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ABSTRACT

Entropy-Stable (ES) schemes have gathered considerable attention over the last
decade, especially in the context of under-resolved simulations of compressible turbu-
lent flows, where achieving both high-order accuracy and robustness is difficult. ES
schemes provide stability in a nonlinear and integral sense: the total entropy of the
discrete solution can be made non-decreasing, in agreement with the second principle
of thermodynamics. Additionally, the amount of entropy produced by the scheme is
known and can be modified, making room for analysis and improvements. This thesis
delves into some of the challenges currently limiting their use in practice.

The current state-of-the-art solves the compressible Navier-Stokes equations for
a single-component perfect gas in chemical and thermal equilibrium. This model is
inappropriate in aerospace engineering applications such as hypersonics and combus-
tion, which typically involve chemically reacting gas mixtures far from equilibrium.
As a first step towards enabling their use for these applications, we formulated ES
schemes for the multicomponent compressible Euler equations. Special care had to
be taken as we found out that the theoretical foundations of ES schemes begin to
crumble in the limit of vanishing partial densities.

The realization that ES schemes can only go as far as their theory led us to review
some of it. A fundamental result supporting the development of limiting strategies
for high-order methods is the minimum entropy principle for the compressible Euler
equations. It states that the specific entropy of the physically relevant weak solution
does not decrease. We proved that the same result holds for the specific entropy of

the gas mixture in the multicomponent case.

XVvil



While entropy-stability is a valuable property, it does not imply a well-behaved
solution. One must recall that the second principle is a prescription on the correct
behavior of a system at the global level only. To better understand how ES schemes
may or may not improve the quality of the numerical solution, we revisited two clas-
sical problems encountered in the development of shock-capturing techniques.

First, we studied the receding flow problem, which is a simple setup used to
study the anomalous temperature rise, termed “overheating”, typically observed in
shock reflection and shock interaction calculations. Previous studies showed that the
anomaly can be cured if conservation of entropy is enforced, but at the considerable
price of total energy conservation. Entropy-Conservative (EC) schemes, a particular
instance of ES schemes, can achieve both simultaneously and therefore appeared as
a potential solution. We showed that while the overheating is correlated to entropy
production, entropy conservation does not necessarily prevent it.

Second, we studied the behavior of ES schemes in the low Mach number regime,
where shock-capturing schemes are known to suffer from severe accuracy degrada-
tion issues. A classic remedy to this problem is the flux-preconditioning technique,
which consists in modifying artificial dissipation terms to enforce consistent low Mach
behavior. We showed that ES schemes suffer from the same issues and that the
flux-preconditioning technique can improve their behavior without interfering with
entropy-stability. Furthermore, we demonstrated analytically that these issues stem
from an acoustic entropy production field which scales improperly with the Mach
number, generating spatial fluctuations that are inconsistent with the equations. An
important outgrowth of this effort is the discovery that skew-symmetric dissipation

operators can alter the way entropy is produced or conserved locally.

xviil



CHAPTER I

Introduction

Together with the advent of High-Performance Computing, Computational Fluid
Dynamics (CFD) simulations have significantly contributed to the advancement of
Aerospace Engineering over the last several decades. CFD simulations offer the
prospect of a more efficient alternative to the costly ground-based and in-flight exper-
iments commonly used in Aircraft and Spacecraft Design, which to this date remain
immovable. They can also provide engineers with a more detailed description of the
physics of interest, enabling a more thorough investigation of the design space, mak-
ing more room for creativity and innovation, and fostering fundamental research.

Implementation aspects aside, CFD comprises two fundamental components. The
first component is a physical model, that is a mathematical representation of the
physics of interest. In fluid mechanics and many other fields, the model typically
consists of a system of Partial Differential Equations (PDE) such as the Potential
flow equations, the Navier-Stokes equations or the Euler equations, which for com-

pressible flows in one dimension write:

p pu
0 0
pe' (pe' +pu



¢ is the total energy and

In the above system, p is the density, v is the velocity, e
the pressure p is determined by an equation of state. Analytical solutions to these
equations are not available in practice, hence the need to develop numerical schemes
(that is the second component) which can solve the chosen model with satisfying
accuracy and speed. In more concrete terms, the governing equations are discretized
in space and time using a variety of techniques such as the finite difference, finite
volume and finite element methods.

There is a plethora of reasons why developing reliable numerical schemes is an
extremely complex task. Many of them can be traced back to the plague of under-
resolution. On one hand, the governing equations are continuous, i.e. they involve
the flow field at every single point in the domain. On the other hand, the numerical
scheme typically seeks a discrete! solution by solving a finite set of equations for
the flow field at finite locations in space and time with no knowledge of the solution
anywhere else. This limitation comes from cost considerations. The finer the grid, the
more equations to solve and the more expensive and lengthy the simulation becomes.

For a number of discretization techniques?, under-resolution manifests through
the appearance of discontinuities or abrupt changes in the discrete flow field. They
threaten the robustness of the scheme, that is its ability to always predict a flow field
with finite and physical values (the velocity u for instance can be of any sign, but
the density p should not be negative). They also challenge its accuracy, that is its
ability to provide the best answer possible for a given resolution. Without getting into
details, the importance of handling discontinuities properly can be comprehended by
simply recalling that our physical models are PDEs which relate the local variations

of the variables of interest in time to their local variations in space. Hence the root

'We acknowledge that the very idea of assuming a discontinuous flow field can be challenged
[156].

2Continuous finite-element methods represent the flow field everywhere. Instead of discontinu-
ities, they have to deal with oscillations or “wiggles” [2] which pose the same threats as discontinu-
ities.



problem is not that discontinuities exist on the grid, because nothing interesting would
happen otherwise. The problem is that the continuous equations do not tell us how

discrete gradients should drive discrete physics.

1.1 Challenges in compressible flow simulations

1.1.1 Shock-capturing

A lot of the research effort on numerical schemes has been spent on the pre-
diction of shock and contact waves in compressible inviscid flows. While they are
not completely grasped at the moment, there is some consensus about the properties
such shock-capturing® schemes should have. The leading thread is that the numeri-
cal scheme should remain physically consistent with the governing equations despite
under-resolution. While shocks and contacts discontinuities are not smooth flow phe-
nomena (to the human eye in the very least), they satisfy the Rankine-Hugoniot
conditions which are obtained by leveraging the fact that the model equations de-
scribe conservation of mass, momentum and energy. One of the first requirements is
therefore that the scheme should be conservative [21]. Another requirement stems
from the observation that shocks and contacts are basically disturbances created by
a moving body. These disturbances propagate in the fluid at finite speeds. This
observation is consistent with the governing equations (1.1) which, through their hy-
perbolic nature, naturally describe wave motion. Hence, the scheme should be able
to propagate waves accurately. The linear advection equation for a scalar field v in

one-dimension:

ou ou

which describes solutions which propagate at a constant speed a, is one of the test-

bed equations to assess the wave propagation capability of a scheme?. It is also one

3 Shock-fitting [3, 4] techniques fall outside the scope of this thesis.
“In one dimension that is [1].



of the systems from which some of the early foundations of CFD, such as Von Neu-
mann analysis [7] and modified PDE analysis [6] and the Courant-Friedrichs-Lewy
(CFL) condition [5] were built. The stability analysis of numerical schemes for linear
systems is now well-established [8, 9], and several methods such as the Lax-Friedrichs
scheme, the Lax-Wendroff scheme, the MacCormack scheme and the upwind scheme
[11], which were developed in that context are now part of the foundations of modern-
shock capturing techniques.

Linear stability analysis shows limits for nonlinear PDEs, where discontinuous so-
lutions can form from smooth initial conditions and are not uniquely determined by
them. Considerable progress towards nonlinear stability was achieved for nonlinear
scalar PDEs, where monotone schemes [16, 17] were shown to always converge to
the physically relevant solution, as a consequence of being consistent with entropy
inequalities [18, 19]. Their limitation to first-order accuracy [15, 16, 17] motivated
the Total-Variation-Diminishing (TVD) algorithms introduced by Harten [13] which
can achieve 2nd-order accuracy and satisfy entropy inequalities. Extensions of TVD
schemes from scalar PDEs to nonlinear PDE systems were obtained using exact Rie-
mann solvers [12, 26], approximate Riemann solvers such as Roe’s [10] and the flux-
vector splitting technique developed by Steger [28] and Van Leer [29]. The TVD
property is no longer provable, but consistency with entropy inequalities can be re-
tained, depending on the Riemann solver [27, 22]. Other TVD-type high-resolution
schemes include the MUSCL scheme of Van Leer [24], the flux-corrected transport
(FCT) scheme of Boris and Book [25] and the Piecewise Parabolic Method of Colella
and Woodward [23]. We refer the interested reader to the review of Yee [20] and the
book of Levecque [14] for more details on the development and applications of TVD
schemes.

The accuracy degradation problems of TVD schemes near extrema motivated the

development of uniformly high-order schemes such as the Essentially Non-Oscillatory



(ENO) schemes of Harten et al. [30]. The idea is to achieve high-order accuracy by
wisely choosing the reconstruction stencil, avoiding interpolation across discontinu-
ities. Further improvements in accuracy and efficiency were brought with the class of
Weighted ENO (WENO) schemes introduced by Liu et al. [31] and further developed
by Jiang & Shu [32]. Despite the lack of stability property in the nonlinear systems
case, ENO and WENO schemes have been successfully applied to a wide range of
problems [33].

Another shock-capturing approach that finds its roots in the seminal work of Von
Neumann and Richtmyer [34] is the Artificial Viscosity (AV) method. It consists
in using centered schemes for the convective terms and adding artificial dissipation
terms to stabilize the solution. The magnitude of these dissipation operators is de-
termined by adjustable artificial viscosity coefficients. The AV approach has been
further developed in the spectral context by Tadmor [36] and Guo et al. [37] and in
the finite-difference context by Cook & Cabot [38, 39], Cook [40] and Kawai & Lele
[41]. The foundations of the AV method are not as theoretical as those of monotone
or TVD schemes, but their simplicity and flexibility are attractive. A different per-
spective on the roots of AV methods is given by Mattsson & Rider [35].

While high-order accuracy and robustness are desirable attributes of a shock-
capturing scheme, they do not guarantee a well-behaved solution. There is a number
of situations where the numerical solution exhibits anomalous behavior which can-
not be resolved by either. To give a few examples: -carbuncles in blunt-body flows
(148, 55, 54, 149]; -pressure oscillations in slowly moving shocks [150] and material
interfaces in multicomponent flows [185, 184, 152]; -wall heating in shock reflection
and shock interaction [167, 162]; -excessive damping of acoustic waves [151] and vor-
tical structures [236]. Other anomalies are documented in the work of Quirk [155].
These errors can further complicate the simulation of compressible turbulent flows as

shown by Johnsen et al. [153], Larsson & Lele [154] and Cook [152].



1.1.2 Turbulence

In addition to properly capturing sharp flow features such as shocks, another
considerable obstacle that has stalled the advance of CFD over the last two decades
is the simulation of turbulent flows. These are characterized by a very wide range of
spatial and temporal scales which cannot be fully solved in acceptable turn around
times for engineering applications. This brings back to the table the problem of
under-resolution, but with the added complexity that there is no a priori knowledge
about their inherent structure. Unlike shocks, they are not observable and they
unfortunately do not come with their own “Rankine-Hugoniot conditions”. The only
thing we know with certainty is that with high-enough resolution these discontinuities

would not exist®.

1.1.2.1 High-resolution methods

The high resolution requirements posed by turbulent flows motivated the devel-
opment of spectral [89, 90] and pseudo-spectral [91] methods. They enabled some of
the first numerical simulations of incompressible turbulent flows by Smagorinsky [94],
Fox & Lilly [95], Rogallo & Moin [97], Kim et al. [98], and Spalart [99], providing a
valuable complement to experimental data in support of the longtime effort to grasp
their physics. When the spatial and temporal scales of the flow are not completely
resolved, the stability of these algorithms is threatened by the appearance of aliasing
errors [96, 91, 92|, which induce non-physical kinetic energy transfers between scales.
Several de-aliasing approaches such as high-wavenumber filtering [93] were proposed
to alleviate these issues.

Given the limitation of spectral methods to simple geometries and boundary condi-

tions, various high-order finite difference schemes were developed. Using Fourier anal-

Ssimilar statements could actually be made about shocks, whose thickness is of the order of the
mean free path.



ysis, Lele [100] developed high-order compact finite difference schemes, which com-
bined with filters can achieve resolution levels comparable to those of spectral meth-
ods. Rai & Moin [101] developed high-order upwind finite difference schemes and high-
lighted their robustness. Their work motivated further use for compressible turbulent
configurations [102, 103]. However, these schemes were also shown to be overly dissi-
pative in more under-resolved configurations [104, 105]. A compromise between accu-
racy and robustness was found in finite-difference schemes which discretize the con-
vective terms of the governing equations in split forms [106, 107, 108, 109, 110] which
can enable discrete consistency with conservation of kinetic energy in incompressible
flows and conservation of entropy [113, 114] in compressible flows. Summation-by-
Parts finite difference operators [79, 80] are key components of these schemes. A
comprehensive review of these techniques can be found in Zang [111] and Morinishi
[115].

The Discontinuous Galerkin (DG) method [117, 118, 116] is currently one of the
flagship high-order discretization techniques [119] under development for turbulent
flow simulations [138, 139, 122, 119]. DG methods combine the attractive resolution
properties of spectral methods with the geometric flexibility of finite-element meth-
ods, which gives them an edge over finite difference methods in flow configurations
which require unstructured meshes. Their compact nature also makes them more
amenable to high-performance computing [122], and adaptive h/p refinement strate-
gies [122, 119].

Despite their geometric flexibility and resolution properties, DG methods suffer
from aliasing issues as well. And while many of the techniques (de-aliasing, filtering,
kinetic energy preservation) used in the spectral and finite difference context have
been successfully adapted to the DG framework [120, 121, 123, 124, 125], they fail
to overcome the robustness issues of DG schemes for compressible turbulent flows at

high Reynolds numbers. That is to say that for such flows, aliasing is not the primary



cause of instability. The interested reader is referred to the recent studies of Moura

et al. [140], Fernandez et al. [141, 143] and Mengaldo et al. [142].

1.1.2.2 Modeling and numerics

In parallel to developing high-resolution schemes, considerable efforts have been
put into reconsidering the physical model itself. This is where the field of turbulence
modeling begins. Its primary goal is to develop alternatives to classical models such as
the Navier-Stokes equations, which in addition to providing a faithful representation
of the flow physics, should account for the reality of under-resolution and prescribe
some structure to it. These are generally obtained by formal decomposition of the
‘exact’ flow field into resolved and unresolved components and by manipulating the
baseline governing equations in such a manner that new equations governing the re-
solved flow field components only are obtained. These equations will also ineluctably
introduce some closure problem to solve. The two most established turbulence ap-
proaches in CFD are Reynolds Averaged Navier-Stokes (RANS) [126] models and
Large Eddy Simulation (LES) [94] models. The former enabled the first affordable
turbulent flow calculations for engineering purposes and is now routinely used in in-
dustry. The latter, enabled by more powerful computers, has been emerging as both
a complement and an alternative to RANS models which show limits in predicting
turbulent flows where unsteady flow features driving design-critical phenomena such
as flow separation must be captured with accuracy. Going into the specifics of each
approach, their developments and applications would take us far beyond the scope of
this thesis. We refer the reader to the comprehensive book of Sagaut et al. [127].

The emphasis turbulence modeling puts on physical model development does not
reduce the importance of numerical scheme development. Much to the contrary, it
amplifies it, and most of the aforementioned high-resolution methods were actually

developed as potential baseline schemes to “realize” these new models. However, the



successful combination of both, outside the ideal but impractical spectral context
[133, 134, 135], remains elusive to this date.

For the validity of the turbulence model to be properly assessed, the discretization
errors introduced by the scheme need to be small enough. Quantifying these errors
is a complicated task [130, 129]. Spectral analysis techniques are typically used for
that purpose [129, 140, 141, 142] but the insights they provide is limited. Controlling
these errors is even harder. Shock-capturing schemes are known to introduce numer-
ical errors which make turbulence models inactive [105, 104, 128], but they cannot
be easily discarded because the dissipation introduced by turbulence models alone
struggles to stabilize the solution in under-resolved configurations.

Perhaps as a consequence of these complications, the view that physical models
should be rethought in turbulent flow simulations does not have unanimous support
among practitioners. Part of the community actually advocates a no-model or Implicit
LES (ILES) approach [136, 137], where the baseline physical model is left untouched
and the artificial dissipation the shock-capturing scheme introduces is viewed as an
implicit turbulence model. This stance stems from past studies which showed good
results without turbulence models [131, 138, 139]. There has also been work showing
through modified PDE analysis [132, 136] that the equations the scheme effectively

solves do have the markings of a turbulence model.

