Oag
w _ow ™" d 25w " Pow
N P

—unl+a W+a287\]:/'

In any case, in the end, for a bidimensional problem we will have the following eigen-
values
U, U, Up + ¢, Uy — C (5.66)

with their corresponding eigenvectors (see [28]).

5.11.5 Inflow and Outflow

In addition, also the inflow and outflow boundary conditions are implemented in the code.
Generally speaking, these types of boundary conditions, can be computed with the usage of
Riemann invariants. The number of prescribed boundary conditions depends on the type
of in- and out- flow. In general, if we are considering a subsonic outflow test case, we need
to prescribe the outlet pressure while, if the out region is supersonic, we do not need to
prescribe any variables. In the inflow region, if it is supersonic we need to prescribe three
different quantities while, if it is subsonic, only two are satisfactory. For these reasons, the
subsonic outflow boundary condition will influence the solution computed in our Navier-
Stokes test case, as shown in the next Chapter.

5.12 Normalization

All the CFD solvers work with the dimensionless form of the equations. This is a crucial
step in the coding phase of the algorithm. Indeed, in normal fluid motions, we will have
different quantities like the pressure, the velocity, the density, etc... that have different
order of magnitude. For instance, the pressure in a normal condition like 1 atm is, in the
S.I., ~ 10° Pa. On the other hand, the density in the same conditions will be ~ 10° kg/m3.
These differences could introduce numerical error in the solutions of the flow field. This
is due to the catastrophic cancellation. To overcome this issue we need to introduce the
dimensionless form of the equations. In this way, all the quantities that describe the fluid
field will have the same order of magnitude and the solver will be able to compute correctly
their value. In the end, in the post-processing phase, the engineer could analyze the output
with non-dimensional values or, if s/he prefers, with the dimensional form.

There are many methods to find the dimensionless form, for instance, we can select the
reference pressure as the total pressure. In these terms, all the values of the pressure will
be between zero and one. The same could be though for the temperature. In order to
define a normalization scheme, four independent value of the following variables need to
be chosen: L, ||ull2, p, p, T and e.

In the code [59] the choice was based on

DPre.f, Pref.s Tref.a L’r’ef. (567)

hence, the other values will be
Pref.

5.68
Pref. ( )

[Wres.ll2 =
the reference energy by

Pref.
ere. = (Ipes [l2)* = =L (5.69)
Pref.
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obviousy, the latter is applied also for the enthalpy h,.fr = e,c.. The reference time by

Lref DPref
Loy = —— T : 5.70
ref- Hllref. ||2 rel- Pref. ( )

Consequently, we can define all the normalized operator, i.e.

~ \Y
V= 7
rel (5.71)
~ O,
Oy =
tref.
and the dimensionless chosen quantities as follows
- 4 - p ~ T ~ L
p — , — R T = 5 L == 572
DPref. P Pref. Tref. Lref. ( )
while the dimensionless derived quantities as follows
u ~ h ~ t
T L E R S (5.73)
||u'ref.H2 Cref. h'ref. tref.

With the application of these definitions, we can find the dimensionless version of the
set of equations to implement in the High-Order Unifying Framework. The general form
for the conservative laws is

ow+V-f.(w)—-V-f (w,Vw)=s(w,Vw) (5.74)
that, for steady solutions, we have
V-f (w)-V-f,(w,Vw) =s(w,Vw) (5.75)

that is the full system for Navier-Stokes equations, i.e.

P
P4 v (pu) =0

ot
a((9PtU)+V'(Pu®U+pI)—V-T=pf (5.76)
Q08 9 (o +p)u] V- (ru—a) = pf -u+ O

in typical aerospace applications, the effects of the external forces, often related to the
gravitational force, are negligible. On the other hand, as we mentioned before, in this
particular case, we cannot neglect the effects due to the electromagnetic field. In other
words, the external forces will be only associated with the last one. In this way, the full
system will be

0
l+V-(pu):0

ot
0

(aptu) +V- (pll Xu+ pl) -V T = chappl. +J X Bappl. (577)

0(pE ) .

(gt ) + V- [(pE+p)u] -V (Iu - q) =1J 'Eappl.
that for the steady-states, it looks like
V-(pu)=0

V- (pu ®u -l-pl) -V.T= chappl. +j X Bappl. (578)
V. (pHu) -V (IU_Q) :J : Eappl.



84 CHAPTER 5. THE CODE: HIGH-ORDER UNIFYING FRAMEWORK

where p is the density, p. = n.q the density charge, u the velocity vector, p the pressure,
T the viscous stress tensor, E the total energy per unit of mass, H = E + p/p the specific
total enthalpy, q the heat flux, B,y the externally imposed magnetic field, E,py. the
externally imposed elecric field and j the density current vector.

To satisfy the conservative form of the system, we can split it into conservative, diffusive,
and source terms. For the first two, we have

pu 0
f.(w)=|pu®u+pl f, (w,Vw) = T (5.79)
pHu Tu-—q

while, for the source term, we have

0
§(W7 VW) = chappl. +Jx Bappl. (5'80)
j ’ Eappl.

Now, we can start the normalization procedure following [15] and what just explained
before, we have

V-E (w)-V- |6k, (w,Vw)] — 05 5 (w, Vw) (5.81)

where, if we consider a three-dimensional problem (d = 3) and we remind that the number
of scalar equations for this set of equations is m = d + 2, we have

M .
0, — \/Z{ a diag (0,1,1) 02 = /7 Ma S Re,, diag(0,1,1)
— e
0 0 1

1 5.82
_ V7 Ma 1 = /7 Ma S Rey, 1 (5.82)

Re 1 1

1 1

finally, the steady-state dimensionless physical model that describes the situation of Magneto-
Fluid Dynamics under low Magnetic Reynolds number assumption, reads

(5.83)
where the electric and magnetic reference values have been chosen equal to one. In this
sense, the user can easily insert the typical value that s/he wants, without changing any-
thing. We remember that this model is valid for Magneto-Fluid Dynamics simulation
under the condition of low Magnetic Reynolds number, i.e. the magnetic field induced is
negligible, hence it can be considered applied constant in space and time. In addition, the
model is valid under the frozen fluid physical condition, thus when the time of the fluid is
a different order of magnitude lower than the time of the typical chemical reactions, i.e.,
from a mathematical point of view, when the Damkohler number is very low.

5.13 Model implementation with electromagnetic source term

Now, we impose the electric field and the magnetic field and we are going to compute the
electromagnetic source term. We remember that in the physical model of our interest the
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source term is made up of Lorentz force for the momentum equation and Joule heating in
the energy equation, which general form is

0
s (W, VW) = | pcEgpp. +J X Bappi. (5.84)
j : Eappl.

where to evaluate all these scalar components, the cross products will be analyzed sepa-
rately. Hence, we have

uxBep.=|u v w
B, B, B,
vow U v
=e B, B. — e B, B. + e3 B, B, (5.85)
vB, —wB,
= | wB; —uB,
uBy —vB,

We remember that o, is the electrical conductivity (in S.I. [S/m]). It is important to
consider that, under particular physical conditions (like strong magnetic field applied,
etc...) the electrical conductivity does not be considered as a scalar because the transport
mechanism is not the same in each direction. To overcome this problem we need to switch
to a formulation where the electrical conductivity is a tensor. For the sake of simplicity,
now we will consider the case where o, is scalar, which is typical for unmagnetized or
weakly magnetized ionized gas mixtures. Hence, it is possible to compute the density
current as follows

peEy + 0c (Ey +vB, —wBy) Ja
j = chappl. + ¢ (Eappl. +u X Bappl.) = chy + o¢ (Ey + sz - UBz) = jy
pcE. +0c(E, +uBy —vBy) Jx
(5.86)
then, the Lorentz force will be
e €9 €3
j X Bappl. = ]a: jy ]z
B, By B,
o jy Jz Je  Jz Jx jy
=e —e +e
1B, B.| "?|B. B. B, B,
ijz - szy
= szx - ja:Bz
ja:By - ij;t

[pcEy + 0c (Ey + wBy —uB,)] B, — [pE. + 0c (E, +uBy — vB;)| By
= | [pcE: + 0c (B +uBy —vB;)| By — [pcEy + 0c (Ey +vB, —wBy)] B,
[pcEy + 0c (Ey +vB, —wBy)| By — [pEy + 0c (Ey +wBy —uB.)| By
(pe + 0¢) (EyB, — E;By) + 0.B; (wB, + vBy) — ocu (Bg + Bg)
(pe + 0¢) (E:By — By B.) + 0By (uBy + wB;) — ocv (B2 + B2)
(pe + 0¢) (B By — EyB,) + 0.B. (vBy 4+ uB,) — o.w (B + BZ)

(5.87)
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while the Joule heating

j : Eappl. = ]:rEac + ijy + szz
= (pe + 0c) (Ef + E} + E?) + 0c [Ey (B, — wBy) + Ey (wBy — uB.) + E; (uBy — vB,)]

1 u 0 0\ [E,B.-E.B,
=pc (B2 +E,+E)+o. | E2+E,+E:—|1|-|[[0 v 0] |E.B.— E;B.
1 0 0 w/ \E.,B,— E,B,

(5.88)

5.13.1 Effect of cross-product in bidimensional simulation

Equation 5.87 and 5.88 give the mathematical structure of the source term in three-
dimensional simulation. Looking at it, and remembering that the definitions of cross-
product returns a vector outside the plane where the multiplied vector are contained, it
is easy to understand that for bidimensional cases it will be null. Therefore, no efforts
should have been in coding. However, the problem is based on the fact that also in the
bidimensional simulation we need to introduce Lorentz force and Joule heating. On the
other hand, the code [59] works with a definite mathematical and informatics structure
based on the initial conditions of the problem. In other words, if we are working on a
bidimensional simulation, we cannot introduce a three-dimensional source term. It is not
possible for compatibility and physical reasons. By the way, it is necessary to build a rou-
tine that can avoid this problem and compute the correct electromagnetic source structure.
The calculation of the source terms will be conduct in the most general case (i.e. d = 3),
then the routine will check the effective dimension of the problem, and it will fix only the
components of Lorentz force to be taken into account. In this context, also the possibility
to introduce electric and magnetic fields outside the plane of the bidimensional simulation
needs to be considered. The main idea is to think of a bidimensional simulation as figure
5.2 shows.

Figure 5.2: The scheme of the geometry to overcome the problem of losing contribution
during the computation of the Lorentz force in the momentum equation.
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EvalSource
THERM
{ D=3 } M-+

{E = (Ey, B, EZ)T}—{B = (B., By, BZ)T} { Pe }——»{ Oe

{ Eval] j J

chEappl. +.] X Bappl.H EvalLorF 14_‘){ EvalJouleHeat }_’[ .] : Eappl. }

Check d

ECCR

Figure 5.3: Flow chart to evaluate the source term of the model developed in the High-
Order Unifying Framework. The interface with the library Mutation++- is briefly explained
in the figure 5.1. In this way, we overcome the problem related to the loss of the contribution
of Lorentz force in the momentum equation. The transport properties are evaluated with
the scheme 5.1. All the code is present in the two Appendices.
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5.14 Summary

This Chapter gave a general overview of the High-Order Unifying Framework [59]. The
typical structure base on the AutoDiff data type has been shown. Then, the typical out-
put and the physical models already existing were tabled. Hence, the general concepst of
the code were described: the modified Newton-Raphson method, the relaxation technique,
how the shock-capturing works, the concept of refinement, the adjoint-based error esti-
mation, and, finally, the typical boundary conditions. Then, at the end of the Chapter,
the normalization procedure of the equations of our interest has been shown. Hence, the
normalized system for electrically conducting flows under the assumption of frozen flow
was tabled. In the end, the scheme for the implementation of the source term has been
presented.



Chapter 6

Validation

In this Chapter, we are going to test the models implemented in the High-Order Unifying
Framework that we have already explained in the previous Chapters. We will start with
the Euler model, neglecting the viscous fluxes and all the physical properties associated
with it. Then, their introduction is essential to develop a real physical model. Hence, in the
second step, we will test the Navier-Stokes model. The results are analyzed with kinematic
physical considerations and compared to the analytical solution provided by Hartman [39].
Hartmann flow is also compared with the analytical solution of Poiseuille low. Then, the
numerical results are presented and theoretical considerations are exposed.

6.1 FEuler model

In this section, we are considering this set of equations

0
£+V-(pu)20

ot
0 (pu .
E;)t ) + V- (,011 ®Xu +pl) = chappl. 4+ X Bappl. (6.1)
0 (pE )
(gt ) + V- [(pE+p)ul=j- Eoppl.

6.1.1 Channel test case

It is a good practice to start from the Euler model in order to test the implementation and
how the electromagnetic source terms works. In the Euler model, we are not considering
all the viscous fluxes that are normally present in a real situation. In other words, this is a
theoretical abstraction to make sure that the source term is working correctly. Indeed, in
the source term, there is the presence of the Lorentz force and Joule heating. All of these
quantities are related to the density current, which is made up of two terms: convective
and conduction. In the normal application, the first one is neglected as a consequence
that the total charge density can be considered zero. In this sense, only the conduction
term is present. Hence, electrical conductivity appears. Testing the implementation of the
Euler model with the addition of electromagnetic source term, we can use typical kinematic
considerations based on the second Newton’s law

> F=ma (6.2)

that is the typical expression of the momentum equations in the Navier-Stokes model. In
this section, we are going to test if the implementation of the electromagnetic source term
is correct. To make it possible we are considering a channel and we will apply an electric
and magnetic field such that the Lorentz force is along the positive direction or, in the

89
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negative direction. Hence, in the first case, the particles of fluid are accelerating, while in
the second case they will decelerate. Of course, to make us sure about the good coding
implementation, also a further simulation with electric and magnetic field imposed null
has been conducted. In this latter case, no variations will be present. The simulations
have been conducted with Mach number Ma = 2, angle of attack a = 0°, reference length
L =1, v = 1.4, Magnetic Reynolds number Re,, = 0.001, while the Magnetic force
number S = 100. The temperature of the gas mixture has been set to T' = 2500 K, and
we imposed an external fictitious scalar electrical conductivity o, = 0.1, while p. = 0.
The computation for each iteration has been automatically stopped when the residuals
will reach the threshold equal to 1078, It is important to notice that, for increments in the
value of the density current, the variations of the entropy will increase, obviously. Hence,
also the computational time will increase. The latter also increases when we are going
to consider higher order of the function that approximates the solution for each element.
The last two concepts are presented in figure 6.4. In figures 6.2 and 6.3 the comparison
between the high-enthalpy version and the model implemented in this work with null
electric and magnetic fields is provided. As we expected, there are no changes in the two
post-processing. Hence, we can affirm that the source term is correctly implemented. The
structured triangular mesh used for these simulations is shown in figure 6.1. In table 6.2
the number of elements is tabled for the p-adaptation procedure, while in the table 6.1
there are the different cases that have been tested. The Paraview post-processing of the
latter is shown in figure 6.5. In figure 6.6 the values for typical fluid dynamic variables are
provided for a line placed at y = 0.25. Obviously, in the meantime, the pressure decreases.
The behavior of the temperature is different. It increases its value along the channel, and
its increment is higher for the bigger magnitude of the electric fields. Hence, the behaviour
of the Mach number is not unique and we cannot consider it to evaluate if the flow is
accelerating or decelerating.

.0 02 04 0.6 08 1
05 — ‘, 05
e s ~
04 ~ {oa
{ s
031" i i lo3
Y e | ‘
02{ | N y i 0.2
t + :
0.1 \ 0.1
‘ i |
ol " L 5 1o
02 04 X 06 08

Figure 6.1: Channel Euler test case: triangular mesh with n. = 256, p = 4, n,, = 3848, for
p = 4. (see table 6.2).

Table 6.1: Channel Euler test cases.

Case A Case B Case C CaseD CaseE
E, -15 -10 -5 0 5

i >0 >0 ~0 <0 <0

J X Bappl.|a >0 >0 ~0 <0 <0
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Figure 6.2: Channel Euler test case: post-processing.
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Figure 6.4: Channel Euler test case: time of the simulations.

Table 6.2: Relation n. and n, for p-adaptation in Channel test case.

p=0 p=1 p=2 p=3 p=4
ne 256 256 256 256 256
n, 256 768 1536 2560 3848
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Figure 6.5: Channel Euler test case: effect of the
velocity.
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Figure 6.6: Channel Euler test case: effect of the Lorentz force on the fluid dynamic

variables.
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6.1.2 Shock test case

The numerical domain is composed of far-field inflow, the inclined wall of an angle 6 ~ 4°
such that the flow will expand, i.e. from (0;0) to (0.5;40.035). Then, far-field boundary
conditions are prescribed elsewhere. The simulations have been conducted with the follow-
ing initial parameters: Ma = 2.5, angle of attack o = 0°, reference length L = 1, v = 1.4,
Magnetic Reynolds number Re,, = 0.001, and the Magnetic force number S = 100. The
gas mixture is air with eleven species, i.e e, NT, OT, NOT, N;, O;, N, O, NO, Ny and
Oy with the thermodynamic database of Mutation+-+ library based on the Rotor Rigid
Harmonic Oscillator (RRHO) [52]; [51]. The temperature has been fixed at 7' = 2500 K.
The artificial viscosity parameter has been chosen equal to £4t.4isc. = 0.08. The initial
mesh has a number of initial elements equal to 128. The computation for each iteration
has been automatically stopped when the residuals reached the threshold ofequal to 1078,
The adaptation procedure has been conducted with 15 number of iterations. For each
iteration, the step has been chosen equal to 1.2. In this sense, the adaptation procedure is
based on the following rule

ngld:ne x 9, Vg ={0,..., F}

new _ w591 g ={0,..., F}

e

(6.3)

where s is the step, F' the final number of the iterations (i.e. 15 in our case) and n. is
the initial mesh size (i.e. 128). We selected the parabolic functions to approximate the
solution in each elements. In this sense, we have p = 2. In addition, we need to remember
that this is only a test case to understand if the model that we have implemented works
well. Indeed, we are testing the Euler version. Therefore, no diffusive fluxes are present.
Hence, from a physical point of view, no presence of electrical conductivity should be con-
sidered. However, if we do not take it into account, there are not changes with respect to
the classical Euler model. To evaluate them, we need to impose a dummy, un-physical,
value of the electrical conductivity. As a consequence, we chose g, = 0.1, which is not
so far from the temperature of the mixture. In addition, the same concept needs to be
applied to the total density charge. In this situation, to avoid the presence of round-off
machine, which could introduce numerical errors, it has been fixed null, i.e. p. = 0.