1.2 Entropy-Stable schemes

1.2.1 A brief overview

A number of systems of conservation laws imply additional conservation equa-

tions for mathematical entropies, namely scalar convex functions of the conserved



variables. For instance, the compressible Euler equations (1.1) imply:

0 0

— — —_— — pu— 1-

2 =09+ D (pus) =0 (1)
where s = In(p) — vIn(p) is the specific entropy. In shock calculations, another

well-established guideline is that entropy should be produced across shocks. In more
formal terms, this is equivalent to requiring that the numerical scheme should be

consistent, in an integral sense, with the inequality:

%(—ps) + %(—pus) <0, (1.4)

Building from extensive theoretical work [42, 43, 44, 45, 46, 47, 48] on the struc-
ture of such systems, Tadmor [49] introduced finite-volume discretizations which are
consistent with either the conservation equation for entropy or the entropy inequality
at the semi-discrete level. The scheme is termed Entropy-Conservative (EC) in the
first case and Entropy-Stable (ES) in the second case. EC fluxes, which are defined
by a scalar EC condition, and ES fluxes, which are obtained by combining an EC flux
with appropriate dissipation operators, are the main two ingredients for this purpose.

Despite some developments in the following years, which include the high-order
fully-discrete entropy-conservative schemes of LeFloch et al. [50] and the fully-discrete
entropy-stability analysis of Tadmor [51], ES schemes did not receive much attention
partially because of the complex form of the first EC fluxes Tadmor proposed, which
did not foster practical applications. Important contributions were subsequently
brought by Roe and Ismail [52, 55, 54] who derived a simple EC flux by solving
the scalar EC condition algebraically, and provided an upwind-type entropy-stable
dissipation operator, leading to the first ‘affordable’ entropy-stable scheme. Their
contributions were made as part of an attempt to cure the longtime carbuncle prob-

lem in hypersonic flows by trying to produce the right amount of entropy across the
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shock structure. The techniques used in the construction of this affordable scheme
can be used for other systems such as the shallow water equations [56] and the ideal
and relativistic MHD equations [57, 58].

ES schemes further gained attention when high-order formulations such as the
TecNO schemes of Fjordholm et al. [60] and the space-time DG scheme of Mishra
& Hiltebrand [67] started to emerge. TecNO schemes leverage the previous work of
LeFloch et al., the entropy-stable dissipation operator of Roe [52] and the sign prop-
erty of the ENO reconstruction proved by Fjordholm et al. [61]. The scheme of Mishra
& Hiltebrand established some of the missing links between Tadmor’s framework [49]
and the space-time DG scheme of Barth [59], which achieves entropy-stability at
the fully-discrete level in a different way. A significant contribution was brought by
Fisher & Carpenter [62] who generalized the constructs of entropy-conservation and
entropy-stability to Summation-By-Parts operators [79, 80, 81, 82, 83, 84] and devel-
oped the first high-order entropy-stable finite-difference scheme for the compressible
Navier-Stokes equations. They also made the first comparisons with existing high-
order schemes, such as the kinetic energy preserving scheme of Subbareddy & Candler
[112], which highlighted the superior robustness of ES schemes in under-resolved sim-
ulations of compressible turbulent flows. Their contribution is largely to credit for
the recognition that, quoting from the NASA CFD Vision 2030 Study [66], “Longer
term, high-risk research should focus on the development of truly enabling technologies
such as monotone or entropy stable schemes in combination with innovative solvers
on large-scale HPC' hardware.” Their contribution also set the stage for what is cur-
rently the most actively developed high-order entropy-stable numerical framework
[85, 86, 87, 88, 69].

The superior robustness properties of ES schemes in the severely under-resolved
high-order setting have been further established by the work Diosady & Murman [68],

Pazner & Persson [70] and Fernandez et al. [71], and spurred considerable efforts on
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the development of code infrastructures which build upon this numerical framework.
An example is the eddy [74, 73, 75, 76, 77, 78] solver developed at NASA Ames

Research Center for the simulation of turbulent separated flows.

1.2.2 Stance and goals of the thesis

The naming ‘entropy-stable’ does not exclusively apply to Tadmor’s family of
schemes, even though we use it as such throughout this thesis. It generally applies to
any scheme which is consistent with entropy inequalities such as (1.4) at the discrete
level. Godunov-type schemes, which include the well-known Roe scheme, are built
upon the knowledge of exact and approximate solutions to Riemann problems at in-
terfaces. These schemes can achieve entropy-stability under conditions laid out in the
seminal work of Van Leer, Harten and Lax [27]. The same goes for other schemes
such as the Lax-Friedrichs scheme and the E-schemes of Osher [72]. We should also
mention the schemes recently developed by Guermond and collaborators [176, 177],
which on top of entropy-stability can ensure the positivity of density and pressure.

In view of the challenges posed by the simulation of compressible flows, we find
Tadmor’s approach to be more appealing. This is mainly because entropy-stability is
achieved in a sharper way. Indeed, the user can enforce entropy-conservation, that is
no production of entropy, if deemed necessary, and when entropy-stability is enforced,
it comes with the precise knowledge of how much entropy is being produced at the
discrete level. This contrasts with the other entropy-stable schemes for which the
user only knows that entropy is being produced. This knowledge can aid in better
understanding some of the fundamental problems faced by shock-capturing schemes
(last paragraph of section 1.1.1), as entropy production is often found at the center
of the discussion [52, 55, 35]. This knowledge can also be leveraged in the context
of turbulence, where one of the main challenges is to strike a balance between high-

order accuracy and robustness. Entropy production can serve as a metric for how
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much information is lost because of stabilization, as well as for how unstable the
scheme becomes when the stabilization is modified. What’s more, entropy turns out
to be an important physical quantity in compressible turbulent flow theory as well
(157, 158, 159, 160]. Viewed from this angle, entropy could also provide a common
language enabling the fields of turbulence modeling and numerical analysis to work
together®. In this regard, the fact that Tadmor’s framework leaves to the user the
responsibility of figuring out what is the right way to conserve or produce entropy
is beneficial. The standard entropy-conservative flux and dissipation operator in use
as of now are Roe’s [52], but nothing is set in stone. Upon understanding how
entropy-stable schemes manage entropy at the discrete level, turbulence theoreticians
for instance could propose their own EC/ES discretization. All in all, the stance
of this thesis is that ES schemes could make for a good foundation” supporting the
development of CFD algorithms for compressible flows.

This thesis has two primary goals. The first one is to further develop this foun-
dation, not towards more advanced high-order discretizations, but towards enabling
applications to more complex physical models. The second goal is to better under-
stand how entropy-stable schemes work. That is not only understanding how they
can be constructed, but also understanding how they may or may not improve the
quality of the numerical solution. We make a conscious effort to use entropy as a lens
in this effort. Not doing so would be counter-intuitive in view of the framework we
chose to work with.

It is important to recognize that entropy-stable schemes have garnered attention
mostly for providing a potential solution to the stability issues of high-order methods

in under-resolved compressible turbulent flow simulations. Putting aside the fact that

6The ILES/no-model approach was mentioned earlier for completeness only. We do not advocate
for it.

"We do not see entropy-stability as a finality or “the holy grail of numerical analysis” [65]. We
see it as a good starting point.
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entropy-stability does not make for an unbreakable code®, entropy-stable schemes do
not enjoy the same popularity and practical interest elsewhere. The reason for that
is simple. The reader will quickly realize that entropy-stability does not guarantee
a well-behaved solution. It is for this precise reason that we decided to investigate
some of the shock-capturing problems mentioned at the end of section 1.1.1, where
stability is not the problem. We believe that there is more to learn about local behav-
ior and numerical error from these problems than from the canonical turbulent flow

configurations typically used to highlight the robustness of entropy-stable schemes.

1.3 Contributions and outline

In chapter 2, the numerical crafts of entropy-stable schemes and the theory be-
hind them are covered. The remaining chapters report on the individual contributions
of the thesis.

In chapter 3, we study the receding flow problem, which is a simple setup used to
study the anomalous temperature rise, termed “overheating”, typically observed in
shock reflection and shock interaction predictions. Previous studies showed that the
anomaly can be cured if conservation of entropy is enforced, but at the considerable
price of total energy conservation. Entropy-Conservative (EC) schemes can achieve
both simultaneously and therefore appeared as a potential solution. We show that
while the overheating is correlated to entropy production, entropy conservation does
not necessarily prevent it.

The current state-of-the-art solves the compressible Navier-Stokes equations for
a single-component perfect gas in chemical and thermal equilibrium. This model is
inappropriate in aerospace engineering applications such as hypersonics and combus-
tion, which typically involve chemically reacting gas mixtures far from equilibrium.

As a first step towards enabling their use for these applications, we formulate, in

8entropy-stability does not guarantee that density for instance will remain positive
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chapter 4, ES schemes for the multicomponent compressible Euler equations. Special
care had to be taken as we found out that the theoretical foundations of ES schemes
begin to crumble in the limit of vanishing partial densities.

The realization that ES schemes can only go as far as their theory led us to review
some of it. A fundamental result supporting the development of limiting strategies
for high-order methods is the minimum entropy principle proved by Tadmor for the
compressible Euler equations. It states that the specific entropy of the physically
relevant weak solution does not decrease. In chapter 5, we prove a minimum entropy
principle for the mixture’s specific entropy in the multicomponent case, which implies
that the aforementioned limiting strategies could be extended to this system.

In chapter 6, we study the behavior of ES schemes in the low Mach number
regime, where shock-capturing schemes are known to suffer from severe accuracy
degradation issues. A classic remedy to this problem is the flux-preconditioning tech-
nique, which consists in modifying artificial dissipation terms to enforce consistent low
Mach behavior. We showed that ES schemes suffer from the same issues and that the
flux-preconditioning technique can improve their behavior without interfering with
entropy-stability. Furthermore, we demonstrated analytically that these issues stem
from an acoustic entropy production field which scales improperly with the Mach
number, generating spatial fluctuations that are inconsistent with the equations. An
important outgrowth of this effort is the discovery that skew-symmetric dissipation

operators can alter the way entropy is conserved or produced locally.
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CHAPTER II

Theoretical and Numerical Background

While in this thesis we only work with the compressible Euler equations and some
of its variants, the concepts and techniques proper to entropy-stable schemes apply
to a broader range of systems. Therefore, we consider general hyperbolic systems of

conservation laws in one dimension as follows:

ou 8f_

Ou  Of 9.1
ot Tar Y (2.1)

where u = u(z,t) is the vector of conserved variables and f = f(u) is the vector of

fluxes.

2.1 Weak solutions, entropy and symmetrization

It is well known that discontinuous solutions to (2.1) can develop from smooth
initial conditions u(x,0) when the fluxes are nonlinear functions of the conserved
variables. Weak solutions must therefore be sought. Unfortunately, these are not
uniquely defined and one needs additional conditions to hopefully find the right one,
or at least discard the non-physical ones.

It is common practice to view physical solutions as those arising as vanishing vis-
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cosity limits, u(x,t) = lim._,ou(z,t), of solutions u(z,t) to the regularized system.

ou‘ N of(u) 682uE .
ot or Oz’

> 0. (2.2)

A number of hyperbolic systems admit a convex extension [46], in the sense that they

imply an additional conservation equation for a mathematical entropy U:

oU  OF

St =0, (2.3)

where the entropy pair (U, F') = (U(u), F'(u)) is such that U(u) is strictly convex and

the compatibility relation
oUu of OF
el 2.4
dudu ou’ (24)
necessary for the system (2.1) to imply (2.3), is satisfied. The compressible Euler
equations qualify with (U, F') = (—ps, —pus) for instance. For systems endowed with
such an entropy structure, one has:

ou oU(u) OF(u)  [0UY 0*u
<aue)x(2'2> — o "o \ow)or

Using a chain rule on the right hand side term and using the convexity of U, it can

be showed that:
€ € 2 €
81](u)+8F(u)< OU(u)'

€
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In the limit € — 0, this leads to the well-known entropy inequality:

U OF
LT < 2.
ot T or =0 (2.5)

which makes for an indirect way to establish whether a weak solution is physical. For
the compressible Euler equations with (U, F') = (—ps, —pus) the above inequality

leads to the well-known entropy conditions which should be satisfied across shock
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discontinuities [47].
Besides, Mock [45] showed that the existence of an entropy equation (2.3) also

implies the existence of a one-to-one mapping u — v, with:

o (2, -

which symmetrizes the original system. This means that, starting from the quasi-

linear form of the original system (2.1):

ou ou of

applying the change of variables u — v turns (2.7) into a system of the form:

Ha—V—I—Ba—u:O7 H::a—u, B::ﬁ:
ov

-+ B AH, (2.8)

where B and H are symmetric, and H is symmetric positive definite. Such systems
are called symmetric hyperbolic and are appreciated in the analysis of PDEs [46, 172].
The vector v is commonly referred to as the vector of entropy variables. For com-
pleteness, we mention that Godunov showed the converse of Mock’s result [43].

At this point, we draw the attention of the reader to the difference between ther-
modynamic entropy ps and mathematical entropy U, which is a more general concept.
2

For the Burgers equation (u = u, f = u?/2) for instance, U = Lu

su” is an entropy. In

our context, the mathematical entropy is the opposite of the thermodynamic entropy,
and the statement of integral entropy-stability can be interpreted either as dissipation
of (mathematical) entropy or as production of (thermodynamic) entropy. We adopt
the latter throughout this thesis.

Numerical schemes consistent with the system (2.1) are not necessarily consistent

with the entropy equation (2.3) or the entropy inequality (2.5). The pioneering work
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of Tadmor [49] introduced a class of finite-volume schemes which can achieve such
consistency at the semi-discrete level (and at the fully-discrete level as well, this is
covered in chapter I1I). In addition to the entropy variables, the construction of these

schemes involve potential functions (U, F) defined by:
U=viu-U F=vIf-F

The potential functions satisfy the relationships:

N CANNSNCYAY
S \ov) ' \ov)
For the Euler equations, the entropy pair we usually work with is the one introduced

by Hughes et. al [44]:

U=— F = .
y—1 y—1

ps _pus (2.9)

This pair belongs to the more general class of entropy pairs derived by Harten [48]
(which is discussed in chapter V). The y—1 factor in the denominator is introduced so
that the corresponding potential functions write U = p, F = pu. The corresponding

entropy variables are given by:

y—s lpu pu p (2.10)
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2.2 Formulation

In this section we detail the main steps to follow in order to construct semi-discrete

entropy-stable schemes. Consider the finite volume scheme:

d 1

%uj(t) + E(fﬂ% —f..) =0, (2.11)
where f; 1 is a consistent interface flux. The subscripts j and j + % refer to cell and
interface indices, respectively. The first and trademark step of Tadmor’s framework
consists in seeking entropy conservation. The finite volume scheme (2.11) is termed

entropy-conservative if it satisfies the equation:

1

SUm0) + 5 (

7 Fiox—F; 1) =0, (2.12)

where F; 11 is a consistent entropy interface flux. The second step consists in adding
carefully designed dissipation terms on top of the entropy-conservative scheme to

achieve entropy-stability, that is meeting the inequality:

1

CUm0) + 5 (

yr ) <0. (2.13)

2.2.1 Entropy-Conservative Fluxes

By definition of the entropy variables, one has:

d d
V'T_uj = %U<uj)7

therefore the scheme (2.11) is entropy conservative if and only if the interface flux

f; +1 is such that there exists a consistent entropy interface flux Fj 41 that satisfies:



Tadmor [49] showed that this holds if and only if the entropy conservation condition:

Vi = Vil i1 = Fia = F (2.14)

where F; = F(uy), is satisfied. In this case, f;, 1 s called an entropy-conservative

flux and the corresponding entropy flux F; 1 is given by the formula:
(Fj + Fjr1). (2.15)

For scalar PDEs, v is a scalar and the entropy conservation condition (2.14) has
only one solution, namely f; 1 = [F]j+%/[v]j+%. For systems, equation (2.14) does
not uniquely determine the interface flux. The first entropy-conservative flux was

introduced by Tadmor [49]:

oy = [ S0 O, vii3(O) = v+, (2.16)

This elegant flux has the inconvenient property of not having a closed form. Its eval-
uation requires quadrature rules. Later on, Tadmor [51] proposed to use piecewise-
constant paths instead. The resulting flux has an explicit form which depends on the
path decomposition but it did not get much attention.