In order to verify the correct numerical solution of the code also in presence of shocks,
two types of simulations have been initially analyzed, then the effects of different elec-
tromagnetic applied source terms have been taken into account. Firstly, we imposed null
electric and magnetic fields. We compared this numerical result with the classical Euler
high-enthalpy solution, which does not consider the presence of electromagnetic source.
Figures 6.7, 6.8 and 6.9 show the adapted mesh, the Paraview post-processing and the
Mach and normalized pressure for a line placed at y = 0.1, respectively. Between the two
solutions there is a perfect deal. The oscillations present in figure 6.9 for a line placed at
y = 0.1 are concerned with the numerical stabilization. To reduce them, we can think to
introduce a bigger artificial viscosity, but at the same time we need to take into account
that the solution will be more affected by the numerical error, even if they are small. In ad-
dition, we can notice that these oscillations are present because of the small computational
resources.

Secondly, the effects of various external electromagnetic source are tested. We chose a
fixed magnetic field in the positive direction of y axis, hence B = (0, By, O)T, with B, = 2.
In addition, to simplify the numerical solution and to reduce the overall computational
cost, we imposed an electric field on the z direction, thus we have E = (O,O,Ez)T. The
values of the z component of the electric fields are present in table 6.3. In figure 6.11 the
adaptation of the meshes is shown, in figure 6.12 the post-processing of the dimensionless
magnitude of the velocity is presented, while figure 6.13 shows the most important fluid
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Figure 6.7: Shock test case: adapted meshes. n, = 1499 for Euler high-enthalpy, n. = 1491
for Euler electromagnetic with null source terms. Both with p = 2.
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Figure 6.8: Shock test case: post-processing.

dynamic variables for a line placed at y = 0.1. The global time for different simulations,
like the time for each iteration, is shown in figure 6.10. The simulations conducted with the
Euler electromagnetic model have the time including between two extreme values: the time
of the Euler high-enthalpy version and the time for the Euler electromagnetic version with
null electric and magnetic fields. The different cases are shown in table 6.3. In the post-
processing we can see the same concepts already explained in the channel test case. All
the physical quantities follow the same behaviour of the channel test case. The oscillation
is bigger when the flow is accelerating, i.e. cases A and B certainly. Figure 6.11 shows
how the slope of the shock is changing: when the Lorentz force is in the negative direction
of the x axis, the slope is bigger, while, when it is in the positive direction of the z axis,
the slope is lower.
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Figure 6.9: Shock test case: post-processing of the fluid dynamic variables.
Table 6.3: Shock test cases.
Case A Case B Case C Case D Case E
E, -15 -10 -5 0 5
Jz >0 >0 ~ 0 <0 <0
J X Bappl.|a >0 >0 ~ 0 <0 <0
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Figure 6.10: Shock Euler test case: time of the simulations.
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(e) Case E.

Figure 6.11: Shock test case: adaptation of the meshes.
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Figure 6.12: Shock test case: effect of the Lorentz force on the dimensionless velocity.
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6.1.3 Expansion test case

In this section we are going to test the supersonic expansion test case. The numerical
domain is composed of far-field inflow, the inclined wall of an angle § ~ —4° such that the
flow will expand, i.e. from (0;0) to (0.5; —0.035). Then, far-field boundary conditions are
prescribed elsewhere. The simulations have been conducted with infinity Mach number
Ma = 2.5, and angle of attack null. The reference length for the normalization has been
set L = 1, while the ratio of the specific heat has been set v = 1.4. In other words, exactly
the same physical and mathematical parameters of the shock test case have been chosen.
Consequently, the same gas mixture is considered: air with 11 species at T" = 2500 K.
Again, we set the value of the electrical conductivity equal to o, = 0.1, while p. = 0.
The Magneto-Fluid Dynamic parameters have been chosen as follows: Magnetic Reynolds
number Re,, = 0.001, while the Magnetic force number S = 100. The initial mesh size is
ne = 128, and 15 loops have been chosen for the adaptation, always with step s = 1.2. The
mesh adaptation procedure follows exactly the same rules of the previous shock test case.
Figure 6.14 shows the two adapted meshes for the classical Euler high-enthalpy solution
and the same solution computed with the simplified Magneto-Fluid Dynamic model imple-
mented in this work. For the latter, we imposed null the electric and the magnetic fields,
in order to understand if the implementation of our new model works correctly. Figure
6.15 shows the post-processing of these solutions. No variations are present, as expected.
Indeed, if no external electromagnetic field is applied, the solution of our model is equal
to the classical Euler high-enthalpy solution. However, many computational resources are
required for this model. This is an immediatly consequence of the computation of the
source term, even if it is null. Consequently, numerical errors, which depend on the type
machine using for the simulations, will appear. Nevertheless, we will have the same final
post-processing. This is also well shown in figure 6.16.

(] 0.1 0.2 03 04 0.5
0s? 0. 0.2 03 0.4 0s 05 ; i %35
0.4} ~ lo4 04 - loa
0.3 - — - ~ lo3 0.3+ ”,' ' = “to3

0 0.1 0.2 03 0.4 0.5 0 0.1 02 03 04 05

(a) Euler high-enthalpy. (b) Euler electromagnetic.

Figure 6.14: Expansion test case: adapted meshes. n. = 1742 for Euler high-enthalpy,
ne = 1799 for Euler electromagnetic with null source terms.

In this second step, we run different simulations with various external sources. We
imposed the same magnetic field B = (0, By, 0)” and several electric fields E = (0,0, E,)".
These values are fictitious, and they are only useful to understand the behaviour of the
model implemented in [59]. We chose B, = 2, while the different values of the z-component
of the electric fields are written in table 6.4. Then, the figures 6.18, 6.19 and 6.20 show the
adapted meshes, the Paraview post-processing and the behaviour of the physical quantities
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(a) Mach number. (b) Dimensionless pressure.

Figure 6.16: Expansion test case: post-processing of fluid dynamic variables.

of our interest. It is important to notice that, when the density current is very small, even
with the presence of externally applied electric and magnetic fields, the contribution of the
Lorentz force, like that of Joule heating, is null. In this context, either there are no changes
in entropy or they are present in small entities (see figure 6.20). The higher computational
time is associated with the presence of null electric and magnetic fields, while the lowest
computational time, for the FEuler electromagnetic cases, is given by the situation where
the density current is null. Approximately the same happened for the channel and the
shock test cases. The only difference is that the case C for the shock test case is the
higher time when electric and magnetic fields are applied, while for the expansion it is
the lowest. However, all the cases tested are included between the two extreme conditions:
Euler high-enthalpy and Euler electromagnetic with null electric and magnetic fields, which
are the lowest and the highest case from a computational time point of view, respectively.
Hence, this is the behaviour of the code in the supersonic regime (see figures 6.10 and 6.17).
However, figures 6.18, 6.19 and 6.20 show the adapted meshes, the Paraview and Matlab
post-processings for a line placed at y = 0.1. Again, as in the shock test cases, we can
notice the different slope of the expasion fans in figure 6.19. Obviously, the same happens
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for the meshes, figure 6.18. In the post-processing there is not the presence of oscilations
because these are related with the presence of strong gradients in small regions, i.e. shocks.
Instead, here we are considering the expansions, which is an iso-entropy phenomena. In
this context, the variations of entropy shown in figure 6.20 are given by the application
of the external forces, i.e. Lorentz forces. Indeed, we can notice that these variations are

bigger when the density current is greater.
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Table 6.4: Expansion test cases.

Case A Case B Case C CaseD CaseE

E, -15
Jz >0
IixBgpprlz >0
Ne 1716
n, 10296

-10

>0

>0

1733

10398

-5 0 )
~0 <0 <0
~0 <0 <0
1780 1753 1649

10680 10518 9894

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
iter [—]

(a) Time of each iteration.

thor. 8]

9 10 11 12 13 14 15

6 7 8
iter [~

(b) Total time.