An entropy-conservative flux that has been more popular for its simplicity com-
pared to the previous two is the one derived by Roe [52] for the compressible Euler
equations. The method used to derive it is general enough to be applied to other
systems (in chapter IV we use it for the multicomponent system). It is also central
to the work of chapter III. We cover it here.

Denote f* = [f1, fa, f3] the interface flux separating two adjacent cells. Using
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compact jump notation, the condition (2.14) can be rewritten as:
[v]'f = [F].
For the entropy pair (2.9), the jump terms in the entropy variables write:

-1 5] -6

Define the set of independent variables (21, 29, 23) \/; , \/> v/pp).- Then

2
. . P 2 PU pu= o _

p=2z2123, Pp= —, — =2, T = R1R%2, —— = Z3, PU = 2923,

p p p

S =(1—9)in(z3) — (L 4+v)ln(z).

Using the identities [ab] = a[b] + bla] and [In(a)] = [a]/a™, where @ and a™ denote

the arithmetic and logarithmic averages, respectively, one can show that:

o= U - 0, (28] —nafa), |2 = i+l

2] =2alal, [l = 2l + Al

The motivation behind the introduction of the variables z; is to “exactly linearize”

all the jump terms involved in the entropy conservation condition, which now writes:

fl (%[23] — 11——::%[21] — ZQ[ZQ]) + fg(gl [2’2] + 22[21]) +f3(_221 [Zl]) == 52[23] + 23 [22]
(2.17)

Regrouping, equation (2.17) becomes:

E ]( f11+7 . +f222 2f32_1>+[Z2](—f12_2+f251)+[Z3]($f1) = (2] 23+ [23] %2
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The jumps in z; are independent, therefore:

1+~ 1 _ _ _ I | _
77+f222—2f321 =0, —fin+ for1 = 23, ;1 = 2.
1 — 2 Z3

—h

The variables z; basically enabled the conversion of the scalar condition (2.14) into a

system of 3 equations that can easily be solved:

fi=22" =&+ 12)/(2), fs i(—ﬁl Lt + fa2a).

T 25 1—y2in

This is the entropy-conservative flux of Roe. The choice of independent variables
z; is open. Using the same method with the set (zi,29,235) = (,o,u,{—;o) instead,
Chandrasekhar [63] derived the following entropy-conservative flux:

2 1

1-
— ylng =4z = |— — =22 %o fa. 2.18
fi=2"%, | % +2f1, fs =D 22 fi+ 2 (2.18)

Jameson [64] showed that an interface flux preserves the kinetic energy of the sys-
tem at the semi-discrete level provided that the density flux f; and momentum flux
fo satisfy fo = p + uf1, where p is any consistent average pressure. The entropy-
conservative flux given by equation (2.18) satisfies this property as well. In contrast
to the conclusions of [63] (section 4.6.), such a flux is not unique. With the set

(21, 22, 23) = (p, u, 2—‘;), the resulting entropy-conservative flux:

=~ = n ﬁ — v 1 1— — R
fi=23%", fo= % +ufi, f3= fl(ﬁ%én — %)t R an,

is also kinetic energy preserving. The term —z;25 of the energy flux f3 is missing in

[63].
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2.2.2 Entropy-Stable Fluxes

The finite-volume scheme (2.11) with the interface flux f;, 1 defined as:

where f]’.k i satisfies the entropy conservation condition (2.14), and D;. 1 is a positive

definite matrix, satisfies

= | =&, (2.19)

with &; given by:

1
1D V]2 + [V]]T_lD

i = 5az (V1D v],_1) >0, (2.20)

N
.
|
N|=

and is therefore entropy-stable. In this case, the interface entropy flux F} 41 is given
by:

Fj+ = F7

il (Vi + i) Dy [v] 1, (2.21)

N | —

N

where F* , is the entropy flux associated with f* .
It3 i+

Summing over all cells and assuming periodic boundary conditions leads to the

integral entropy-stability statement:

%ZU(W) ==Y & <0, (2.22)

For the compressible Euler equations with the pair (2.9), this writes:

%Z(ps)j = ('y - 1) ZSJ > 0. (223>
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This integral stability statement is obtained as a consequence of the local statement
(2.19), which in itself is not a stability statement. It does not necessarily imply for
instance that in every cell:

%U@ﬂ<0¢>%@$@ﬂ>0 (2.24)

Looking at equation (2.19), we see that the local variation of U in time depends on
&j, which is a positive quantity, but also on the interface entropy flux F} 1 which
according to equation (2.21) is determined by both the entropy-conservative flux and
the dissipation operator. To the best of the author’s knowledge, conditions under

which (2.24) is met have not been examined.

Upwind-type dissipation operator

Let RAR™! be an eigendecomposition of A. A popular choice for the dissipation
operator consists of recasting the upwind operator of Roe [10] — {R[A|R '[u] in
terms of the entropy variables. With the differential relation du = Hdv, this leads
to:

MW:%RmmlHM.

For the compressible Euler equations, Merriam [65] (section 7.3) pointed out that
there exists a scaling of the columns of R such that H = RRT, which leads to a
dissipation matrix D = R|A|RT that has the desirable property of being positive
definite. Later on, Barth [59] showed that Merriam’s finding is a direct consequence
of the fact that the entropy variables symmetrize the system. Merriam’s result is
therefore more general, and is recast by Barth as an eigenscaling theorem: for any
diagonalizable matrix A symmetrized on the right by a symmetric positive definite

matrix H, there exists a symmetric positive definite block diagonal matrix T that
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block scales the eigenvectors R of A in such a manner that:

A= (RT)A(RT)" and H = (RT)(RT)". (2.25)

The dimensions of the blocks of T" correspond to the multiplicities of the eigenvalues
of A. The second identity in equation (2.25) provides an explicit expression for the
squared scaling matrix 7% = R-'HR™ T,

More details about this dissipation operator can be found in chapters IV and VI.

2.2.3 High-order discretizations

In this section, we cover two high-order entropy-stable formulations: TecNO
schemes [60] and Discontinuous Galerkin [117, 118] (DG) schemes discretizing the
entropy variables [59, 44, 67]. High-order ES schemes are not limited to these two
options. Formulations based on Summation-By-Parts operators [62, 85, 86, 87, 88, 69]
for instance are being actively developed.

Developing high-order entropy-stable schemes is not the purpose of this thesis.
We mostly worked with TecNO schemes as they are relatively easy to implement.
The DG formulation based on entropy variables is discussed to offer some perspective
on what is, to the best of the author’s knowledge, the first high-order entropy-stable

formulation.

2.2.3.1 TecNO schemes

TecNO schemes (Fjordholm et al. [60]) are high-order entropy-stable finite vol-
ume schemes that combine the high-order entropy-conservative flux formulation of
LeFloch et al. [50], the stencil selection procedure of ENO schemes [30] and entropy-
stable dissipation operators [49, 52].

The scheme still writes as (2.11) but differs in the interface flux. The two com-
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ponents, entropy-conservative flux and dissipation operator, are altered to achieve
high-resolution in such a manner that entropy-stability is retained.

The entropy-conservative flux f*, is replaced with a high-order entropy-conservative

flux £, defined over a centered stencil of 2p points (v;_py1, ... ,vj4p) by:
p i—1
fgp(“ﬁ*pﬂ; e Ujgp) = Z Qip Z £ (vj—s, Vj—sti)-
i=1 s=0

This flux essentially consists of a weighted combination of second-order entropy-

conservative fluxes. The coefficients «; , need to satisfy [50]:

p

p
» iy =1, Y ", =0, s=2...p
i=1

=1

The first equation is for consistency, the second is for 2p-th order accuracy. For p = 2

(4-th order) and p = 3 (6-th order) the coefficients are:

4 1
019 = —, Qgg = ——
1,2 3’ 2,2 G
3 3 1
Q13 =7, g3 = ———, (33 =

27

As we saw earlier, the dissipation term of a first order ES flux typically takes the
form:

DIv] = (RT)|A|(RT)"[v].

where R is the matrix of right eigenvectors of A and T is a scaling matrix. The
reconstruction used by TecNO schemes is motivated by the fact that the ENO recon-
struction satisfies a sign property. It was shown [61] that for any vector w € RV the

TecNO reconstruction satisfies:

(w) = Blw], B =diag([bo, - .., bn-1]), bi =0,
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where (w) and [w] are the reconstructed and initial jumps, respectively. Let w be
such that [w] = (RT)”[v], then the dissipation operator D[w] = (RT)|A| (w) is ES
because:

(RT)IA| {w) = (RT)|A|B[w] = (RT)(|A|B)(RT)"[v]

|A|B is a positive diagonal matrix. The high-order dissipation operator D[w] thus
achieves entropy-stability by reconstructing jumps in a specific set of variables. Fjord-
holm et al. refer to them as the scaled entropy variables. We will see in chapter VI
that [w] can be interpreted as a vector of wave strengths.

We conclude this section with a reminder that while TecNO schemes do use
non-oscillatory reconstructions, they are not de facto embedded with provable non-
oscillatory properties (see figures 6 and 7 in [60]). In fact, this remark applies to
any similarly termed scheme in the context of nonlinear systems of conservation laws.
TVD schemes [13] are well-grounded in the scalar case and in the linear constant
coefficients case because there is a clear definition of what quantity “total-variation”
points to. Even though many good results have been produced by these schemes
(there have even been efforts to accommodate the TVD framework in the finite-
element context [242, 243]), the theoretical bearings of non-oscillatory schemes are

currently missing for nonlinear systems [13, 20].

2.2.3.2 Discontinuous Galerkin

Tadmor’s pioneering work came out around the same time as when Hughes et. al
[44] showed, under the assumption of exact numerical quadrature, that Continuous
finite element solutions to the compressible Euler equations become consistent with
the entropy equation ! when the entropy variables are discretized instead of conser-

vative variables.

Lthe result was actually proved for the more general compressible Navier-Stokes equations, which
we do not cover in this thesis.
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For DG discretizations of the Compressible Euler Equations, the same result im-
mediately follows if entropy-stable fluxes, in the sense of Tadmor [49], are used. Yet,
that is not how Barth approached it [59], even though parallels can be drawn [67].

Consider the more general case of a multi-dimensional system of conservation laws:

5 T om, = 0, (2.26)

which implies the multi-dimensional entropy equation:

ot Tor, Y

The weak form associated with a semi-discrete DG discretization of (2.26) typically

writes, for each element K of the mesh and each degree of freedom (dof) i:

R =0, (2.27)

du(qX Do
Rei= [ o™ v - [ 5@ 0+ [ ocrtas. @29
K K z oK

J

Ry ; denotes the residual associated with the i-th dof in element K. The interface
flux is given by £* = £*(q, q®’, n) where K’ denotes the neighboring element on 6 K
and n = (n;)1<;j<aim is the vector normal to 0 K. q” denotes the discrete solution in

element K which consists of a linear combination of polynomial basis functions ¢ ;:

Ng
=D oxidx.
i=1
Using integration by parts on the second term of (2.28), we have:

ou(q”)
R i:/ OK.i
K, Kot

(K
K K

J
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where f, = ijl n;f;. The solution in each element is typically represented as a

polynomial expansion in terms of the conserved variables:

Ng
K ._ K __
q" =u —E OK UK ;-
;

Discretizing the entropy variables means that it is the entropy variables that are

represented using polynomials instead:

Ny
Q =vE =Y rivi (2.29)

From equation (2.27), it is clear that any linear combination of the residuals R;
is zero. When the entropy variables are discretized, the particular combination

T gt
> i Vil gives:

K (K
/K (;VK1¢K1> 0112(; ) dv + /K (;Vmﬁbkz)% av
+ /M (ZVK,1¢K,¢) ( £ — fn(qK) ) dS =0,

which by definition (2.29) writes:

/K (VK)Ta“gK) av + /K (vK)T%;K) dv + /M(VK)T( £ — £,(v¥) ) dS = 0.
@/KaUgK) dv + /K%;K) dv + /JK(VK)T( £ f£,(v) ) dS = 0.
& /K aUéZK) dv + /6 K(VK)Tf* — (V)£ (vF) = Fu(vE) ) dS =0,
& /K aUé;’K) dv + /M( (v)TF — F(vX) ) dS =0. (2.30)

Decomposing the integrand of the second term:
1 !’ ]. !
(VK)Tf* o .F(VK) — §<VK T VK )Tf* o 5(VK o VK)Tf* . f~(‘/,l(>7
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it follows that if the interface flux satisfies what is a multi-dimensional version of

Tadmor’s EC condition (2.14):

(vE — I = F(vE') — F(vE), (2.31)

then the second integrand in (2.30) makes for a consistent entropy flux F*(v¥ v&' n)

given by:

1

Fr— (V)T - F(E) = %(VK—FVK/)Tf* - SFEOFFEE), @)

and equation (2.30) becomes a semi-discrete finite volume discretization of the entropy

equation:

K
/aU(V v + / F* dS = 0. (2.33)
kO 5K

If the interface flux is of the form:
£*(vE, vE n) = fEC(vE v n) — DVE vE n)(vE —v5),

where fE€ satisfies (2.31) and D is a positive definite matrix, then equation (2.30)

writes instead:

K
/aU(V)dv+/ F*dS_—/ £dS =0. (2.34)
xk Ot 5K 5K

where F* is also given by (2.32) and:

’ ]. !/ ! !
EWVE VI n) = (v —vE)TDHEE vE n)(v —vE) >0, (2.35)
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leading to a discretization that is consistent with the entropy inequality:

oU  OF,
— . 2.
5 + az, <0 (2.36)

Conservation is ensured as long as the constant unity function belongs to the span
of the basis functions ¢; k. In this regard, it does not matter which variables are
discretized.

This shows that Tadmor’s framework for first-order finite-volume schemes natu-
rally extends to the DG setting when the entropy variables are discretized. It also
naturally extends to the fully-discrete setting, we refer the reader to [51, 145] for more
details.

In addition to providing more perspective on what discretizing the entropy vari-
ables means and entails, these derivations will allow us to make a clear point that the
entropy production breakdown we introduce in chapter VI in the context of finite-
volume schemes naturally fits in the DG setting. This breakdown can only take place
in Tadmor’s setting where entropy-stability is approached as “entropy conservation”

+ “entropy production”.
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CHAPTER III

Entropy Conservative Schemes and the Receding

Flow Problem

One of the first questions that arise when studying entropy-stable schemes is:
how much entropy should the scheme produce in the presence of discontinuities?
This question is usually asked with shock discontinuities in mind, because they are
the primary physical phenomenon that needs to be accurately predicted in compress-
ible flows and also because they are entropy-producing discontinuities. But what
about discontinuous flow configurations where entropy is expected to be conserved,
not produced? Should the entropy-stable scheme revert to its entropy-conservative
foundation to make for a good solution in these conditions?

The latter questions arose while investigating a simple one-dimensional Riemann
problem: the receding flow problem (similar to the 123 problem of Toro’s book [168])
extensively studied by Liou [165, 166]. The problem consists of a flow undergoing rar-
efaction caused by two flows receding from each other. It is identified by Liou as an
open numerical problem as many well-known finite-volume/finite-difference schemes
produce an anomalous temperature rise, termed “overheating” or “Wall heating”
[167, 162], at the origin that cannot be fixed by refining the mesh, decreasing the
time-step, or increasing the solution order. He first established a connection between

the overheating and a spurious entropy rise after the first time step [166]. In a more
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recent paper [165], he connected the entropy rise with the pressure component of the
momentum flux. A cure he eventually proposed consists of replacing the conservation
equation for total energy with either the transport equation for the specific entropy s
or the conservation equation for the entropy ps. The main liability of this approach is
that conservation of total energy is no longer guaranteed and that conserving entropy
is incompatible with shock discontinuities.

In view of these factors, entropy-conservative and entropy-stable schemes appear
as an interesting option, as they enable the conservation or production of entropy
without giving up conservation of mass, momentum and total energy. What’s more,
they were not considered in Liou’s endeavours. An analysis similar to that of Liou
[165] within the framework of Tadmor is therefore worth carrying out. While the
semi-discrete analysis of Liou [165] suggests that the overheating could be avoided
with an EC flux, numerical results say otherwise and this led us to carry out a fully-
discrete analysis of the entropy behavior in this problem.

This chapter is organized as follows. In section 3.1 we introduce the problem. In
section 3.2, we discuss Liou’s analysis and its limits. In section 3.3, we carry out a
fully-discrete analysis of the problem to better understand the generation of specific

entropy and complement it with numerical results in section 3.4.

3.1 Problem description

The receding flow problem [165, 166] is a 1D Riemann problem defined by the

following initial conditions:

up <0, ug >0,pp = pr=p", pr=pr="1" (3.1)

where the subscripts L and R refer to the left and right sides of the domain, respec-

tively. Liou considered the case of equal velocity magnitudes |ur| = |ug| = u°.
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Liou describes this problem as “fundamental” in the sense that the overheating
cannot be overcome by refining the mesh or changing the time step (it is independent
of the CFL number). One of the main findings of his study is that the overheating
originates from an ab initio entropy production at the beginning of the run. Figure
3.1 (Roe flux in space, forward euler in time) illustrates the numerical behavior that
is typically observed with the wide range of fluxes Liou [165, 166] considered. The
pressure is well resolved whereas the density is slightly under-estimated at the center
(see figure 3.1-(a)). That the overheating is generated at the very first instant is in-
tuitive given the nature of rarefaction waves (discontinuities that should vanish after

some time) in contrast to shock waves (discontinuities that persist in time).
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Figure 3.1: Receding flow problem: Numerical solution (full line) and exact solution
(dotted line) at t = 0.18s with the Roe flux and Forward Euler in time.

100 cells and At = 107 3s.
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3.2 Liou’s semi-discrete analysis

To investigate how entropy is initially produced in the discretized conservation

laws, Liou [165] begins with the following equation:

p 0s a’ u?\ Op dpu  Ope
R, :_(7—1 _?)E_UW ot
where R, is the gas constant. This equation relates the temporal variation of the
specific entropy to that of mass, momentum and total energy.

Denote cell “R” as the cell immediately to the right of the interface with index
1 (its interfaces have therefore indices 1/2 and 3/2, respectively). Then integration

over cell R at t = 0 gives:

?i %%dv = (sa_)l - (UQ) > [(pw)zs2 — (pu)1/2) +u’[(pu® + p)sje — (pu® +p)1 2]

— [(puh®)sja — (puh)1ss]. (3.2)
The fluxes at interface 3/2 are determined by the initial conditions:
(pu)sja = p"u’, (pu? +p)ajs = p°(u°)* +p°, (puh')sjs = p"u’(h")°. (3.3)
For all the fluxes tested by Liou [165], the values at the interface 1/2 are given by:

(pu)l/Q =0, (PU2 +p)1/2 = my/2 + P1/2, (puht)l/g = 0. (34)
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1

myj2 and pi/p are the momentum and pressure fluxes *, respectively. Combining

equations (3.2), (3.3) and (3.4) results in the following:

0s
§ E- GV =l = pya) =il (35
g

The right-hand side term remains non-zero for all the fluxes Liou considered [165].
An identical result is obtained for the “L” cell immediately to the left of the interface,
meaning that the entropy rise occurs symmetrically about the interface. In light of
equation (3.5), Liou attributed the ab initio generation of entropy to the pressure and
momentum components of the numerical flux. He concluded his study by showing
that replacing the energy equation with the transport equation for specific entropy or
equivalently the conservation equation for entropy cures the overheating. This cure
is not compatible with the simulation of shock discontinuities.

Liou’s study did not consider Tadmor’s family of schemes. If the EC Roe flux is

used, the flux values at interface 1/2 take the values:

(pu)is2 = 0, (pu’ 4+ p)ij2 = p°, (puh')1s2 = 0.

and we obtain, for both the R and L cells:

p 0s
——dV =0.
j{Rg ot

This suggests that the spurious entropy production would be avoided.
Unfortunately, these analytical results are not supported by numerical tests. In fig-

ure 3.2, we show the numerical solution with an EC flux in space together with a first

order explicit time-integration scheme. The solution is oscillatory in all components

and we note (figure 3.2-(d)) that the specific entropy profile is going downwards. In

Lthis breakdown of the second component of the interface flux is possible for all the schemes Liou
considered. For EC/ES fluxes, it is not always possible but this does not matter in our analysis
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figure 3.3, we show the numerical solution with a first order implicit time-integration
scheme instead. The solution is better than with the explicit time scheme, but it is
still oscillatory. We note that this time the specific entropy profile is going upwards.

These first results suggest that time-integration has a clear impact on the solution

quality. A fully-discrete analysis is necessary.

1.05
2.00
1.00
1.95
0.95 §
090 - | 1.90
0.85 1185
0.80 11.80 | ]
0.75 | 1475 |
0.70 A
0.65 r
1.65
0.60 t . . . . ] . h L .
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
(a) Density (b) Temperature
0.7
0.50 r
0.40
030 L 4 069 [
0.20
0.10 ¢ 1068 |
0.00 itk
-0.10 1067
-0.20
-0.30 §
0.66 r
-0.40 ] H
-0.50
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
(c) Velocity (d) Specific Entropy

Figure 3.2: Receding flow problem: Numerical solution (full line) at ¢t = 0.18s with
the EC Roe flux and Forward Euler in time. 100 cells and At = 107 3s.
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Figure 3.3: Receding flow problem: Numerical solution (full line) at ¢ = 0.18s with
the EC Roe flux and Backward Euler in time. 100 cells and At = 107 3s.

3.3 A fully-discrete analysis

3.3.1 Entropy stability of time schemes

Let’s assume that an EC flux is used in space. What happens at the fully-discrete

level, when time is discretized? If we evolve in time using Forward Euler (FE) for
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instance:

At
P — ] =0, A= = (3.6)

u
Ax’

i3
are we simultaneously evolving in time the entropy equation with Forward Euler? In

other words, is the fully-discrete scheme (3.6) also solving

In equation (3.7) and what follows, the superscript n refers to the time instant. We

know that

holds. Tadmor [51] showed that, for Forward Euler:

(VT —u)] = Ut — Ua}) — EFP (v vith), (3.8a)
FE(,n ntl 21 nHSNT py (<03 nt3
e Vi) = [ (G HOAV; P H (v 2 (§)Av; 2dE >0, (3.8b)
-3
1 vitlypyn n+i
where v?+2(§) =%y E(VIT —v1) and Avj+2 = v — v, This means that

2 J J

at the fully-discrete level:

n n m n __ oFF

41



This makes Forward Euler unconditionally entropy unstable. For Backward Euler,

Tadmor [51] showed that:

(V?H)T[ug”rl —uj] = U(u}”l) —U(uf) + SBE(V?,V?H), (3.10a)
2 1 ntl ntl ntl
EPE (v vty = / (G- AV, TH(V! 2 (€)Av] 2 dg > 0. (3.10D)

This means that at the fully-discrete level:

Uu}™) = Uu}) + )\[Fj?fél - Fj?fél] =-&PF <0 (3.11)
This makes Backward Euler unconditionally entropy stable. One may wonder if all
implicit and explicit time-integration schemes are unconditionally entropy stable and
unstable, respectively. To the best of the author’s knowledge, this is an open question.
To support this statement, let’s use the two main results of Tadmor’s analysis, i.e.
equs. (3.8a) and (3.10a), to derive the entropy production of some well-known time-
integration schemes. Define:

1

R{(U) = _E(fj-i-% j—%)? R (u) = VJTR;C(“) = __(Fj+% - Fj—%)'

J

The implicit 2nd-order backward difference (BDF2) scheme is given by:

n 4 1. 2 n
T guT S = AR (0. (3-12)

u

If we rewrite the scheme (3.12) as:

4 n+2 n+1 1 n+2 n 2 fron+2
§(uj —u] ) — §(uj — uj) = gAtRj (u"™),
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nt2

"7 and use equation (3.10a), we obtain the following for the

left-multiply by (v
discrete entropy:

1

Uuj*?) — -Uu)*?) + 3

n 2 n
U(u}) = gAtRf(u ) ghbE2
This is basically BDF2 for the discrete entropy, with an additional entropy production

term EBPF2 given by:

8BDF2 — Z_lgBE

1
n+l o n+2\ —EBE
- )~ €75

(V " v 2 n+2)

n
i 0V ViV

The production term EBF(v? vt

7 V; ) can determine the entropy stability of BDF2.

However, its sign is hard to establish. The explicit Leap-Frog Method is given by:

uwtt =t 2AtR] (u™).

Subtracting u} on both sides, left-multiplying by (V;L)T, and using eqns. (3.8a) and
(3.10a), we get a Leap-Frog of the entropy

U™ =U(u)™") 4+ 2AtRS (u”) — EFF

J

gLF

with an entropy production term given by:

LF BE( n—1 FE 1
M = EPR(VETL V) = ET (v V).
Here again, it is hard to make a statement about the sign of the entropy production
term EXY. We could derive similar results for other schemes and reach the same
conclusion.
Going back to the receding flow problem, the results observed with EC fluxes can

be now better explained. Let’s assume that Forward Euler is used. We are interested
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in the jump of specific entropy s* — s% in the cell R after the first time step. We have

the following discrete equation for density:

At At
1_ 0 0,0

p—p = E[(Pu)m — (pu)sp] = “Ar (3.13)

Using equation (3.9) with U = —ps/(y — 1) we obtain a discrete equation for the

entropy ps :

()" = (p3)° = Sollpushys = (pushyal + (1= EFE. (314

The interface flux for the entropy is given by equation (2.15). With the EC Roe flux,

we have :

(pus)ija — (pus)sj = —p"us".

Eq. (3.14) then becomes:

At
(ps)! = (ps)’ = =z P"u’s" + (1= 7)€" (3.15)

Combining equations (3.15) and (3.13) gives:
(ps)! = (ps)° = s°(p" = p°) + (1 — 7)€",
Regrouping, one obtains:
st—s"=(1—-7)EFE/pt <. (3.16)

Equation (3.16) is exact and shows that when the EC Roe flux is combined with
Forward Euler in time, the specific entropy at the center is going to decrease after

the first time instant.
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With Backward Euler in time, the fluxes are evaluated at the next state in time
so we cannot derive an exact and concise expression like (3.16). However, if the time

step is small enough we can make reasonable approximations, namely:

At At
pt—p° = A—x[(f)u)m — (pu)sje] ~ —A—xplul, and (pus)iz — (pus)sj2 ~ —plu'st.

Eq. (3.11) with U = —ps/(y — 1), then gives a discrete equation for entropy:
(ps)' —(ps)” = 2—;[(puS)l/z—(pu8)3/2]+(7—1)5BE ~ st (p'=p")+(y=1)EPE. (3.17)
Regrouping, equation (3.17)writes:
st — 5"~ (v = 1)EPE /0 > 0, (3.18)

and states that when the EC Roe flux is combined with Backward Euler in time, the
specific entropy at the center is going to increase after the first time instant.

Egs. (3.16) and (3.18) only describe the evolution of the numerical solution at
the very first instant, but along with the specific entropy profiles (3.2)-(d) and (3.3)
they seem to suggest that whether the specific entropy s increases or decreases at
the center is correlated to the discrete entropy (ps) production caused by the time
scheme.

Ultimately, we should not forget the primary goal of this study that is (attempting)
to prevent the overheating without giving up on conservation of total energy. In
view of equations (3.16) and (3.18), the following question arises: What if a time-

integration scheme that conserves entropy is used?
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3.3.2 Conserving entropy in time
LeFloch et al. [50] (Theorem 3.1.) showed that the following scheme:

u"tt —

# =R/ (u(v"2)), (3.19)

with v"*2 an intermediate state in time given by:

1
1 2

1
2

n n+1
V(% + {Au”J“;)df, Au'tz =yt - g, (3.20)

is entropy conservative in the sense that the scheme satisfies:

U™ — Uu?)

j i’ _RF n+3
Al =R; (u(v""2)).

The scheme was also shown to be second-order accurate, in the sense that equation
(3.19) is a second-order approximation to the system (2.1) evaluated at t = tnﬂTﬂn

Tadmor refers to this scheme as a Generalized Crank-Nicolson scheme in [51]. In
the general nonlinear case, this scheme is impractical to the same extent as the first
EC flux. The intermediate state does not have a closed form and requires quadrature,
just like the first EC flux 2.16 Tadmor proposed.

The similarity between the intermediate state in time (3.20) and the first EC flux
(2.16) is no coincidence. The condition on the intermediate state for the proposed
scheme to be entropy conservative is (see Assumption 2.1. in [50] for ¢ = 1):

(VI [t - ut] = U — Uu?). (3.21)

This equation is a time analog of the Entropy conservation condition in space (2.14).
We can therefore apply the technique used to derive the EC Roe flux to derive an

affordable intermediate state in time. Denote vz = [v1, vg, v3]. Let’s consider p, u
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and p as the independent variables. The jumps in time can be written as:

] = + gl [pe') =~ 4 Jiot) = B St 4 gl (322
5] = pls] 51 = 5 — 2 % + 51 (3.23)

T o U3 -1 _ P p
2 — — =
P+ vy 50a) + [+ ) + ) =) = —— (A = ) + )
The jumps are independent, therefore:
1- 1 0 0
V1 + Wy + uPvy = —— (7 — §4-), puy + wpvs = 0, vy = —L-.
2 71 P pr
The solution is:
1 0 1- Y
v = ﬁ(vp% —5) —awy — §u2v3, Vg = —UV3, U3 = —%. (3.24)

This intermediate state satisfies condition (3.21) and is consistent. Let’s show that

tn +tn+1

the resulting scheme is second-order as well. A Taylor expansion about ¢ = =~

gives:
nl

n n tn+1
% = (9tu<xj, %) + O(AtQ)

To conclude, let’s show that:

1 n n+1
vtz = V(%) + O(A).

Let’s establish a few results first. Let a(t) be a strictly positive time-dependent

quantity and denote a” = a(t"), a"*! = a(t™*!) and a* = a(YH). Using a Taylor
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. n n+1
analysis about ¢t = % ="+ % = ¢l — %, one can show that:

d=a"+OA?), @ = (a*)? + O(A), (3.25)

a" —a" = Ata’, + O(AL?), log(a™™) — log(a™) = At% + O(A?). (3.26)

Therefore:
ntl _ gn Ata¥, + O(AP * At?
aln — (I+1 a _ a;t ( ) _ a +O( 2) =a* —|—O(At2)
log(an+t) —log(a™) A2t 4 O(A#3) 1+ O(A)
Likewise we show another useful identity:
a a*
— = — + O(A¥ 3.27
bln b* + ( )’ ( )

where b(t) is another strictly positive quantity. With equations (3.25) and (3.27)
we can show that the nonlinear intermediate state v, 1= [v1, v, vs] defined by

equation (3.24) satisfies:

o o* 1 * *\2 koK *

=15 P (li ) + O(A?), vy = & ib + O(A#?), v = _p_* +O(A#).
y-1 2 p p p

This is not the first time scheme of this type. Ray [161] developed pretty much the

same scheme? in his thesis, building from Subbareddy & Candler’s work [112] on

fully-discrete kinetic energy preserving schemes

3.4 Numerical results

Figure 3.4 shows the numerical solution with the EC time scheme for a grid of 100
elements and a time-step At = 1073s. Unfortunately, completely conserving entropy

does not solve the problem. Oscillations are observed again and their magnitude is

2much to the disillusionment of the author, who thought that he came up with something new.
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higher than when Backward Euler in time is used (fig. (3.3)), but lower than with
Forward Euler in time (fig. (3.2)).

Figure 3.5 shows the production of entropy over time in all three cases. It con-
firms the entropy stability properties of Forward Euler and Backward Euler covered
in section 3.3 and the entropy conservation property of the present time scheme. The
rate at which Backward Euler produces entropy decreases with time. This is because,
as time goes by, the oscillations caused by the EC flux in space are damped by the
dissipation of Backward Euler and the numerical solution becomes smoother. On the
other hand, the entropy losses incurred by using Forward Euler in time keep growing
with time. The oscillations keep growing and will eventually lead to unphysical values
of pressure/density. In the fully EC case, the oscillations persist in time, but they do
not grow in magnitude.

If we look at the density, velocity and temperature profiles, the better results are
obtained with Backward Euler, but if we look at the specific entropy profile, the en-
tropy conservative scheme produces the most accurate result.

Figures (3.6) and (3.7) show the numerical solution with Backward Euler and the
EC time scheme, respectively, with finer resolution but same CFL as before. The
Forward Euler calculation crashed. With Backward Euler, pretty much all of the os-
cillations have disappeared. The overheating is visible, and overshoots/undershoots
in the velocity, density and temperature fields can be seen behind the rarefactions.
With the EC time scheme, the magnitude of the oscillations is smaller but their fre-
quency is higher. What is striking is the specific entropy profile (fig. 3.7-(d)) which
displays an intriguing structure. There is a spike at the center which links to two lo-
calized regions behind the rarefaction waves where the specific entropy drops. Figure
3.8, which features snapshots of the specific entropy profile over time, shows that this
structure is conserved over time.