Figure 6.17: Expansion Euler test case: time of the simulations.
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Figure 6.18: Expansion test case: adaptation of the meshes.
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Figure 6.19: Expansion test case: effect of the Lorentz force on the dimensionless velocity.
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Expansion test case: effect of the Lorentz force on the fluid dynamic variables.
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6.2 Navier-Stokes model

In this section, we are considering this set of equations

dp _
0
(;tu) +V-(pu®u+pl) = V-1 = pEqpp. +j < Bapp. (6:4)
9 (pE)

5 TV [(pE +p)u] =V - (Tu—q) =j - Egpp.

6.2.1 Hartmann flow

In these steps, we will use the index notation for the sake of simplicity. Writing the
Navier-Stokes equation for incompressible, chemically non-reacting flows, and remembering
that the energy equation is decoupled as a consequence of the possibility to calculate the
temperature field from the knowledge of the density and pressure field through the perfect
gas law or, if we would like to take into consideration the effects of real gases, through the
Wan der Walls equations, the continuity equation reads

ap 8u]~

5t o, = (6.5)

while the general form of the momentum equation reads

ou; ou;  Op 0 Ou;
el . _ = f; 6.6
P 675 + ,O’LL] a$j 8.%1 Oxj <'ual‘j> f ( )
hence, if we consider constant dynamic viscosity, the latter equation will be
O ou; 0 &u;
L A (6.7)

Pot TPz T o Mo

J

namely, considering a bidimensional problem, the momentum equation for each component

will be
@_{_ @_}_ @_i_ @ +@_ @4‘@4‘@ _f (68)
Pot TP\"ar "oy T Vo2 ) Tar M\oa2 T2 T a2) T 0 '

ov ov v 0 v 92w %
> P u( >=fy (6.9)

ov
pat+p<uax+vay+waz +87y_ w‘f‘@‘f‘@

Now, we introduce the steady-state and parallel flow assumptions. In this sense, for
the steady-state assumption, all the derivatives with respect to the time will be neglected.
The scheme of the domain is illustrated in figure 6.21. Finally, the usage of parallel flow
gives us the possibility to obtain an analytical solution. Indeed, from the definition of a
parallel flow, we have for a three-dimensional case

u=(u, v, w) = (u(y), 0, 0)" (6.10)
consequently, equation 6.8 will be

L M? = fa (6.11)

and equation 6.9 reads

— = 0= p|, = cost. (6.12)
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This is the set of partial differential equations that describes the flow field for our particular
problem. These equations are not non-linear, indeed no convective terms are present.
Consequently, they can be solved analytically. It is convenient to write again the equation

6.11 in this way
0%u _Op
“agﬂ T ox

At this stage, it is important to understand which is the contribution of the external
force f,. Indeed, if it is a function of the velocity we cannot consider it constant during
the integration, leading to modifications in results. To make a more clear discussion in the
next passages we will obtain the analytical solution for both cases.
It is also important to notice that, for parallel, we immediately have the solution for the
vorticity. Indeed, the problem is bidimensional, hence the only vorticity component is
along the third direction. From a mathematical point of view, we have

fa (6.13)

(s3] €9 €3
ou ou
w=VXxu= |0 0O Ocy|= (83;; — 83:?) e3 (6.14)

ur U2 U3

that is, for this parallel flow
_ Ou

dy
Now, we split the discussion in two separate sections: the first one when we can consider
constant the external force, the second one in the opposite case. Subsequently, a brief
discussion of the results is present and a comparison with our numerical code is presented
to validate the Navier-Stokes model with the presence of electromagnetic source term.

(6.15)

w=w,

Y

Bappl.
@
Figure 6.21: The scheme for the parallel Hartmann flow.
6.2.2 f, # fu(u(y))
This is the most simplest case. Equation 6.13 is well integrable
+h aQu +h 8]?
— dy = - — d 6.16
u_haygy/_h<8x f:c>y (6.16)

and we obtain

ou  (0Op
Moy = ((% - fx> y+a (6.17)
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then, the second integration is needed, hence

+h ou +h 8])

— dy = — — d 6.18
Ny /_h Kax fx)y+01] y (6.18)

and we have 5 )
pu (y) = <8]; - fm) % +ay+e (6.19)

that can be written again like (note that a = ¢;/p and b = co/p)
p Y
_ (% )\ ¥ 2

u (y) <8x f>2'u—|—ay+b (6.20)

where the a and b constant are found wih the imposition of boundary conditions, that are

u(y=—-h)=u(y=+h)=0 (6.21)
thus, we have
a=0
2 6.22
(2 5) =
Oz 20

u(y)z—(?ﬁ—fm);i[l—(zﬂ, —13%@ (6.23)

hence, the vorticity reads

<1 (6.24)

SRS

0
w: (y) = (8]; - fx) ;y -1<

This is the typical parabolic velocity profile of the Poiseuille flow with the addition of
a contribution related to the external force along the x direction. If we do not consider it
we obtain the classical Poiseuille velocity profile. Of course, the maximum of the velocity
is present in its middle, thus for y/h = 0, namely

B Op h?
Umazx = — ((% - fx) ﬂ (625>

while the maximum and the minimum of the vorticty are at the top and at the bottom of
the wall, respectively, i.e.

dp 1
Wz, max/min = + (61‘ - fz) ;h (626)

consequently, the dimensionless velocity profile is the same of the Poiseuille flow

uly) g (9)2 (6.27)

Umaz h

and the same happens for the vorticity

w.y) _ vy (6.28)

Wz mazx h

Figure 6.22 shows the velocity and vorticity for the Hartmann flow.
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Figure 6.22: Poiseuille flow: normalization of the velocity and vorticity profiles.

6.2.3 f.=f.(u(y))

In this case, the discussion is more complicated. For instance, in our case, the external
force is only along x axis and it represents the Lorentz force. As already well discussed
in the previous Chapters, now it is well known that the Lorentz force, which acts on an
elementary fluid volume, reads

Jx Bappl. = [pcu + ¢ (Eappl. +u X Bappl.)] X Bappl. (6-29)

and, for the sake of simplicity, in this discussion, we can consider the total density charge
null. In addition, to make the effects more evaluable, according to [39] we can suppose
the electric field applied proportional to the applied magnetic field through the electrical
conductivity. In this sense, the order of Lorentz force will be

j x Boppi. ~ oeuB? (6.30)

that emphasizes the dependency of f, from the velocity field. Hence, equation 6.13 will be
written as
0%u Op
Hoy? o
where the minus sign in front of the second term in the LHS has been introduced as a
consequence of the opposite direction of the Lorentz force with respect to the positive x
axis direction. Equation 6.31 is a second-order, non-homogeneous, with constant coeffi-
cients (consequently our assumptions) and un-damped partial different equation. It can
be written again as follows

— o.uB? = (6.31)

2 2
0*u (_O’eB )u_lap (6.52)

- 4+ -
dy? I 1 O

which typical solution is

u(y) = c1 exp {—B\/fy} + ey exp {B\/fy} +up () (6.33)

where u,, (y) is the particular solution obtained through the imposition of the non-homogeneous
condition. Introducing the definition of Hartmann number (firstly proposed by Julius Hart-
mann), that is the ratio between the magnitude of Lorentz force and viscous forces

Ha = Bh, /% (6.34)
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the general solution can be written as follows

u(y) = c1 exp {fHa%} + coexp {Ha%} + up (y) (6.35)
thus, with the definitions of hyperbolic functions
cosh (0) = 60—260, sinh (0) = 69_260 (6.36)
we can write the solution as follows (according to [39])
u (y) = acosh (Ha%) + bsinh (Ha%) + uy, (y) (6.37)

hence, we need to impose the boundary conditions, i.e. the no-slip conditions at the two
walls (bottom and top). Thus we have

u(y=—-h)=0=u(y=+h) (6.38)
which gives us the possibility to analitically solve the problem. Indeed, we have

0 = acosh (—Ha) + bsinh (—Ha) + u, (y)
{0 = acosh (Ha) + bsinh (Ha) + uy (y) (6.39)

now, remembering that the hyperbolic cosine is an even function, while the hyperbolic sine

is an odd function, we have
cosh (Ha) = cosh (—Ha)

6.40
sinh (Ha) = — sinh (—Ha) (6.40)
namely we can write system 6.39 as follows
0 = acosh (Ha) — bsinh (Ha) + u, (y) (6.41)
0 = acosh (Ha) + bsinh (Ha) + u, (y) '
hence, we can simply find a and b. We have
_ W (v)
cosh (Ha) (6.42)
b=0
namely, the velocity profile is expressed by
cosh (Ha¥)
_ 1 " \V""h) 6.43

again, as in the previous cases, the maximum of the velocity is in the middle, hence

Umaz = u (y = 0), i.e.
cosh (Ha) — 1

= 6.44
uma:p up (y) COSh (Ha) ( )
hence, the dimensionless velocity profile reads
cosh (Ha) — cosh (Ha#

Umag cosh (Ha) — 1

hence, with the same concepts applied before for the Poiseuille flow, we can evauate the
normalization vorticity as follows

Wy (y) o sinh (Ha%)
Wz maz ~ sinh (Ha)

(6.46)

Figure 6.23 shows the velocity and vorticity for the Hartmann flow.
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Figure 6.23: Hartmann flow: normalization of the velocity and vorticity profiles.