All in all, we conclude that enforcing conservation of entropy, even when it is a

49



property of the exact solution, does not necessarily lead to a better behaved numerical

solution.
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Figure 3.4: Receding flow problem: Numerical solution (full line) at ¢t = 0.18s with
the EC Roe flux and the EC scheme in time. 100 cells and At = 107 3s.
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3.5 Summary

In this chapter, we investigated entropy conservative schemes as a possible remedy
in the receding flow problem. This was motivated by Liou’s latest study that showed

the connection between the overheating and a spurious entropy production ab initio.
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Liou’s analysis suggested that the EC flux of Roe would prevent the overheating, but
this was not the case because time-integration was not accounted for. Indeed, a fully-
discrete analysis leveraging entropy-stability theory confirmed it. It appears that
whether the specific entropy spuriously increases or decreases depends on whether
the scheme produces entropy at the fully-discrete level. The analysis also brought the
question of how a fully-discrete entropy conservative scheme would perform. Building
on the analogy between the entropy conservation condition for the spatial fluxes and
the entropy conservation condition of a class of time-integration schemes introduced
by LeFloch et. al [50], we derived an entropy conservative time-integration scheme
which combined with an EC flux in space achieves fully-discrete entropy conservation.
However we observed that it does not cure the overheating problem either. To be
more specific, a better specific entropy profile is obtained but the oscillatory nature
of the numerical solution does not make it a practical option.

Whether all entropy conservative discretizations would have the same unsatisfac-
tory behavior on this type of problem, where one expects the continuous solution to
conserve entropy, is a question that requires further investigation. The EC scheme
that has been developed in this paper is just one way among many to conserve en-
tropy in addition to mass, momentum and energy at the fully-discrete level. Recall
that for systems (NN > 1) there is more than one possible EC flux. Likewise, the
intermediate state in time we used in our EC time scheme is just one choice among
many. The time scheme given by equation (3.19) is part of a more general class of
entropy conservative scheme that LeFloch et al. introduced in [50].

While one can arguably take the stance that fully-discrete EC schemes will pro-
duce a similar behavior to that in figures 3.4 and 3.7, it is known from past work
(63, 163] that all EC fluxes do not perform equally. Besides simplicity, one of the
reasons why the EC Roe flux is preferred over the first EC flux of Tadmor is that

the latter does not preserve stationary contact discontinuities. Chandrasekhar [63]
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introduced an EC flux that has the additional property of discretely preserving, in
the sense of Jameson [64], the kinetic energy of the system. This type of property is
often sought when turbulent flows are simulated [112].

Another metric is how good of a foundation an EC flux constitutes in an ES
scheme. The dissipation component of entropy-stable fluxes is often seen as the com-
plement needed by EC fluxes in the presence of shocks. An EC scheme will produce
non-physical solutions (oscillations) in the presence of shocks because entropy is not
produced. This picture is correct but incomplete. In the presence of rarefaction waves
and moving contact discontinuities, which do not physically require any production of
entropy, EC schemes have the same oscillatory behavior. The receding flow problem
is an illustration. This places an additional burden on the dissipation term which
has to make up for the flaws of its foundation. A case in point can be found in De-
rigs et al. [163] where it was showed that entropy-stable schemes perform better on

high-pressure shock problems if Chandrasekhar’s EC flux is used instead of Roe’s.
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CHAPTER IV

Formulation of an Entropy-Stable Scheme for the
Compressible Multicomponent Compressible Euler

Equations

In this chapter, we consider the multicomponent (N species) compressible Euler
equations consisting of the conservation equations for partial densities, momentum
and total energy. This system can be viewed as the Euler equations (conservation of
total mass, momentum and total energy) complemented with N — 1 species conser-
vation equations. This observation motivated early multicomponent schemes such as
the one by Habbal et al. [183], where the Roe scheme [10] is applied to the Euler
part of the equations and the N — 1 remaining equations are treated separately. In
Larrouturou [182], such approaches are termed uncoupled as opposed to fully coupled
approaches which treat the multicomponent system as a whole. An example of a fully
coupled approach is the extension of the Roe scheme by Fernandez and Larroutouru
[181] and Abgrall [179]. It might be then tempting to use an existing entropy-stable
scheme for the Euler part and evolve the remaining N — 1 species equations with
another scheme. A case in point can be found in Derigs et al. [196] (section 3.8).
While this approach has the benefit of simplicity (minimal programming and compu-

tational effort), it is lacking from a theoretical viewpoint. This approach implicitly
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assumes that the entropy of the single component system is an admissible entropy for
the multicomponent system, meaning that it is a conserved quantity in the smooth
regime and a convex function of the conserved variables. That is not the case. The
necessity of a fully coupled approach to develop entropy-stable schemes, in the sense
of Tadmor [49], for multicomponent flows is motivated by both mathematical and
physical arguments.

At this juncture, it is important to recall that the schemes we are interested in
this thesis achieve entropy-stability in a specific way. That is to say that there is
more than one way that a scheme can be made stable in an entropy sense, and hence
be called ’entropy-stable’. Osher’s family of E-schemes [72] and Barth’s space-time
discontinuous galerkin schemes [59] are conservative schemes which satisfy an entropy
inequality, but their construction is different. There are also non-conservative schemes
which can be designed to conserve or produce entropy [198]. Entropy stability can
be understood in a different way as well. The scheme introduced by Ma et al. [197]
for multicomponent flows is termed entropy-stable because it enforces a minimum
principle of the specific entropy, proved by Tadmor for the Euler equations [175]. In
their work, stability is sought in a point-wise sense (a scheme which preserves the
positivity of density and satisfies the minimum principle cannot crash in principle),
not in an integral sense. Integral stability and point-wise stability are both impor-
tant concepts, and in principle they do not imply each other. In either case, it is
important to emphasize that the correct formulation of these schemes depends on the
structure of the equations they are applied to. Chalot et al. [174] and Giovangigli [172]
demonstrated that the multicomponent compressible Euler equations do possess the
structure that ES schemes require. It is not clear to the author whether these results
extend to the systems considered in [197].

This chapter is organized as follows. In section 4.1, we present the modeling

assumptions, the governing equations and their symmetrization using the entropy
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variables [174, 172]. Section 4.2 is dedicated to the construction of ES schemes for
multicomponent flows. We formulate an EC flux and an ES interface flux based on up-
winding [52] and discuss their definition in the limit of vanishing partial densities. In
section 4.3, we discuss how this limit impacts standard high-order ES discretizations.
In section 4.4, the numerical scheme is tested on one-dimensional and two-dimensional

interface and shock-interface problems.

4.1 Governing equations, entropy variables and symmetriza-

tion

The governing equations describe the conservation of species mass, momentum
and total energy. In 1D, that is system (2.1) with the vector of conserved variables
u and the vector of fluxes f defined by:

T T
u:=|p; ... py pu pet] , fi= {plu .. pyu put+p (pel +plu

pr denotes the partial density of species k, p := Zivzl pr denotes the total density, u
denotes the velocity and e’ denotes the specific total energy. The pressure p is given

by the ideal gas law:

Y R
p = prri Ll T = —,
2 0

where my, is the molar mass of species k, R is the gas constant. The temperature
T is determined by the internal energy pe := pe' — (pu)?/(2p) which in this work is

modeled following a calorically perfect gas assumption:

pe = Z Prek, € = ok + CopT. (4.1)
k

For species k, eq; is a constant and ¢, is the constant volume specific heat. T is

computed by solving equation (4.1). For later use, we introduce the species mass
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fraction Yj := pi/p, the species constant pressure specific heats ¢y, 1= ¢y + 74 and
the specific heat ratio v := (Ek Ykak)/( Yok chvk).
An additional conservation equation [174, 172 can be derived from the governing

equations:
dps  Opus
Ops  9p
ot ox

~0. (4.2)

ps is the thermodynamic entropy of the mixture given by:

N
ps = Zpksk, Sk = Cyk IIl(T) — Tk ln(pk),
k=1

s denotes the specific entropy of the mixture and s, denotes the specific entropy
of species k. Equation (4.2) can be rewritten in the form of equation (2.3) with
(U, F) = (—ps, —pus). For p, > 0 and T > 0, U is a convex function of the
conserved variables and (U, F') is a valid entropy pair for the multicomponent system
[174, 172] (more details can be found in the next chapter).

In order to derive the flux potentials & and F, we first derive the entropy variables.

Following [174, 172], we use a chain rule:

oU  oU (ou\"" !
a_uza—Z a_Z 7Z.: pl pN u T Y

where Z denotes the vector of primitive variables. The Gibbs identity can be written

as:

Td(ps) = d(pe) = 3 gudpr, (4.3)

where g := h, — T's;, is the Gibbs function of species k and hy := ey + 1" is the

specific enthalpy of species k. We have:

N N
d(pe) = Z exdpr + pedT, pe, == Z PrCok- (4.4)
k=1

k=1
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Combining eqs. (4.4) and (4.3), one obtains:

N

1
d(ps) = T ( ;(ek — gr)dpr + pcvdT)
This gives:
ou 1
2T [(91 —e1) ... (gv—en) O —pcv} - (4.5)

The Jacobian of the mapping Z — u is given by:

1 0 0 0
Ju
— = . 4.6
57 0 1 0 0 (4.6)
u u p 0
e+ W o en+ 3wt pu pey |

The inverse of this matrix is given by:

i 1 0 0 0 |
o)
07 = 0 1 0 0
—up~! . —up~! p! 0
_(%UQ - 61)(pcv)71 e (%UQ - eN)(pcv)il _u<pcv>71 (pcv)il_
(4.7)
Combining eqs. (4.7) and (4.5) yields the entropy variables [174, 172]:
AN g
VvV = <a—u) == ? |:g1 — %UQ ... gN — %UQ u —1 . (48)
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From this expression, the potential functions (U, F) can be derived:

N N
U= Zrkpk, F = Zrkpku. (4.9)
k=1 k=1

We conclude this section with two remarks:

- Denote v = [y 4 ... v1n va v3)7. In order to derive the mapping from entropy
variables to primitive variables, one can first compute the temperature, velocity,

gibbs functions and specific entropies as:

2 1v3
—> , k(T pr) = ok — Vi + o
3

The partial densities are inferred from the specific entropies:

Pk = €Xp (%(Cvkln(T) - 3k>) = exp <% ( — copln(vs) — cp + V1 — %Z—i)) :
The requirement that p; > 0 and 7" > 0 manifests in the definition of the entropy
variables, which require the evaluation of In(p,) and In(7"). On the other hand,
it is interesting to note that if one works with the entropy variables instead of
the conservative variables, the requirement that p, > 0 and T" > 0 boils down
to the single requirement that vs < 0. The remaining entropy variables can be
of any sign in principle. The author is not aware of any physical consideration
which would impose the sign of g, — %uQ, namely the difference between gibbs

energy and kinetic energy.

- In the compressible Fuler case with eg, = 0, it is easy to show, using the ideal
gas law p = prT" and the Mayer relation ¢, — ¢, = r that the vector of entropy
variables (4.8) simplifies to :

v=r 'Y__g_ﬁ pU
y—1 2p p

8
|
[
I
I
=3
]
|
-2
[
s
|
=3
3
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This differs by a constant factor r from the expression that is usually used
when designing entropy-stable schemes for the compressible Euler equations.

The trivial difference comes from a different choice of entropy pair (U, F).

4.2 Formulation

4.2.1 Entropy-conservative flux

In compact notation, the entropy conservation condition (2.14) writes:
VTt = [F], (4.10)

where £* = [f11 ... fin fo f3] denotes the interface flux. Define the set of algebraic

variables:
_ 1| —
Z = |:p1 ... PN U T:| - |:Zl,1 ... R1N 22 23:| .

The jump in the potential function can be rewritten as:

Zm pru] = (Zmzl k) 2]+ Zmzz 21k)- (4.11)

For the jump in entropy variables, we need to examine the first N components. For
1<k <N:
1 1 €ok 1 u2

— _—2__ JE— _— ——
T(Qk QU) T+Cvk+7“k Coe InT + 73 In(py) 5T

1
= eor23 + Cok + Tk + Cop In(23) + 7 In(z1 1) — 52323.

The corresponding jumps then write:

1 1 2 TL o Cok )
|:?<gk — §U )} = [zl k]% — [ZQ]ZQ z3 + [Zg](@()k + @ - 52%) (412)
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The remaining jumps are given by:

m _ lea] + Tla)s — H ) (4.13)

Using equations (4.11), (4.12) and (4.13), the entropy conservation condition (4.10)
can be rewritten as the requirement that a linear combination of the jumps in the

algebraic variables equals zero:

N N
Z 21,k (;l_,k;fl,k) + [2o] ((—2_3 Z2) Z Jik + Z_3f2)+
17143 k=1
N N
[23](2(60’“+C”’f2% -13 23) ik +Zf2 — ) [22 (Zﬁczl k) + ) [aklriz.
3 k=1 k=1

k=1

This scalar condition leads to the system of N + 3 equations:

1

e = Tezafik, 1< k<N,
an:
N N
(% 2) Y fus+Ff2 = (Z rkm) :
k=1 k=1

N

1—
E eor + Cvk o §Z§)f1,k +Z2fa — f3=10.
k=1

The solution under these assumptions is:

—.In
Jik = R277 k>
N N
1 —\
fo= = E k21K | 1+ 22 E Sk
Z3
k=1 k=1

N
1 1—
fs = Z(eﬂk + Cvk@ - ézg)fl,k + 22 /.

k=1
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Therefore we obtain::

fik=piu, 1<k <N
fo= <Zrkpk> +UZf1k, (4.14)
1/T
N

1
fs= (€ok + Cok

l— _
1 (1/T)m 5“2)f1,k + U fs.

This EC flux is the multicomponent version of Chandrasekhar’s EC flux [63] for the
compressible Euler equations. Chandrasekhar’s flux was designed with the additional
property of being Kinetic-Energy Preserving (KEP) in the sense of Jameson [64],
meaning that the kinetic energy equation is satisfied by the finite volume scheme in a
semi-discrete sense (in the same spirit as EC schemes). This property can be useful in
turbulent flow simulations [112]. For the compressible Euler equations, Jameson [64]
showed that this is achieved if the momentum flux f** has the form f* = p +uf’,
where f# is the mass flux and p is any consistent pressure average. The extension
of Jameson’s analysis to the multicomponent case is straightforward and it can be
showed that if the momentum flux has the same form as in the single component case
(with f? denoting the total mass flux), the KEP property is achieved. The EC flux

we derived qualifies, with p given by:

N
:Zﬁgm
(/7)o

Note in passing that if [p] = 0 across the discontinuity, then p defined above is exactly
the pressure on each side.
The flux (4.14) is well-defined in the limit case p, = 0, where the entropy variable

v1;, is undefined, but is the entropy conservation condition still met? Equation (2.14)
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writes

N
Z V) fre + [val fo + [vs] f3 = [F].
k=1

The jumps in vy are undefined because they involve jumps in In(p;). However, we

note that the first term:

N Norh 1u?]
k n— n—
D ialfie =D T 3T (b)) — > sl (o)
k=1 k=1 - - k
N - - N
hk 1u2 l Z
= Z —_ - —— ”_ cvk lnT —|— Zrk lnpk pk
— |7 2 T_ —

WE

T pr]U

okm) — 3 ewln (o) +

k

Il
)=
N

|
N | —
NS

1

i
I
r
i

is well-defined at p, = 0, because the logarithmic averages p{" compensate for the
logarithmic jumps [In pg]. We thus find that the entropy conservation condition is

satisfied even in the limit p; = 0.

Note that the EC flux does not transfer mass across an interface separating two

different species.
4.2.2 Entropy-stable flux

4.2.2.1 Upwind-type dissipation operator

We now proceed to derive the scaling matrix for the multicomponent Euler system.