6.2.4 Considerations and discussion

Finally, we have obtained two different solutions. Now we are going to analyze them from a
physical point of view. We can approximate the hyperbolic functions with their Maclaurin
expansion. Indeed, for § — 0, and for n =0,1,2, ..., k, we have

e 2k+1 g2+t 2k+2
thus, for n = 0, we have
02
cosh (6) ~ 1+ —, sinh (0) ~ 6 (6.48)

2

hence, when the Hartmann number is very low, we can approximate the solution 6.45 with
its Maclaurin expansion. In this sense, for Ha — 0, we will have

1= ()

which represents exactly the Poiseuille velocity profile. This is extremely correct. Indeed,
from a physical point of view, the Hartmann number expresses, as mentioned before, the
ratio between the electromagnetic forces on the viscous forces. Hence, it has a relationship
with the typical dimensionless Magneto-Fluid Dynamic parameters. In fact, we have

Ha = /S Re,,, Re

where S is the Magnetic force number, Re,, is the Magnetic Reynolds number and Re si the
classical Reynolds number. As a consequence, this means we can divide the solution of the
Magneto-Fluid Dynamic problem in two subspaces based, for instance, on the Hartmann
number

u(y)

Umaz

(6.49)

(6.50)

e Small Hartmann number: in this case, there are not huge differences in the fluid
dynamic behavior with or without the application of external magnetic fields. In this
situation, the inducted magnetic field, to a first approximation, can be neglected.
Hence, we are considering only the imposed magnetic field. This is exactly the
situation in which the development of the models discussed in this Master’s Thesis
work is based. Consequently, we do not expect huge variations from the typical
parabolic profile. The presence of the Lorentz force requires only an acceleration or
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deceleration of the fluid inside the channel test case. Hence, in this situation, the
velocity profile is approximately described by

w) g (g)z (6.51)

Umaz h

e High Hartmann number: instead, in this situation, the effects of the magnetic field
cannot be neglected. The velocity profile is not parabolic. Increasing the Hartmann
number, the velocity profile flattens in the middle region. This is due to the fact
that, while the Hartmann number is increasing the effect of Lorentz force is going
to overtake the effects of viscous forces. In this sense, if we are considering Lorentz
force along the negative direction of x axis, the velocity profile is decelerating. On the
other hand, in the region near the wall, in the typical fluid dynamic boundary layer,
the effects of the magnetic field are bigger than in the other regions. Hence, a new
layer is present, which is called the Hartmann layer. However, although this is not the
topic of this Master’s Thesis, it could be a starting point for future implementations.
More generally, we can say that in this subspace the velocity profile is described by

u(y)  cosh(Ha) — cosh (Ha¥)

= 6.52
Umnaz cosh (Ha) — 1 ( )

The global process could be explained in this way. If there is not a magnetic field, the
fluid constrain is only based on the walls. With the introduction of an external magnetic
field, some modifications in the flow field appear. The interaction between the imposed
electric and magnetic fields and the motion of the charged particles creates the conduction
current. The conduction current is made up of convective and conductive terms. The cross-
product between the conduction current and the external applied magnetic field generates
the Lorentz force. On the other hand, the scalar product between the conduction current
and the imposed external electric field originates the Joule heating that is present in the
energy equation. The Lorentz force produces modifications in the velocity profile. Its
magnitude is related to the magnitude of the viscous forces through the Hartmann number.
At this point, the problem has to be split into two different approaches that depend on
the magnitude of the Magnetic Reynolds number, which expresses the ratio between the
induction and the convection of the magnetic field

L
Re,, = e uLpgoe (6.53)

Vm
where v, is the magnetic diffusivity (in S.I. it reads [m2 / 3] ), to is the vacuum permeability
(in S.I. it reads [H/m]) and o, is the electrical conductivity (in S.I. it reads [S/m]).

e Small Magnetic Reynolds number: in this case, the induction magnetic field
is overlooked by the convection quantities. In other words, the applied magnetic
field is undisturbed by the flow and its value remains constant. The presence of
the induction magnetic field can be neglected, thus no additional equations must be
added in the system to solve. This is the typical situation on which this Master’s
Thesis work is focused. Hence, no Ampére equation is called by the solver and no
additional magnetic field is present. The total magnetic field is only made up of the
initial applied one, and it is responsible for the Lorentz force. Thus, the modification
of velocity profile is present, but their normalization with respect to the maximum
velocity is the same as Poiseuille flow.

e High Magnetic Reynolds number: in this second case, the induction magnetic
field is not negligible. In this sense, we need to add another vectorial equation in the
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full system that describes the flow field. This is called magnetic induction equation
and it reads

(98]?+V~(u®B—B®u):—£002V><(ae_leB) (6.54)
In this situation, the magnetic field is strongly coupled with the fluid motion, not
only with the Ampére’s law but also in the momentum equation where the Maxwell
tensor is present and modification of pressure appears. This is the typical situation
studied by Hartmann and that characterizes the Hartmann flow. In fact, in this
situation, the strongly coupled between the magnetic field and flow field introduces
the variations of the magnetic field along the = direction. Hence, the Lorentz force is
not uniform, but it changes along the perpendicular direction to the velocity one. In
particular, the induced magnetic field is null in the middle of the channel and at the
wall. The function that describes its behavior is odd. In this sense, the modification
of the velocity profile is mainly caused by the induced magnetic field.
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Figure 6.24: Poiseuille and Hartmann flows: effect of the Hartmann number.

Now, we are going to analyze the numerical results obtained. To make it possible, we
firstly need to analyze the situation in which we are. In other words, we have divided
the physical solution domain in two different ways, based on two different dimensionless
parameters: Hartmann number and Magnetic Reynolds number. What is the situation we
are considering? Answering this question is important to notice that the ratio between the
Hartmann number and the Magnetic Reynolds number is greater than one

Re,, < Ha = +/S Re,, Re (6.55)

where S is the Magnetic force number which represent the ratio between the magnetic and
the inertial forces, it is defined as follows

_ N
" Ren,

where N is the Stuart number, which describes the ratio between the electromagnetic and
the inertial forces. It is defined as N = B2Lo./ (pu) = Ha?/Re. In addition, we remember
that in our application, as described in the previous Chapters, we are considering a physical
model based on the assumption of the small Magnetic Reynolds number, thus no induction
magnetic field is present in our model. In this situation, the physical model implemented
in the High-Order Unifying Framework is valid for

S

(6.56)

Rey, < 1 (6.57)
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Figure 6.25: Hartamann number from equation 6.50 as function of the Magnetic Reynolds
number and the Magnetic force number. Diamond is the case of our simulations for Navier-
Stokes model.

Subsequently, our solution is valid when we neglect the additional induction magnetic
field that arises from the interaction between the flow field and the external applied mag-
netic field. Namely, we expect that the velocity profile of our numerical simulations is not
affected by the induced magnetic field but, in other words, they will be a modification of
the Poiseuille velocity profile, i.e. the Hartmann velocity profile when the Hartmann num-
ber is low. Indeed, from its definition 6.55, we are expecting it will be small. Actually, if
we consider that in our test simulations we have set the Magnetic Reynolds number equal
to Rep, = 0.001 (very small to satisfay the assumption of the model implemented), the
Reynolds number Re = 100 (laminar case) and the Magnetic force number S = 100, we
will have Ha ~ 3, exactly what we expected. Even if we decide to increase the Hartmann
number, no effects will be visibly present because of the absence, in the full system, of
the induction magnetic field equation. Hence, the growth of the Hartmann number is only
associated with the effect of the electromagnetic source term or with the typical behavior
of viscous flow based on the Reynolds number. Thus, if we fix the Reynolds number, the
ratio between the inertial and viscous forces is established. Subsequently, variations of the
Hartmann number are only associated with variations of the Magnetic force number which
expresses the ratio between the Lorentz forces and the inertial ones. Therefore, the effects
of Lorentz forces depend on the magnitude of the Magnetic force number. However, we
cannot modify the dimensionless parameter as we want. Indeed, in the latter case, we
could obtain no physical solution and the computation will go bankrupt. To verify the full
Navier-Stokes implementation with presence of external applied electromagnetic fields, two
diffent steps have been done. In the first one we are considering a fix value of the electrical
conductivity. This value has been chosen compatible with the temperature of the mixture.
In the second case, the electrical conductivity is computed for each element by the solver
and the Mutation-++ library. The last one is the real case, where, as a consequence of the
variations of the temperature along the channel, the value of the electrical conductivity
cannot be though as constant.
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6.2.5 Navier-Stokes testing: fixed o,

In this section we are going to test a simplified version of the model implemented in the
High-Order Unifying Framework. In this first stage, we have fixed the value of the electrical
conductivity as a constant. This is not a real physical application. Indeed, in the previous
Chapters, we have shown that the electrical conductivity can be assumed as scalar only
in simplified version. In addition, it increases rapidly with the temperatures when they
are high. However, this is the first step to understand if the model has been implemented
correctly. We run several incompressible simulations with the following parameters: Mach
number Ma = 0.2, Reynolds number Re = 100, Magnetic force number S = 100, ratio of
the specific heats v = 1.4, reference length L = 1, pressure of reference 1 atm. The initial
mesh has n, = 136 triangular elements. The functions for each elements have been chosen
to be parabola, i.e p = 2. The adaptation of the mesh is based on 15 iterations with the
value of the step equal to 1.2. The computation for each iteration has been automatically
stopped when the residuals will reach the threshold equal to 108, The final mesh is shown
in figure 6.26. Due to the small computational resources we were not able to perform
more accurate simulations, however, they are satisfactory to understanding the correct
implementation of the model. We use a channel with width 10.5, height 2. We prescribed
far-field inflow boundary conditions at z = —0.5 to avoid the possibility of reverse flows,
after the symmetry plane is present. Then, finally the wall from z = 0 to x = 10.5. After,
outflow boundary conditions is present. This situation is obviously replicated in the upper
part of the channel. We did not impose any pressure and/or temperature gradient, hence
they are computed automatically by the boundary conditions. We imposed the external
magnetic field in the positive direction of the y axis, i.e. B = (0, By, O)T, with By = 2. The
external applied electric field is reported in table 6.5. We fixed the electrical conductivity
equal to o, = 0.1, typical value of the temperature of the mixture T = 3250 K. In
figure 6.28 is shown the Paraview post-processing for different cases. According to [57]
that, for laminar flow between parallel plates, found the hydrodynamics entry length to
be approximated as follows L, = 2.11 + 0.0168 Re, to be sure and more conservative, we
have conducted the post-processing from L > 80. Anyway, we can take a look at the
mesh in figure 6.26 to understand when the flow can be considered fully developed and
we can start the post-processing. In this sense, we are sure that the flow is completely
developed under the condition imposed by us. In figure 6.28 shows the post-processing
of the dimensionless velocity for two models: the Navier-Stokes high-enthalpy and the
simplified Navier-Stokes for low Magnetic Reynolds number by imposing null the electric
and the magnetic fields. As we expected, we can notice the perfect deal between the two
solutions. The only differences are related with the computational time, although these are
still small (figure 6.39). For the points near the exit of the channel, the outflow boundary
condition can disturb the flow. This is shown in figures 6.30 and 6.31. Anyway, in figure
6.31 good deals are provided between the numerical solutions for different cases and the
analytical Hartmann solution computed with the Hartmann number of the problem. In
the same figure also the differences with the Poiseuille flow are provided, exactly what we
expected from figure 6.24.

Table 6.5: Channel Navier-Stokes test cases.

Case A Case B Case C CaseD CaseE
E, 4 -2 0 2 4

J X Bappl. |z <0 <0 <0 >0 >0
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Figure 6.26: Adapted mesh for the channel test case with the Navier-Stokes model. After
15 iterations, starting from a very coarse mesh mades up of n, = 136, we obtain this mesh
with n, = 1482. In each element the surfaces are parabolic functions, i.e. p = 2.

Firstly, we have tested the model without the presence of externally applied magnetic
and electric fields. In this sense, the Paraview post-procesing of the dimensionless velocity
is shown in figure 6.28. The latter is also plotted in figure 6.29, where the effects of the
Lorentz force are shown. In fact, when the Lorentz force is in the positive direction of
the z axis the flow is accelerating, hence the velocity profiles are on the right side of the
classical Navier-Stokes high-enthalpy solution. In the opposite case, when the Lorentz
force is the negative direction of the x axis, the contrary happened. No variations are
present in the two simulation, exactly what we expected. Hence, we can affirm that the
model works well. Obviously, in the Navier-Stokes model with the presence of external
electromagnetic sources, the computational cost will be higher than in the case where the
code is linked to Mutation++ library only to compute the classical transport properties,
i.e. dynamic viscosity and thermal conductivity. Obviously, in the Magneto-Fluid Dynamic
model implemented in this work the effects of the high temperature are taken into account.
Indeed, otherwise the model would have no physical sense because for the low temperatures
the electrical conductivity is null.
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(a) Navier-Stokes high-enthalpy.
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Figure 6.27: Channel Navier-Stokes test case: post-processing, fixed electrical conductivity.
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Figure 6.28: Channel Navier-Stokes test case: fixed value of electrical conductivity.
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Figure 6.30: Channel Navier-Stokes test case: comparison of the dimensionless velocity
profiles, fixed electrical conductivity.
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6.2.6 Navier-Stokes testing: computation o,

In this section, a more accurate and real solution of what has been reported in the previous
section is presented. We are going to consider in the code the development presented in the
previous Chapter, where, based on the Devesse’s idea [20], we link the transport properties
between the High-Order Unifying Framework and the Mutation++ library. Hence, the
computational cost will be, obviously, higher than the previous simulations. The same
mixture is considered, i.e. air with 11 species with the same thermodynamic database.
The temperature of the mixture is fixed, again, at T' = 3250 K. In additon, the Mach
value is Ma = 0.2. The reference length is L = 1, while the initial ratio of specific heat
is fixed to v = 1.4. We use the same initial mesh of the previous case, i.e. n. = 136.
On the same concept, we prescibed the same boundary conditions. The number of the
iterations is always fixed at 15, with the same step 1.2. The computation for each iteration
has been automatically stopped when the residuals will reach the threshold equal to 1075.
The Magnetic Reynolds number is Re,, = 0.001, while the Magnetic force number is
S = 100, like the Reynolds number Re = 100. We imposed an external magnetic field
B = (O,By,O)T7 with B, = 2. The electric field is assumed on the z direction, i.e.
E = (0,0, E.)" and different values of the external electric fields are present in table 6.5.
Figures 6.32, 6.33, 6.34 and 6.35 show the Paraview post-processing for the velocity, the
electrical conductivity , the temperature and the pressure, respectively. We can notice how
the electrical conductivity does not remain constant along the channel, but it is decreasing.
In the mean time, exactly the same happens for the pressure, while the behaviour of the
temperature is opposite. Anyway, the value of the electrical conductivity is diminishing
along the channel. Hence, the effects of the variations of the pressure are stronger than
the temperature ones. In other words, the influence of the pressure is greater. In fact, the
temperature is going to increase along the channel, as a consequence, we are expecting that
the value of the electrical conductivity will increase. But, actually, we have just mentioned
that it is decreasing as a consequence of the reduction of the pressure. In figures 6.36, 6.37
and 6.38 we can find the post-processing of the dimensionless velocity profiles for different
stations along the channel. This is exactly what shown in the Paraview post-processing in
figure 6.32. As already mentioned in the previous section, we understand that when the
Lorentz forces are in the positive direction of the z axis the flow is accelerating, hence the
velocity profiles are bigger than in the opposite case, i.e. when the flow is decelerating.
The same concepts of the previous section must be applied to analyze these results. In
addition, we can affirm that a more accurate relationship is present in the normalized
velocity profiles. This is due to the fact that the electrical conductivity is computed, thus
the solutions are physically significant. In the previous section this did not happen.
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Figure 6.31: Channel Navier-Stokes test case: comparison of the dimensionless velocity
profiles with Poiseuille and Hartmann solutions, fixed electrical conductivity.
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Figure 6.32: Channel Navier-Stokes test case: velocity, electrical conductivity computed.
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Figure 6.33: Channel Navier-Stokes test case: electrical conductivity computed.
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Figure 6.34: Channel Navier-Stokes test case: temperature, electrical conductivity com-
puted.
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Figure 6.35: Channel Navier-Stokes test case: pressure, electrical conductivity computed.
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Figure 6.36: Channel Navier-Stokes test case: comparison of the velocity profiles, electrical
conductivity computed.
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Figure 6.37: Channel Navier-Stokes test case: comparison of the dimensionless velocity

profiles, electrical conductivity computed.
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Figure 6.38: Channel Navier-Stokes test case: comparison of the dimensionless velocity
profiles with Poiseuille and Hartmann solutions, electrical conductivity computed. Hart-
mann number has been fixed to 3, the exact value of the simulations. Note the perfect deal
between numerical and analytical data for < 957, thus when the effects of the outfow
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6.3 Summary