First, the flux Jacobian is given by:

[ w11 Yy i 0 ]
0

A= —uYy u(l — Yy) Yy 0 |
02842 4 d, 0842 4 dy u@B—7) y-1

u(di — B+ (y—1) ... u(dy =R+ S (y—1) B —uP(y—1) uy |
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where d;, = hy, — ve;, and ht = h + %uQ. We have A = RAR™! with:

1 0 i v
R = 0 1 Yy Yy )
U U u+a uU—a
dy d
_k:_ﬁ k_'y_ivl ht—i-ua ht—UCL_
A =diag(u, ..., u, u+a, u—a), a* = yrT,

where k = “2—2 The Jacobian H of the mapping v — u is given by [172]:

p1/m1 0 upt/r piey /i
H = 0 pN/TN UpN /TN pnel/r , (4.15)
upr/r1 ... upn/rn  pT +uPS u(pT + Ss)
preifry oo pweio/rx u(pT+S) pT(R +e,T) + Sy
_ Pk _ Pk ¢ _ Pk 112
S, = ; Lo 5= ; (el S = ; ()

where e}, = ej, + k. The squared scaling matrix is given by:
T? = R HRT = Ldiag(T?, 1/2, 1/2), (4.16)
yr
where T?Y € RV is given by:

T2 = (y= Y2+ (yr/r)ViYi, 1<i <N,
kot

T = —YY;, 1<i#j<N.
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At this point, the dissipation operator writes:
1 2 pT
Dlv] = §R|A|T R [v], (4.17)

and qualifies for the ES scheme because the matrix R|A|T?R” is positive definite (77
and |A| commute). However, as will be seen in section 4.3.2, a scaled form (2.25) of

the dissipation operator is necessary.

For N = 2, we have:

(v = D)Y? + (yra/r) V1Y V1Y,
—1Y, (v = 1)YZ + (yr1/r2) V1Yo

T2Y —

T?Y is symmetric, real-valued with non-negative eigenvalues therefore there exists T
with the same properties such that T? = (TY)2 = TY(TY)T (TY is the square root
of T?Y). This matrix can be derived using an eigenvalue decomposition. However the
expression of TY is quite complicated. The square root of 7% is not necessary to

proceed. For N =2, T? can be rewritten as:

Y Yo/ Yivy—1
g ey, = [TV IEVIRI VI g

VYiYo/yri/re Ya/v —1

TY is not the square root of T?Y, however it is enough to obtain a scaled formulation

(2.25) because:
T =TT, T =\ [ diag(T', 1/V2, 1/V2)

and 7 commutes with |A] therefore the dissipation operator can be rewritten as:

Dv] = %(RT)|A|(RT)T[v]. (4.19)
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For N > 2, the expression for T becomes even more complicated. For N = 3, the

alternative (4.18) to TV we proposed for N = 2 becomes:

T2Y — TY(TY)T
—VY1Yo\/yra /T —/Y1Yar/yrs /1 0 =Yivy—1
T = \/Yle\/’W”l/?"z 0 —\/YQY:’,\/’YT:s/Tz —Yo/y -1
0 VY1Ysr/yri/rs  VYaYs\/yrafrs  —Yay/y—1

There is one more column compared to the N = 2 case. The form (4.19) still holds
except that RT € R3**? instead of R3*® and |A| € R** diagonal with an extra

lu| term. For N species, the "pseudo” scaling matrix 7Y we described will be in

RNX(N(N—I)/Q-H)'

4.2.2.2 Average state

To complete the definition of the dissipation operator, an average state (referred
to with the superscript *) needs to be specified.

We showed in section 4.2.1 that the EC flux (4.14) is well defined in the limit
pr = 0. What about the dissipation operator R|A|T?RT[v]? At first glance, the

presence of the jump term [v] is problematic, because [v ;| is undefined. For N = 2,
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the squared scaling matrix can be rewritten as:

(v = DY1 + 2 /m1 Yo —Y, 0 0
_ _ -Y] — 1Y, + Y1 0 0
TQ:T2R, Tzzi 1 (v = 1D)Ya + 97 /roY)  (4.20)
o 0 0 1o
I 0 0 0 3]
-pl 0 O O-
0 0 0
R=| " . (4.21)
0 0 p O
i 0 0 O q
Denoting Dy = k — %, we have:
-,0’{ 0o 0 o1 o u* D; 1 _[vl,l}_
RETY] = 0 p3 0 0[]0 1 w Dj [012] _
0 0 p* 0 Y'l* }/2* uw* +a* (ht)* + ura* [UQ]
_O 0 0 p*- -}/1* Y'2* u* — a* (ht)* _ U*CL*_ I [,03} |
pilvi] + piufve] + pi D7 [vs]
p3vre] + psulva] + p5 D5 [vs] (4.22)
P1 [ULJ P2 [Ul 2} + p*(u* + a*) [Uz} + " ()" +u*a*) [US}
pilvia] 4 p3[v1e] + p*(u = a*) [va] + p*((hY)* — u*a*) [vs]

We can see that RRT[v] is well-defined if pj[v1x] is well-defined as well. Given that:

u2

pilons] = ( = enltn(0)] = | 57| )i i,

we see that with p; = pi* the dissipation operator is well-defined. For total density,

one might be tempted to take p* = Z,]::l Pr = chvzl p?. This definition makes p* = 0
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possible, which is undesirable given that Y;* = p}/p*. p* = p' is a safer choice.

The exact resolution of stationary contact discontinuities is a desirable property in
the calculation of boundary and shear layers (even though it might produce carbuncles
on blunt-body calculations, see [155] paragraph 2.4.). In this case, [p] =0, [u] =u =0

and the EC flux we derived reduces to:
N
1 R
fl,k ) f2 1/T(k§:1 mkpk)a f3

From the ideal gas law we can state that f; is exactly the pressure on both sides of
the contact. The dissipation term must therefore cancel out if we want the ES scheme

to exactly preserve stationary contact discontinuities. Since u = (0, we have:

1 0 0 di/(y—1)
T
Ri=lo 1 0 an/G-n|-M={18] . [#] 0 -[] -
Yr oo Yy a h*
o Yy —a h* |
therefore:
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|u*| = 0 so the product of the eigenvalue matrix |A| and the squared scaling matrix

T? simplifies to:

0000

st 100 00
AJT? = 22
A R

0001

Therefore, the dissipation term R|A|T?R”[v] cancels out if:
N
Y oLl R S
G
k=1
This is equivalent to:
ip}i €0k l - [Sk} - l p*h* =0 (4-23)
— T T

Using:
1
-1 = ] g e

equation (4.23) can then be rewritten as:

SIS e R R

k=1

The ideal gas law along with the assumption of constant pressure allows us to relate

the jumps in partial densities and temperature:

XN: reloe] = 7 H . (4.25)

k=1
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If p; = pl*, then using equation (4.25), equation (4.24) simplifies to:

6+ B ) )

This leads to the condition:
N 1
*h* — * S —’ * lTL. 426
p ;pk<€0k+ck(1/T)ln) +B, Py =1, (4.26)

The remaining averages are taken as u* =u, T* = 1/(1/T)"*, r* =¥, v* =7 and

ot = 7T,

4.2.3 Additional considerations
4.2.3.1 Time integration

The first-order finite volume scheme we derived is ES at the semi-discrete level
only. Entropy stability or entropy conservation at the fully-discrete level can be
obtained using a variety of techniques [59, 50, 51, 161, 144, 145, 69] which can be
applied to the multicomponent compressible Euler system. However, this typically
requires implicit time-integration schemes. For simplicity, we use explicit Runge-
Kutta schemes in time, which do not guarantee entropy stability at the fully-discrete

level.

4.2.3.2 Positivity

We showed in sections 4.2.1 and 4.2.2 that despite the fact that the entropy vari-
ables are undefined in the limit py — 0, the EC flux is well-defined and that the
ES flux remains well-defined if the averaged partial densities are properly chosen (we
show a similar result for high-order TecNO schemes in section 4.3.2). This does not

guarantee that the resulting scheme will not produce negative densities and/or neg-
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ative pressures. In one-dimensional test problems, the first order semi-discrete ES
scheme fortunately did not produce negative densities or pressure but the high-order
TecNO scheme (section 4.3.2) systematically did. In the original setup of the two-
dimensional shock-bubble interaction problem [194, 191], the first-order scheme had
the same issue. This lack of positivity proof is not unique to ES schemes, but applies
to all schemes which do not strictly enforce local wave propagation.

There are schemes which are conservative, entropy stable and can preserve the cor-
rect sign of density and pressure. The Godunov scheme as well as the Lax-Friedrichs
scheme qualify if an appropriate CFL condition is met [175, 147]. Note also the recent
work of Guermond et al. [176, 177]. A common trait of these schemes is that they
take root in the notion of a Riemann problem and the assumption that there exists a
solution satisfying all entropy inequalities. These schemes also require an algorithm
capable of computing the maximum speed of propagation (or an upper bound) for the
Riemann problem at each interface. One such algorithm is discussed in Guermond &
Popov [178]. We could in principle adopt a hybrid approach where these schemes are
used in areas where the present one fails to maintain positive densities and pressure.

Whether this can effectively be accomplished is left for future work.

4.2.3.3 Construction for thermally perfect gases

Here we briefly discuss the construction of an ES scheme in the case where the
specific heats are not constant but functions of temperature. In this configuration,

the specific internal energies and entropies are defined as:

T T
ey 1= eop + / Cor(T)dT, S) = / —C”k(T)dT — i In pg.
0 0

T

The structure that ES schemes build on [172, 174] is still present. The multicompo-

nent system still admits an additional conservation equation for the thermodynamic
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entropy of the mixture ps and (U, F) = (—ps, —pus) is a valid entropy pair for
pr > 0, T > 0. In practice, the specific heats are represented using polynomial

interpolation:

P
Cok = Cro + E e 1Y,
j=1

where ¢i;, 0 < j < P are constants. This gives:

p P
€k:€0k+ck0T+ch_|_i1Tj+l7 Sk:CkolnT—l—chﬁTj—Tklnpk.
j=1 j=1

The expressions of the entropy variables and potential functions remain unchanged.

Regarding the construction of the EC flux, we have for 1 < k£ < N:

oS- ]l

For a given quantity a, let’s define the product operator a* = apagr. For a # 0, we

- [

It can be easily shown, by induction for instance, that for 7 > 1, there exists an

have the following identity:

averaging operator f;(a), consistent with a/~!, such that [a’] = jf;(a)[a] (fi(a) = 1,
fola) =, fs(a) = (2/3)a @+ (1/3)a® and so on using product rules). Equation (4.27)

can therefore be rewritten as:

o141 = e 7| = el 7] + > G ) |+l - - 7] -t
= 7 (e + cvo e + > T - ) bl - [uJ@a
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Repeating the procedure outlined in section 4.2.1, we obtain an EC flux:

fre = P,
1 (& N
f2= U:T(;Tkpk) +u;f1,k, (4.28)
- 1 - C/fj X 1_2 —
f3 = ; <60k +Ck0(1/T)ln +jzl G+ 1)(fj(T)T ) — 5u )fl,k +Ufs.

which is consistent (f;(T)T* is consistent with 77"!) and differs from the expression
we obtained in the calorically perfect gas case (equation (4.14)) in the total energy
component only.

We will not go into the details of the upwind dissipation operator. Barth’s eigen-
scaling theorem applies because H still symmetrizes A from the right. Therefore the
scaling matrix exists (7?2 = R"'!HR™T) and the dissipation operator constructed in

section 4.2.2 can be constructed for thermally perfect gases as well.

4.2.3.4 Total mass form

Instead of solving the conservation equations for the N partial densities px, one
might want to solve for the conservation of the total density p and N-1 partial densi-

ties. The state and flux vectors are then:

T T
U:=\|p ps ... pn pu pet] = [pu poU ... pyu put+p (pet—i—p)u] -

The entropy variables in this configuration can be easily obtained using a chain rule:

- dps dps (Ou\ ou\ ou
T _ _— = — | — = T _— = T _
V' 7700 0 ou <8u) v (au> v \oa
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u and u only differ in the first component, p; = p — Z]kVZQ pi therefore:

1 —1 ~10 0

1 0 00

(9u_ .0 00

ga g g .. 1 00

00 ... 0 10

0 0 ... 0 0°1
1 ) ) T
‘7:?[(91—%”2) (92—91) - (v —g1) w —1] :

The corresponding potential functions are unchanged because:

VIt =v" (g—lj) (?)f =vif vTa=v" (g—lj) (g—u)u =viu
a u a u

Accordingly, an EC flux fec for the total mass form can simply be obtained by

mapping an EC flux in the first form fgc:

~ ou
fec = (8_u) frc.

Likewise, applying the same mapping to an ES flux £* in the first form given by:
f* = fEC — D[V]

where D is positive definite, results in a flux f* given by:

f* = (g—i)f" = fgc — (g—i)D[v] = fgc — (g—E)D(g—E)Tm — fgc — D[V].

D is positive definite by congruence therefore £ is entropy stable.
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4.3 High-order discretizations

In this section, we are essentially interested in how the fundamental issues high-
lighted in the previous sections manifest in a high-order setting. We discuss two high-
order ES formulations: TecNO schemes [60] and Discontinuous Galerkin [117, 118]
(DG) schemes discretizing the entropy variables [59, 44, 67]. High-order ES schemes
are not limited to these two options, but the issues their formulation raises are no

different.

4.3.1 Discontinuous Galerkin

The fact that the entropy variables are undefined in the limit p, — 0 poses a
daunting problem, unless the flow configuration is such that one can expect p > 0 at
all times. A way around this issue (other than not discretizing the entropy variables)
has not been found by the author. There might be other entropy functions for which
the corresponding entropy variables are well-defined in this limit. However, in the
context of the multicomponent Navier-Stokes equations (including viscous stresses,
heat conduction, multicomponent diffusion), the a priori entropy stability resulting

from discretizing the entropy variables might be lost [44, 173].

4.3.2 TecNO schemes

The TecNO approach does not need to discretize the entropy variables but it does
require the knowledge of the scaled eigenvectors (RT'). If the dissipation operator is

only known in the form:

D[v] = R|A|T*R"[v],
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then choosing w such that [w] = (T?RT)[v] for the ENO reconstruction will result in

a high-order dissipation operator:

Dlw] = R|A| (w) = R(|A|BT?)R"[v].

|A|, B and T? are all symmetric and at least positive semi-definite, however their
product is not necessarily positive semi-definite. If the squared scaling matrix is di-
agonal then entropy stability is preserved. In the general case of a block-diagonal
scaling matrix, entropy stability is no longer ensured. The same problem would arise
if w was chosen such that [w] = RT[v] (the question would be whether (|A|T?B) is
positive definite).

If the dissipation operator is expressed according to equation (4.19) with the
pseudo-scaling matrix 7 given by equation (4.18), the vector of reconstructed vari-
ables w such that = [w] = (RT)?[v] will have as many components as the number of
rows of 7. For N > 2, the number of rows of T grows as O(N?), so for a large enough
N, one might prefer working with 7" instead of 7 and avoid having to reconstruct too
many variables.

In section 4.2.2, we showed that the dissipation term expressed as R|A|T?RT is
well defined in the limit py — 0 provided that p; = p{*. This was possible because one
could extract from T2 a diagonal matrix R (see equation (4.20)) of partial densities.
The TecNO algorithm requires the isolated evaluation of the scaled entropy variables
defined by the jump relation [w] = (RT)?[v] or [w] = (RT)T[v]. The matrix R
that was extracted from the squared scaling matrix, might not be extracted from T
or T without leaving 1/p} terms behind. However, R'/? can be extracted from the

pseudo-scaling matrix 7 and since:

In(px)] = 2 In(v/pr)] = 2
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it can be shown that [w] = (RT)?[v] is well-defined in the limit p; — 0, provided

that p; = ((v/pr)™)? The decomposition:

(’y_ ]-)}/1_'—77"2/7’1}/2 —1/}/’1}/2 0 0
T? = RVPTF(RYYT, T2 = L —vhl (v = 1Yz +9r1/r2Y1 0 0
yr 0 0 -

L 0 0 0 %_

(4.29)

suggests that a TecNO reconstruction based on the scaling matrix 7" would still be
defined in the limit with the same averaging. Note that this average is not compatible
with the stationary contact preservation condition (4.26) we derived in section 4.2.2.

That is because equation (4.26) requires p; = pie.

4.4 Numerical experiments

In this section, we present and discuss numerical results on 1D (section 4.4.1) and
2D (section 4.4.2) test problems involving interfaces and shocks. A 3D formulation

of the scheme (entropy variables, EC flux, ES flux) is provided in appendix A.