In this Chapter the validation procedure has been shown. Starting from the Euler imple-
mentation, three different supersonic test cases have been conducted: channel, shock, and
expansion. Then, we have switched to testing the Navier-Stokes implementation. In this
context, two different laminar and subsonic test cases were studied. In the first one, we
have fixed the typical value of the electrical conductivity for the corresponding temperature
of the mixture, in the second one, following the ideas presented in the previous Chapter,
the electrical conductivity has been computed by the code for each triangular element of
the mesh. Hence, different values of the electrical conductivity for distinct positions along
the channel are reported in the post-processing. This is correlated to the evolution of the
pressure and the temperature along the channel. Finally, for the Navier-Stokes cases, the
normalized velocity profiles were compared to the analytical solution provided by Hart-
mann. Perfect deal is present when no effect of the outflow boundary condition is present.
Thus, the model can be considered valid. It is also important to notice that, exactly as in
the classical Navier-Stokes simulations, no variations of the pressure along the perpendic-
ular direction to the wall is present. However, it is important to notice form figures 6.39
and 6.40 that the global time for the two types of Navier-Stokes simulations is lower when
the code computes also the electrical conductivity. This is due to the fact that the solution
is more physical. Anyway, when the flow is subsonic, no huge variations in the total time
for the classical Navier-Stokes high-enthalpy are present with respect to the model that
we have implemented by imposing null electric and magnetic fields. The opposite hap-
pens in the supersonic regime, where, as shown in figures 6.4, 6.10 and 6.17 the time for
the computation of the solution with null electric and magnetic fields is the biggest. All
the other times are between the two extreme conditions (Navier-Stokes high-enthalpy and
Navier-Stokes with null electric and magnetic fields).
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Chapter 7

Conclusions

In this Master’s Thesis work we implemented a new Magneto-Fluid Dynamics model for
low Magnetic Reynolds number regime in the High-Order Unifying Framework [59]. In
this Chapter, we are going to summarize the main steps and results.

7.1 General review

The project has been conducted following the classical approach to develop and study a
problem from a numerical point of view. The flow chart has been shown in Chapter 1.

In the first phase of the project, we studied the modeling part of electrically conducting
flows and ionized gas mixtures. We perturbed the BTE equation and we found the different
contributions of electrons and heavy particles to the transport properties. No contribution
of electrons is present in the balance law of the momentum. They appear in the momentum
equation only with the term related to the Lorentz force. The Chapman-Eskong meth-
ods gave us the possibility to obtain the Euler and the Navier-Stokes equations. Then,
the classical conservation law has been obtained. In Chapter 3, a wide-ranging discussion
about the governing equations of the Magneto-Fluid Dynamics has been presented. We
analyzed the Navier-Stokes and the Maxwell equations separately, then, we brought them
all together to obtain the full MFD system. At this point, as a consequence of the stiff-
ness due to the high disparity between the propagation velocities of the signals of the two
systems, the MHD approzimation has been introduced. Hence, the simplified version of
the MFD system has been shown. Then, two limiting cases were presented, both based on
the Magnetic Reynolds number. The dimensional analysis of the induced magnetic field
equation has shown that, for a low Magnetic Reynolds number regime, the magnetic field
can be considered as rigid, i.e. externally applied and no presence of inducted contribu-
tion. In this context, with the assumption of chemically non-reacting flows under the low
Damkoler number regime (frozen flow), the equations of the models have been presented.
Subsequently, we have introduced the high-order methods and the HDG solver [59]. At
the end of Chapter 5, the implementation of the model has been presented. To take into
account the effects of the third component of the cross product present in the Lorentz
force, a new routine in the EvalSource function has been created such that it does not
consider the dimension of the problem, but it computes all the terms of the cross product,
and only at the end, it checks the real dimension of the problem to take into account the
needs components of the vector. The same has been implemented for the Joule heating.
Finally, the validation is presented. We started from the Euler model to evaluate the cor-
rect implementation of the source terms. We used three different test cases: channel, shock,
and expansion. All supersonic. For the last two also the adaptation procedure has been
presented. Then, we switched to the Navier-Stokes implementation. We tested it with a
laminar, incompressible high-temperature flow inside a channel. Comparison with the an-
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alytical solution provided by Hartmann is presented [39]. We have made two different tests
on the same geometry. The first one when we imposed the typical value of the electrical
conductivity for that temperature of the ionized gas mixture. Then, we have computed
also the solution for the real case, when, due to the effects of variations in temperature and
pressure along the channel, the electrical conductivity’s value changes for each triangular
element of the mesh. The velocity profiles computed have been compared with the analyti-
cal solution provided by Hartmann and computed with the same Hartmann number of the
simulation. We can notice that, when the outflow boundary conditions does not affect the
solution, the normalized velocity profiles are exactly computed by the code, even though
we used small computational resources. This also shows the high-order capabilities of the
HDG solver used in this project. To obtain more accurate results also in the region near
the outflow, new boundary conditions should be applied, e.g. periodic boundary conditions
or the imposition of the outlet pressure. In this sense, no effects regarding the numeri-
cal computational of variables on the edges of the computational domain will be present.
However, this needs to be checked, but it is the most probable explanation for this type
of problem. Anyway, the implemented model provides good and physical results. Possible
experimental validations could be checked again for the correct implementation. Figure
7.1 shows the main results. The model should provide good results in the VKI Plasmatron
7.2 in the region near the object tested. In this region, under the condition of cartesian
flow, the presence of the induced magnetic field could be though negligible, hence the mag-
netic field can be considered rigid and the low Magnetic Reynolds number model could be
work fine. However, this needs yet to be tested and could be considered as further work.
Anyway, under the ambipolar assumption, the usage of this model is not useful. Indeed,
for the ambipolar assumption, the density current is negligible, hence no Lorentz force and
Joule heating will be taken into account. The model with the only high-enthalpy effects
will provide us good numerical results with lower global time for the simulation than the
Magneto-Fluid Dyanmics version with null electric and magentic fields.
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Figure 7.1: Final results for the normalized velocity profiles, and comparison with the
analytical Hartmann solution for Ha ~ 3.16.

7.2 Future implementantions

Starting from this point, many works could be done in the future. For instance, the first
one can be the implementation of appropriate boundary conditions for the electromag-
netic source term. Indeed, in this version of the code, the externally applied electric and
magnetic fields are considered all over the computational domain. We can think about
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considering them applied only in a specific point. In this sense, the variations of the so-
lutions will be local. To implement them, the suggestion is to start from the cartesian
version of the code. In these terms, in parallel, future works could be also related to the
implementation of the axisymmetric version of the code. This could provide more accu-
rate results for the Plasmatron 7.2. Again, like in this project, the suggestion is to start
from the axisymmetric version with the only imposition of externally applied electric and
magnetic fields. Then, the possibility to extend the previously mentioned future work
for the cartesian version of the code to the axisymmetric version can be also applied. In
addition, the code needs improvements in the parallelized concept. Possible works could
be regarding the possibility to extend the Mach number range of the simulation. In this
sense, with very high-temperature effects, other further implementations are linked with
the possibility to evaluate the transport property from an anisotropic point of view. The
same idea, when external electromagnetic fields will be applied, can be extended to the
electrical conductivity. This physical model concerning the possibility to insert external
electric and magnetic fields can be also applied to the other already existing models: multi-
species, turbulence, etc... Regarding the last, a new study can be done analyzing the effects
of externally applied magnetic and/or electric fields in turbulence regimes. The previous
studies with the backward-facing step show that its effects are to reduce the recirculation
zone behind the step with the increase of the Hartmann number.

Finally, of course, the implementation of the model for high Magnetic Reynolds number is
also a possible future work. In this context, the adding of a vectorial equation will modify
all the eigenvalues and eigenvectors of the Jacobians, hence also the boundary conditions
need to be computed again in the proper way.

The numerical work illustrated in this Paper provides many topics for further research to
be explored by the future studies.

Figure 7.2: VKI Plasmatron. The picture was taken from [54].
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Appendix A

MFD template

The simplified Magneto-Fluid Dynamic template implemented in the High-Order Unifying
Framework [59] is here shown. All the functions that the model needs are written, the
implementation is not shown. In the next Appendix, only the code for the source terms is
exhibited.