4.4.1 One-dimensional cases

In all three problems, the first-order finite volume scheme with the ES flux in
space and forward Euler in time with a CFL of 0.3 on three grids with 100, 300 and
1000 cells was applied. All figures in this section use the same legend as in figure

4.1-(a).
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4.4.1.1 Moving interface

The first test problem is the advection of a contact discontinuity (constant velocity

and constant pressure) separating two different species. The initial conditions are

given by:
(p1, p2, u, p) = (0.1, 0.0, 1.0, 1.0), 0 < x < 0.5,
(p1, pa2, u, p) = (0.0, 1.0, 1.0, 1.0), 0.5 <z < 1.
with ¢,; = 1.6, ¢po = 1.4, ¢,1 = c2 = 1. The velocity and pressure profiles at

t = 0.022s and t = 0.1s are shown in figures 4.1 and 4.2. These profiles show over-
shoots and undershoots that are typically observed with conservative schemes (see
figure 4 in Abgrall & Karni [184] for instance). These anomalies are often termed
oscillations in the literature [184, 185, 186, 194, 195]. Upon closer examination, we
can see three waves propagating at different speeds. The one moving to the left has
the fastest propagation speed, roughly —3. There are two moving to the right, one
with a propagation speed close to 1 (the speed of the contact) and another moving at
a speed that is roughly 2. The speed of sound on the left-hand side of the contact is
a1 = 4. The speed of sound on the right-hand side of the contact is as = V1.4 ~1.18.
The left-moving and (fastest) right-moving pressure waves propagate at speeds close
to u — a; and u + ay respectively (note the dependence on the grid resolution).
Figure 4.3 shows the total entropy ps = p1s1 + p2So profiles at t = 0.022s and
t = 0.1s. The wave structure of the pressure and velocity anomalies is more apparent,
and we can see that each wave is carrying an spurious increase in entropy. Figure 4.5
shows the evolution of the total entropy over time (the contributions from the bound-
aries were removed). This shows that the anomalies observed do not violate entropy
stability. On the contrary, it appears that inappropriate production of entropy is the

issue. Additionally, we find that these anomalies are still present when the upwind
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dissipation operator is discarded and the Backward Euler scheme is used to ensure
entropy stability (see appendix B).

In the same vein, we find that these anomalies do not violate a minimum principle
of the specific entropy (see figure 4.4.1.1).

That these anomalies are not linked to entropy stability or the minimum entropy
principle should not come as a surprise. These anomalies were already observed with
the Godunov scheme [184, 185], which is both entropy stable and satisfies a minimum
entropy principle [27, 175, 147].

It is important to understand that this problem is intrinsic to multicomponent
flows. There are no such anomalies on moving contacts in the compressible Euler
equations (B). Furthermore, these anomalies are produced by first-order schemes.
Intrigued readers are strongly encouraged to read early studies of this problem [185,

184, 186].
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Figure 4.1: Moving Interface: velocity profiles.
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Figure 4.2: Moving Interface: pressure profiles.
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Figure 4.3: Moving Interface: entropy (ps = p1s1 + p2ss) profiles.
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Figure 4.4: Moving Interface: specific entropy (s = Y181 + Yass) profiles.
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Figure 4.5: Moving Interface: total entropy ps over time.

4.4.1.2 Shock-tube problem

We simulate the shock tube problem with two different species across the initial

discontinuity. The initial conditions are given by:

(pl’ P2, U, p) = (17 Oa 07 1)a 0§$§05,

(p1, pa2, u, p)= (0, 0.125, 0, 0.1), 0.5 <z < 1.0,

with vy = 1.4, 75 = 1.6 and ¢,; = ¢,o = 1. Figure 4.6 shows the velocity and pressure

profiles at t = 0.2s.
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Figure 4.6: 2 species shock tube problem: solution at t = 0.2 s.
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4.4.1.3 Shock-interface interaction

We simulate a test problem from Quirk & Karni [185] which consists of a shock
tube filled with air, where a shock wave moves to the right and eventually meets a

stationary bubble of helium at pressure equilibrium. The initial conditions are given

by:

(

(p1, pa2, u, p) = (1.3765, 0, 0.3948, 1.57), 0 < z < 0.25, Post-shock, air,
(p1, p2, u, p) = (1., 0, 0., 1.), 0.25 < x < 0.4, Pre-shock, air,
(p1, p2, u, p) = (0., 0.139, 0., 1.), 0.4 < x < 0.6, Pre-shock, helium bubble,

(p1, p2, u, p) = (1., 0, 0., 1.), 0.6 <z <1, Post-shock, air.

\

For air ¢,; = 0.72, 41 = 1.4. For helium ¢, = 242, 7, = 1.67. In [191], this is
problem is used to highlight the superiority of Karni’s non-conservative scheme [185]
over a conservative scheme using the Roe flux (see figure 2 in [191]). In a similar
spirit, we compared our semi-discrete ES scheme with the Roe scheme. Figure 4.7
shows the pressure profile at t = 0.35s obtained with each scheme. As expected, the
solution with Roe’s scheme is rife with oscillations unlike the solution with the present
ES scheme which converges to Karni’s solution without a single oscillation. The cause
of this improvement is not entropy stability, but the property of preserving stationary
contact discontinuities. Figure 4.8 shows the pressure profile before the right-moving
shock a couple of instants before it meets the helium bubble. Roe’s scheme does
not preserve stationary contacts and therefore produces pressure anomalies which
eventually pollute the solution at ¢ = 0.35 (figure 4.7). This problem is a good
illustration of the importance of treating interfaces properly in the simulation of
multicomponent compressible flows. The results also suggest that the current will
not produce oscillations on shock-interface interaction problems if the interface is

stationary. This encouraged us to consider the next problem.
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Figure 4.7: 1D shock-bubble interaction: Solution at ¢t = 0.35 s.

90



Ny
\j
15} \i
i
\
|
14+ |
i
13}
|
12+ 1
|
1!
1l
11} |
!l
|-\
L
1 | | | o\ ! L N L L
01 02 03 04 05 06 07 08 0.9
(a) ES flux
‘Q\'\
\i
1.5 \-I
I
%
1.4 |
|
I
13+
)
12 1
!l
N
11 1
N
LA N
Upo
ir ===

(b) Roe flux

Figure 4.8: 1D shock-bubble interaction: numerical solutions before the shock reaches
the bubble, t = 0.069 s.
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4.4.2 A two-dimensional case
Shock-bubble interaction

A test case that is commonly used in the development of numerical schemes for
compressible multicomponent flows [192, 194, 195, 191] is the interaction of a shock
wave with a cylindrical gas inhomogeneity. This problem is a two-dimensional analog
of the three-dimensional shock-induced mixing concept proposed by Marble et al.
[190] in the context of supersonic scramjet design. This problem is also used in
experimental and computational investigations of the Richtmyer-Meshkov instability
[187, 188].

Validating the present ES scheme against experimental data is beyond the scope
of the present work. In this section, we are essentially interested in the ability of the
scheme to simulate the physics relevant to this classic problem. For this purpose,
we tried to reproduce the results of Marquina & Mulet [194]. The computational
domain (ABCD) is shown in figure 4.9. A Mach Mg = 1.22 shock wave, positioned
at x = 275 mm, moves to the left through quiescent air (species 1, 74 = 1.4 and
ry = 0.287 10® Jkg.7'.K~') and eventually meets a cylindrical bubble, centered
at (z,y) = [225, 0] mm, filled with helium contaminated with 28% of air (7, =
1.647,79 = 1.578 10® J.kg~'.K~!). The flow is assumed to be symmetric about
the shock-tube axis (BC), therefore only the upper half of the physical domain is
considered. Reflecting boundary conditions are applied on the top (AD) and bottom
(BC) boundaries. The boundary conditions upstream (AB) and downstream (CD)
the shock are not crucial in this problem [185] so we simply extrapolate the flow, as
in [194].

Since the current scheme is unable to guarantee positive partial densities and
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pressure, the initial conditions from [194] had to be modified:

Region I: (p1, pa, u, v, p) = (6p, 1.225(r1/1r9) — dp, 0., 0., 101325),
Region II: (p1, po, u, v, p) = (1.225 — dp, dp, 0., 0., 101325),

Region I1I: (p1, po, u, v, p) = (1.6861 — dp, dp, —113.5243, 0., 159060).

with 6p = 0.03 (units for density, velocity and pressure are kg/m3, m/s and Pa,
respectively). This setup differs from the original in two aspects. First, the compo-
sition of the gas in regions I, IT and III will not be the same. Second, regions I and
IT are in pressure and temperature equilibrium in the original setup whereas in ours,
temperature equilibrium is lost. These differences make quantitative comparisons,
notably with the experimental data of Haas & Sturtevant [193], difficult to carry out.
However, we expect the results to be remain similar qualitatively (see Picone & Boris
[189] who studied this problem using a single gas flow model).

For this simulation, we used a 4-th order TecNO scheme in space with a 4-th order
explicit Runge-Kutta scheme in time. We used a 4000 x 400 grid and set the CFL
number to 0.3. Figure 4.10 shows pseudo-schlieren images of the density gradients
(0 = exp(—=¥|Vp|/IVplmax), ¥ = 10Y7 + 150Y3) at different times after the shock
reached the bubble. These are in good agreement with those produced by Marquina
& Mulet, figure 7 in [194] (see also Quirk & Karni [191], figure 9). We refer to these
two references for a detailed discussion of the physical mechanisms at work.

In figure 4.12-(a), we show an x-t diagram of the position of the key features of
the shock-bubble interaction. These features are explained in figure 4.12-(b). The
positions of these features are obtained by looking at inflection points of horizontal
sections of the shading function ¢ used in figure 4.10. The upstream bubble interface
is tracked on a section at a height 20 mm from the axis. The incident shock is tracked

on a section at 5 mm from the top wall. The remaining features are tracked on a
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Figure 4.9: 2D Shock-bubble interaction: Computational domain (not to scale). Only
the top half of the domain (ABCD) is simulated. Lengths in millimeters.
Region I: Bubble. Region II: Pre-shock. Region III: Post-shock.

VS VR VT Vuil Vui2 Vdi Vj
Gouasmi et al. 422954 377 185 105 138 228
Marquina and Mulet [194] 414 943 373 176 111 153 229

Table 4.1: Velocities in m/s of the features explained in figure 4.12. The time intervals
in ps for computing each velocity are: VS [3.66, 62.64], VR [3.66, 52.81],
VT [52.81, 141.26], Vuil [3.66, 141.26], Vui2 [146.18, 254.29], Vdi [141.26,
254.29], Vj [146.18, 254.29].

section along the symmetry line. The x-t diagram from Marquina & Mulet, figure 5

in [194], shows similar trends. The mean velocities of these features are calculated

from their visually straight trajectories using linear regression, and displayed in Table

4.1.
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Figure 4.10: 2D Shock-bubble interaction: Pseudo-Schlieren images of density gradi-
ent.
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(a) t =259.21us (b) t =445.95us

(c) t=676.91us

Figure 4.11: Figure 4.10 continued
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Figure 4.12: 2D Shock-bubble interaction: (a) x—t diagram of the key features ex-
plained in (b); (b) VS: incident shock, VR: refracted shock VT: trans-
mitted shock, Vui: upstream border of the bubble, Vdi: downstream
border of the bubble, Vj: air jet head

4.5 Summary

We have come across a few obstacles during the course of this work. The first one
is theoretical: the structure required by ES schemes collapses when one of the partial
densities is zero. The entropy U is no longer convex and the entropy variables, which
are key in constructing ES schemes, are no longer defined. Upon closer examination,
we observed that the EC flux we derived is well-defined in this limit and still satisfies
the Entropy Conservation condition. We also found that the dissipation operator
remains defined provided that the averaged partial densities involved in the dissipation

matrix are evaluated in a certain way.
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The second obstacle is that while the overall scheme is always defined, there is no
guarantee that it will not produce negative densities or pressure, even at first order,
at the next time step. This lack of positivity proof is not unique to ES schemes,
but applies to all schemes which do not strictly enforce local wave propagation. Last
but not least, numerical experiments showed that while the ES scheme can handle
shocks and stationary contact discontinuities correctly, it fails to preserve pressure
equilibrium and constant velocity when a moving interface is simulated.

Third and last, it is a well-known issue that conservative schemes are subject
to pressure oscillations on moving interfaces. Numerical experiments showed that
the ES scheme we constructed is no exception. In addition, we stress that these
anomalies, which are not present in the single component case, violate neither entropy
stability nor a minimum principle on the specific entropy of the mixture. Most of the
early remedies to the pressure oscillation problems consist in partially giving up on
conservation of total energy [186, 185, 180, 184] and possibly the ability to properly
capture shocks. A compromise between ensuring entropy stability and the proper
treatment of moving interfaces could perhaps be achieved with the EC/ES schemes
for non-conservative hyperbolic systems developed by Castro et al. [198]. That being

said, non-conservative schemes have their own lot of issues [199, 200].
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CHAPTER V

A Minimum Entropy Principle in the

Multicomponent Compressible Euler Equations

At this point in the thesis, it should be clear that satisfying an entropy inequality
is not a strong enough condition to ensure the quality of the approximate solution.
For good measure, we add [169, 170, 171] to the list of counter-examples.

Recall from chapter II that the entropy inequality (2.5) is only a necessary con-
dition for the weak solution to be a limit solution to the regularized system (2.2).
A more stringent condition one can set is that the weak solution satisfies all entropy
inequalities. Such solutions are called entropy solutions.

For the compressible Euler equations, Harten [48] showed that the pairs (U, F) =
(—=ph(s), —puh(s)) with b > 0, b’ —yh" > 0 are entropy pairs, and building from
these, Tadmor [175] proved that entropy solutions, whether smooth or discrete, must
satisfy a minimum entropy principle!, namely that the spatial minimum of the spe-
cific entropy is an increasing function of time.

This result is also a necessary condition, but unlike the entropy inequality (2.5),
it makes a clear statement about the local behavior of the physical solution. Lim-

iting procedures for high-order schemes have been designed around this property

! This is neither a statement about entropy production nor a statement which applies to any PDE
system with a convex extension. A reviewer suggested referring to this property as a “minimum
principle of the specific entropy” to avoid the confusion.
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(212, 213, 177, 209] for the compressible Euler equations. Schemes which preserve the
positivity of density and the minimum entropy principle automatically preserve the
positivity of pressure.

In this chapter, we seek to extend this result to entropy solutions of the multicom-
ponent compressible Euler equations. In section 5.1, we review the system at hand.
In section 5.2, we recall the original proof and motivate the two families of entropy
functions we investigate in section 5.3. We end up showing a minimum entropy prin-
ciple for the mixture’s specific entropy. In section 5.4, we review numerical schemes

which satisfy this property.

5.1 Governing equations

We consider the compressible multicomponent Euler equations [172] which con-
sist of the conservation of species mass, momentum and total energy. In one dimen-
sion, that is equation (2.1) with the state vector u and flux vector f defined by:

T T
W= (py ... opy pu pet}  fi= {plu . pyu put+p (pe' +plul|

where p;. is the partial density of species k, p := Zgil pi is the total density, et is
the specific total energy, and w is the fluid velocity. The pressure p is given by the

perfect gas law:

al R
p=) pxrel, rp=—,
2 m

where my, is the molar mass of species k and R is the gas constant. The temperature
T is determined by the internal energy pe := pe' — (pu)?/(2p) which in this work is

modeled following a thermally perfect gas assumption:
N

T
pe = Zpkek, e 1= ok —|—/ Cok(T)dT.
0

k=1

100



For species k, e, is the specific internal energy of species k, eg is a constant and
Cok = Cop(T) > 0 is the constant volume specific heat. Other quantities which will be

used in this work are given by:

N

N

¢ Pk

hy == e, + 1T, pc, = E PkCuks Cpk i= Cul + T, PCp i= E PkCpks Y = C—p, Y, = ;
k=1 k=1 v

hy is the specific enthalpy of species k, ¢, is the constant volume specific heat of
the gas mixture, ¢, is the constant pressure specific heat of the gas mixture, v is
the specific heat ratio and Y} is the mass fraction of species k. The thermodynamic

entropy of the gas mixture is given by:

T

N T eor(T)
ps = Zpksk, Sp 1= ————=dt — 1 In(pg)
k=1 0

Combining the transport equations for total density, species fractions and internal

energy:

Dip = —pdyu, DYy =0, Dye = —Lou, (5.1)
p

with the Gibbs relation:
N
Tds = de — %dp — ngdYk, (5.2)
k=1

leads to a transport equation for the specific entropy s:
Dys = 0. (5.3)
With total mass conservation, this leads to the conservation equation:

O¢(ps) + Ox(psu) = 0. (5.4)
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For pp > 0, T > 0, (U, F) = (—ps,—pus) is a valid entropy-entropy flux pair [174,
172]. The condition (2.4) is met as a consequence of the conservation equation. The

convexity of U is established by looking at the entropy Hessian G given by:

0°U 9v v (du\"
T ouz ou 0Z '

A

The entropy variables v for the multicomponent system can be easily derived using

-
variable changes. Define the vector of primitive variables Z = {/)1 .. py u T
The chain rule gives:
oU  oU (ou\ "
ou  0Z\0z
The Gibbs identity (5.2) can be written as:
N
TdU = —dpe + > gidpy, (5.5)
k=1

where g, = hy — T's is the Gibbs function of species k. From the definition of pe we

have:
N

dpe = Z erdpy, + peydT. (5.6)
k=1

Combining egs. (5.6) and (5.5), one obtains:

N
1
dU = T(Z(gk —ex)dpr — pcvdT).

k=1

This gives:
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The Jacobian of the mapping Z — u is given by:

ou

07

0

u

_€1+k

0 0 O

1 0 0],

U p 0
ent+k pu pey

where k = %uz. The inverse of this matrix is given by:

= 0

_(k - 61)(pcv)71

0 0
1 0
—up! oL

(k - eN)(pCv)il _u(pcv>7

1

0
0

(pcy) ]

Combining egs. (5.9) and (5.7) yields the entropy variables [174, 172]:

o= () -
= 7 =

We have: )
7“1//01
N _
oz | Y
0
i 0

1
T

[Ql—k

gy —k u —1

0 —u/T (k—ep)/T?

rv/on —u/T (k—en)/T?
0 T  —u/T?
0 0 172

103

T

(5.9)

(5.10)

(5.11)



therefore the Hessian is given by:

_ Sym_
' (Gis)
G= pc, T? ’
—u(k — (e — ¢, T)) —u(k — (exy — ¢, T)) (u?+¢,T)
| —(e1 — k) —(ey — k) —U 1 |
(5.12)

with ¢;; = (pe,T?) (0i7i/ pi + u?c,T) + (e; — k)(e; — k) for 1 < i,j < N. The positive
definiteness of the Hessian matrix G is not immediately visible because it is dense.