We remind that the model for low Magnetic Reynolds number is composed, in the dimen-
sionless form, as follows

V- (p) =0
~ I Ma_. _ e -
\4 (ﬁu®u+p1)_\/j}%e \Y% I:ﬁMaSRem (chappl.+JXBappl.)
ey YAMas (4 -
fa) — - - /M m (i Eq
v (,0 u) Re v-(za (fy—l)Prq vy MaS Re ( ppl)

(A1)
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APPENDIX A. MFD TEMPLATE

#ifndef NAVIERSTOKESHEEB_H
#define NAVIERSTOKESHEEB_H

#include "../dummymodel.h"
#include "../ThermodynamicsEB/MutationAir11EB_NS.h"

template <int D, int COMP=D+2, class THERM = MutationAir11EB_NS<D,COMP>>
class CompressibleNavierStokesHEEB : virtual public DummyModel<D, COMP> {

public:

// CHARACTERIZATION OF THE MODEL

static
static
static
static

static

static
static
static
static

const
const
const
const

const

const
const
const
const

int Components = COMP;
bool Convection = true;
bool Diffusion true;
bool Source = true;

InitType inittype = IT_Constant;

int NumDerVar = x;
int NumBdryCoeffs = X;
int NumBdryFluxWeight = 1;

int NumVolFunctionals 0;

// USER-DEFINED PARAMETERS

static
static
static
static
static
static
static

// GAS
static
static
static

double
Vec<D-
double
double
double
double
double

mach;

1> angle;
chord;
reynolds;
reynolds_m;
S_force_m;
stab_visc;

PARAMETERS (values from THERM)

double
double
double

gamma_infty;
p_infty;
rho_infty;

// DEPENDENT VARIABLES

static
static
static
static
static
static
static
static
static
static

Vec<D>
double
double
double
double
double
double
Vec<CO
double
double

v_infty;
E_infty;
c_infty;
C_infty;
H_infty;
cvTtot;
ptot;

MP> w_infty;
amu ;
amusource;
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// DECLARATION OF FUNCTION THAT THE MODEL NEEDS

// Setting the output string
static void GetFilename(stringstream & oss);

static void GetDerVarName(int dervar, string & name);

// Computing the initial conditions

template <typename SCAL>

static void Evallnitial(SpatialParams<D> & sparam,
Vec<COMP, SCAL> & res);

// Computing the primitive variables
template <typename SCAL>
static void EvalPrim(Vec<COMP, SCAL> & state,
Vec<D, SCAL> & U,
SCAL & p,
SCAL & T);

template <typename SCAL>
static int GetConstrConsVar(int i);

template <typename SCAL>
static SCAL EvalConstrPrimVar(int i, Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam);

// Computing of the derived variables

template <typename SCAL>

static void EvalDerVar(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<NumDerVar, SCAL> & dervar);

// Computing convective fluxes

template <typename SCAL>

static void EvalConvFlux(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Mat<COMP, D, SCAL> & res);

template <typename SCAL>

static void EvalMaxEigenvalue(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
SCAL & res);
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template <typename SCAL>

static void EvalConvEigenSystem(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
double fix,
Vec<COMP, SCAL> & eig,
Mat<COMP, COMP, SCAL> & eigvr,
Mat<COMP, COMP, SCAL> & eigvl);

// Computing diffusive fluxes

template <typename SCAL>

static void EvalDiffVars(Vec<COMP, SCAL> & state,
Mat<COMP, D, SCAL> & grad,
Vec<D, SCAL> & U,
SCAL & p,
SCAL & T,
Mat<D, D, SCAL> & gradU,
Vec<D, SCAL> & gradp,
Vec<D, SCAL> & gradT,
SCAL & visc,
SCAL & cond);

template <typename SCAL>

static void EvalDiffFlux(Vec<COMP, SCAL> & state,
Mat<COMP, D, SCAL> & grad,
SpatialParams<D> & sparam,
Mat<COMP, D, SCAL> & res);

template <typename SCAL>

static void ApplyK(Vec<COMP, SCAL> & state,
Mat<COMP, D, SCAL> & grad,
Mat<COMP, D, SCAL> & rhs,
SpatialParams<D> & sparam,
Mat<COMP, D, SCAL> & res);

template <typename SCAL>
static Mat<D, D, SCAL> EvalStrainRate(Mat<D, D, SCAL> & gradU);

// Computing source terms

template <typename SCAL>

static void EvalSource(Vec<COMP, SCAL> & state,
Mat<COMP, D, SCAL> & grad,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & res);

// Computing boundary conditions and boundary state



template <typename SCAL>

static void EvalFarfield(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalSlipwall(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalInflow(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalOutflow(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalNoslipwallAdiabatic(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalNoslipwallIsothermal(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalBdryState(int bcnr,
Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & bcstate);

template <typename SCAL>

static void EvalBdryGradient(int bcnr,
Vec<COMP, SCAL> & state,
Mat<COMP, D, SCAL> & grad,
SpatialParams<D> & sparam,
Mat<COMP, D, SCAL> & bcgrad);

template <typename SCAL>

static void EvalBdryConvFlux(int bcnr,
Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & res);

template <typename SCAL>
static void EvalBdryDiffFlux(int bcnr,
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Vec<COMP, SCAL> & state,
Mat<COMP, D, SCAL> & grad,
SpatialParams<D> & sparam,
Vec<COMP, SCAL> & res);

template <typename SCAL>

static void EvalBdryCoefficients(int benr,
Vec<COMP, SCAL> & fcn,
Vec<COMP, SCAL> & fvn,
SpatialParams<D> & sparam,
Vec<NumBdryCoeffs, SCAL> & res);

// Others

static void EvalBdryFluxWeight(int benr,
SpatialParams<D> & sparam,
Mat<NumBdryFluxWeight, COMP> & res);

template <typename SCAL>
static void EvalVolFunctionals(Vec<COMP, SCAL> & state,
SpatialParams<D> & sparam,
Vec<NumVolFunctionals, SCAL> & res);
static void LoadParameters(shared_ptr<PDE> apde);
};
// DEFAULT VALUES

// INCLUDE EXTERNAL FILE.h
#include "x.h"



Appendix B

Electromagnetic source terms

We remind that the source terms are made up as follows

0
§(W7 VW) = (chappl. +J X Bappl.) (Bl)
j ' Eappl.

In addition, In Chapter 5 the flow chart has been already shown. Here the code based on
that flow chart.
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APPENDIX B. ELECTROMAGNETIC SOURCE TERMS

template <int D, int COMP, class THERM>
template <typename SCAL>
void CompressibleNavierStokesHEEB<D, COMP, THERM>

: :EvalSource (xxx)

SCAL rho
Vec<D,SCAL> m

Vec<D,SCAL> U

Vec<3,SCAL> J;

{

state(0);
state.Rows(1,D+1);

1. / rho * m;

Vec<D,SCAL> LorF;

SCAL JHeat;

THERM: :EvalJ(state, U, J);
THERM: :EvalLorentzForce(state, J, LorF);
THERM: :EvalJouleHeating(state, J, JHeat);

res = 0.;

res.Rows(1,D+1) = LorF;
res(D+1) = JHeat;

for (int dd = 0; dd < COMP; ++dd){
res(dd) *= amusource;



template <typename SCAL>
static void EvalJ(xxx) {

SetMixtureState(state);

SCAL RHOC;
GetRHOC(state,RHOC) ;

SCAL EC;
GetEC(state, EC);

if (D =

J() =
J() =
J(2) =
} else
J) =
J(
J(2)
}

= 2){

(RHOC
(RHOC
(RHOC
if (D
(RHOC
(RHOC
(RHOC

* U(0))
* U(1))
* U(2))
== 3){
* U(0))
* U(1))
* U(2))

(EC *
(EC *
(EC *

(EC *
(EC *
(EC *

(electric_field[0]
(electric_field[1]
(electric_field[2]

(electric_field[0]
(electric_field[1]
(electric_field[2]

(U(1) * magnetic_field[2])));

((U(0) * magnetic_field[1])

((U(1) * magnetic_field[2])
((U(2) * magnetic_field[0])
((U(0) * magnetic_field[1])

- (U(0) * magnetic_field[2])));

e)

(U(2)
(U(0)
(U@

*  *

magnetic_field[0]))));

magnetic_field[1]))));
magnetic_field[2]))));
magnetic_field[01))));

evl



template <typename SCAL>
static void EvalLorentzForce(xxx) {

SetMixtureState(state);
SCAL RHOC;
GetRHOC(state,RHOC) ;

if (D == 2){

LorF(0) (RHOC * electric_field[0])
LorF (1) (RHOC * electric_field[0])
} else if (D == 3){

LorF(0) = (RHOC * electric_field[0])
LorF(1) = (RHOC * electric_field[0])
LorF(2) = (RHOC * electric_field[0])
}

}

template <typename SCAL>
static void EvalJouleHeating(xxx) {

JHeat = 0.0;
for (int dd=0; dd<3; ++dd)
JHeat += J(dd) * electric_field[dd];

+

+

+
+
+

(@
((J(2)

(@
((J(2)
(30

* %

*

magnetic_field[2])
magnetic_field[0])

magnetic_field[2])
magnetic_field[0])
magnetic_field[1])

(J(2)
(J(0)

(J(2)
(J(0)
I

*

*

magnetic_field[1]));
magnetic_field[2]));

magnetic_field[1]));
magnetic_field[2]));
magnetic_field[0]));
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