However the matrix H defined by the congruence relation:

_7”1/,01 0 0 0 ]
ou\ ou ou\ ' ov | ' '
0 0 p/T 0

0 ... 0 0 pe,/T?]

(5.13)
is positive definite, therefore G is positive definite. This congruence relation, which
we picked up from [203], will be used as well in section 5.3.

5.2 The minimum entropy principle

In this section, we review the proof of Tadmor [175] for the compressible Euler

equations then discuss how to apply it to the multicomponent system.
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5.2.1 Review

Integrating the inequality (2.5) over any domain €2 which induces no entropy influx

across its boundaries gives:

d

a /. U(u(z,t))dz <0 (5.14)

Integrating the above in time gives [202]:

/Q Ulu(e, £))de < / U(u(z, 0))dz (5.15)

Q

Tadmor [205] showed that a sharper, more local version of the above inequality can

be obtained:

/ Uu(z, £))dz < / U(u(z, 0))da, (5.16)
l|<R

|z| <R+t -gmaa
where ¢4, is the maximum velocity in the domain at ¢ = 0. For the Euler equations,
Harten [48] sought pairs of the form (U", F?) = (—ph(s), —puh(s)) where s = In(p) —
v1In(p) is the dimensionless specific entropy (divided by the ¢,, we will use the letter
f instead of h in section 5.3) and h is a smooth function of S. Harten showed that

the pair (U", ) is admissible if and only if h satisfies:
W —~h >0 1 >0. (5.17)
For any such function h, the inequality (5.16) with U = U" gives:

/|<Rp(x,t)~h(s(x,t)) da 2/ p(2,0) - h(s(x,0)) da. (5.18)

|IISR+t'qmaz

Tadmor makes a special choice hq for the function h:

ho(s) = min]s — so, 0], so— Ess inf s(z,0).
o(s) = min[s — sg, 0], so |I|S}s%s+t1.£1mazs(x )
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s is the essential infimum of the specific entropy in the domain Q = {z : |z| <

R+t Gnas}- From inequality (5.18), we get:

/ p(z,t) - min[s(z,t) — so, 0] de > / p(x,0) - min[s(x,0) — so, 0] dx.
|x|SR ‘xlgR'i't'Q’maz
(5.19)

The right-hand side drops by definition of sg, so equation (5.19) simplifies to:

/|<R p(x,t) - min[s(z,t) — s¢, 0] dx > 0. (5.20)

The integrand on the left-hand side is negative, therefore inequality (5.20) imposes

for |z| < R:

min[s(z,t) — sp, 0] =0 < s(z,t) > Essinf s(x,0). (5.21)

|m|§R+t'Qmaz

This is the minimum entropy principle satisfied by entropy solutions to the compress-
ible FEuler equations. A similar result holds for discrete solutions u’ (the subscript
i and the superscript n refer to the cell index and time instant, respectively) which

satisfy the fully-discrete entropy inequality:

Z Uu) < Z U(ul), (5.22)

for all entropies U. Taking U = —phg(s) with sy defined as the minimum specific

entropy at time instant n leads to:
Zp(uf’“) -min[s(uf™) — s, 0] > 0.
i

If p(u*t) > 0, this imposes in every cell:

min[s(u?™) — 55, 0] =0 < s(u?™') > min s(u}). (5.23)
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At first glance, injecting U = —phy(s) in inequalities (5.16) and (5.22) should not
be allowed because hgy is not a smooth function of s. What makes this step valid
nonetheless is the fact that hg can be written as the limit of a sequence of smooth
functions which satisfy Harten’s conditions. Without loss of generality, let’s assume

so = 0 and consider the convolution defined as:

where ¢ is a smooth function satisfying:

“+oo

o(5)ds =1, ¢(5) > 0.

—00

¢ should also be such that the convolution is well-defined everywhere. ¢(3) =

exp(—35?)//7 is a valid choice. By definition of hg, we have:

W)= [ o=t =s [ o [ sowis

S

h is smooth and satisfies Harten’s conditions because:

“+oo

W (s) = o(3)ds > 0, h'(s) = —¢(s) < 0.
Ve > 0, the function h. defined by:

() = [ als = 316.5305, 0.65) = o2 (52

[e.9]

is smooth and satisifies Harten’s conditions as well. What is more, ¢. converges, in
the sense of distributions, to the Dirac delta function when ¢ — 0 (classic result).
Therefore, inequality (5.19) is obtained hy = lim,_, h..

The main takeaway of this review is that not all entropy inequalities need to be
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satisfied for a minimum entropy principle to hold in the compressible FEuler equations.
Those involving the ” convolution entropies” U = —ph.(s), Ve > 0 defined by equation

(5.24) are enough.

Remark 1: This proof and Harten’s characterization (5.17) are both indepen-
dent of the number of spatial dimensions [48, 175]. Throughout this manuscript, we
worked in one dimension for the sake of simplicity only.

Remark 2: Kroner et al. [207] use a different approach to demonstrate that
bounded entropy solutions to the quasi-1D Euler equations with discontinuous cross-
section satisfy a minimum entropy principle. The inequality (5.18) is used with
h(s) = —(so — )P, p > 1,80 > s (so denotes an upper bound in this context),
raised to the power 1/p and passed to the limit p — oo.

Remark 3: A minimum entropy principle for smooth solutions to well-designed
regularizations of the Euler equations was proved by Guermond and Popov [208] (see
also Delchini et al. [210, 211] for other systems). In this work, we are interested in
the minimum entropy principle as a property of entropy solutions, whether smooth or

discrete, to the multicomponent compressible Euler equations.
5.2.2 Elements of proof for the multicomponent compressible Euler equa-
tions

We need to formulate what a minimum entropy principle would be in the multi-
component case. The first option is a minimum entropy principle involving the specific

entropy of each species:

sk(z,t) > sop = Essinf sg(z,0), 1 <k <N
|I|SR+t'Qmaz
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Working Tadmor’s proof backwards, this is obtained if we can show that entropy
solutions satisfy the inequality:
N N

[ ot it do = S il 0) - flsele, 0)) da, (5.25)
TSR j—1

|I|§R+t‘Qmaz k=1

and that fr can be taken as for(sx) = min[sg — sk, 0]. This leads us to examine

entropy pairs (UIf, FIf) of the form:

N N
v, Ff) = (—Zpkfk;, —Zpkufk:), fie = fir(s), (5.26)
=1 h=1

and attempt to show that those with fi defined as the convolution (5.24) are valid
entropy pairs. The second option is a minimum entropy principle involving the specific

entropy of the gas mizture:

s(z,t) > sp= Essinf s(z,0).
( )_ 0 ‘$|§R+t'q"mx ( )

In the same vein, this is obtained if we can show that entropy solutions satisfy the

inequality:

/| P T ) do 2 / p(2,0) - (s(x,0)) da, (5.27)

|I|§R+t'qmaz
and that f can be taken as fo(s) = min[s — so, 0]. This leads us to examine entropy

pairs (Ulfl, FIfI) of the form:

(UL, Fl) = (—pf(s), —puf(s)), (5.28)

and attempt show that those with f defined as the convolution (5.24) are valid en-
tropy pairs.

These two families are investigated in the next section. The admissibility con-
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ditions will take the form of constraints on the first and second derivatives of fj
(first case) and f (second case). If the first and second derivatives are allowed to be
strictly positive and negative, respectively, then the convolution (5.24) qualifies and

a minimum entropy principle follows.

5.3 Entropy functions in the multicomponent case

For each candidate family of entropy functions, we must check for conservation
and convexity with respect to the conservative variables. For a candidate entropy U/,

convexity is equivalent to the positive definiteness of its Hessian matrix G:

Ul ovd (an>T

ou? _8_u’v Ou

v/ is the vector of entropy variables associated with the candidate entropy.
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5.3.1 Candidate 1
Conservation

Equation (2.3) with (U, F) = (U/, F/) holds if and only if 30 Vi fi satisfies a

transport equation. We have:

N N N
d(z kak) =) Vidfi+ ) frdY
k=1 k=1 k=1
N N
- Z Yifedsi + Y frdVy
k=1
N
Z Yify (Cv—de - _dpk) + Z JrdYy
= (Z nf,;cvk) == Z Frrudpr + Z frdY,
k=1
N

N AT
= (Zka/;Cvk) (Zfﬁ;m)— + Z k= T fr)d Y.
1

From the differential relation:

N N N
de =Y dYiep + > ViewdT =Y dYiey + c,dT,
k=1 k=1 k=1

we obtain the following equation for temperature:

DT =L g4 =

pey p>cy

Using equations (5.1) and (5.29), we can show that U/ is conserved if and only if:

N N
1 / 1 ,
T(Zykfkcvk>DtT — —(kaYka)Dtp =0 &
k=1 PN\i=
N / N
Yy frc, ,
p%(—z’“]:vl i ’“) — <kaYk'rk) =0 (5.30)
k=1

> k=1 YiCol
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Using the ideal gas law, this condition rewrites:

N / N /
Zk:l PrCok [1 _ Zk:1 PrTk S},

. (5.31)
ey PkCuk Sl PRTH
Convexity
We have:
Os, 1 Osy _cow Ofi 1k 7 Ofr _ cuk /
.~ px OT T Op.  p™ 0T  T°F
Therefore
ouf : : :
EYA - {_fl + Tlfl oo —JN +TNfN 0 _%(2521 pkckak)} )
and the entropy variables (chain rule) are given by:
-
I ! —e1 ! —e u
A |:_f1 +rif —5’“7 o —INnFrafy — Bk = B —5%} J
6 — Z]/i‘v:1 pk‘cka;c .
Zi\f:1 PkCok

For simplicity, let’s assume calorically perfect gases (c,; and ¢, constants) and drop
the standard formation constants. To proceed with the Hessian calculation we need

the following:

0B o, ’ B 1 o PR T
Y (fk:_rkfk_ﬂ)a _:_an:w
Ope  pey or T > k1 PECuk
Denote & = f, — rfy and v = [0{71 U{N vf v]]T. The gradients of the last
component are given by:
81)3{ 1 cpk 81):{ 81){; B —n
— = —=— (& — =0 = . 5.32
Opr T pe, (& = 5). ou T orT T2 (5:32)
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The gradients of the before-last component are given by

vy _ B O n—> (5.33)

81}2 U Cyp
Api Tpcv(gk b Bu T 9T T2

The gradient of the [-th component is given by:

8vf r k Cyo 6vf 8vf Co k
= = 51@1[)—];&—(?— )= (Skz B), a;’l = —U% 0; = ——lfrl-—(ﬁ T77) +Cvl;7—,
(5.34)

Ipi
The chain rule gives for the Hessian Gy:
-0
0Z \0Z
The coefficients of the first Jacobian matrix are given by equations (5.32)-(5.34)

The Hessian G is dense. We establish convexity conditions (G positive definite) by

looking at the congruent matrix H; defined by:
T T
o (20) g, (20 - () 0¥l
o4 oz 0z ) 07

instead. Hj is given by:

[ ng 0 0 —%E-9)
|0 265 0 —(G-0)
0 0 & 0
—H(& =8 —F&-0) 0 pe, 2!

H; is positive definite if and only if the determinants of the major blocks of H; are

all positive (from Harten [48]). For the first three major blocks, this is equivalent to
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the requirement that & > 0, & > 0 and 8 > 0 are positive. Last:

det(Hy) = L1y, (pcvw L B 1< L m"’é)

1 pip2 11— 1 p2 re—1 P1
_ ,057“17"25152 (pc _ P1Cu (51 - 5)2 P22 (52 - 5)2)
T\ n—-1 & Y—1 &
N ,057“17’25152 ( ( I (& - 5)2)
- 3 plcvl
p1p2T’ ”Yl -1 &1

+pzcu2((5 - - 1_ - & ;5)2»

S e (CRU SRR CE Y
+ ﬁ ((6 —n&p—1) = (& - 5)2))

pBrirei&o ( P1Cy1 P2Cy2 )
_ A+ Ay |,
p1p213 §i(n — 1) ' §a2(y2 — 1) ’

where A = (8 — )& (e — 1) — (& — )% For an arbitrary number of species:

ng) A (T)
H; = e 0 —=E(Ev—8)|> (5.35)
0 0 2 0
_—C”Tl(fl -B) ... _%TN@N—B) 0 PCU% ]

and one can easily show that:

det(H;) = ;f (H ”5’“) (Z = p’“;”_’f 5 k) (5.36)

k=1

Overall, U/ is an admissible entropy for the multicomponent Euler equations if and

only if:

N / N '
D k=1 PECok Sk Dk Pkrkfk:7 £ >0, 8>0, Zg PGk A, > 0, (5.37)
k

S PrCok S PRT (v — 1)
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While the sufficient conditions f,; > 0, f,;’ < 0 for a minimum entropy principle are
compatible with & > 0 and § > 0, it is not clear whether they are compatible with the
last inequality of (5.37) (A being the difference of two positive terms). Additionally,
the equality constraint (5.31) which came from the requirement of conservation does
not seem to offer any option other than f,; constant. Note that if f,; > 0, f,: < 0 were
to violate any of the conditions derived here, it would only mean that we cannot prove
a minimum entropy principle with the approach exposed in section 5.2.1. Disproving
a minimum entropy principle would require a counterexample.

For the compressible Euler equations, H; simplifies to:

0 —%(-9)
H; = 0 %ﬂ 0 7€:f,—rf”,ﬁ:fl77’/zcvfﬁ_
_%(g_ﬁ) 0 pcv%

The determinants of the three major blocks are:

det(Hur) = L6, det(t) = 16, det(B1) = 7 (0= njely - 1) - (- 7).

Using (v —1)(B—n) = (y—=1)f —rf and € — 8 = —rf", the determinant simplifies

to:

R

The necessary conditions for H; to be positive definite are then:
f=rf >0 f >0 f—cf >0. (5.38)

Since f* > 0, the first and third inequality of (5.38) can be rewritten as:

1
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Since ¢, > r, the first inequality is implied by the second. Therefore, the necessary

conditions (5.38) simplify to:

f >0, f—cf >0. (5.39)

These are the well-known conditions (5.17) for the Euler equations (note that the
function f in this section and the function h in section 5.2.1 are related by f(s) =
h(s/c,)). The conditions (5.37) are therefore consistent with Harten’s in the Euler

case.
5.3.2 Candidate 1II

Conservation

Multiplying the transport equation for the specific entropy (5.3) with f* leads to
a transport equation for f(s). Conservation of U IfI with the entropy flux F IfI then

follows from the total mass conservation equation.

Convexity
We have:
Y; ; ; 1 »
O 0w _p 08 Lo g 05 o
oo~ p  p* Opr p or T
This gives:
8UIfI , ’ cy £/
7 f=si+ri+s)—f ... f(=sn+rv+s)—f 0 —2f, (540)
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and the entropy variables:

.
Vi = {f’%Jrf's—f o feE g fls—f e —fL

=fv+(f's—1) [1 100 OT- (5.41)

Again, the conditions for convexity are established by looking at the congruent matrix

du\ ' ou du\ ' ovy,
H”—(a—z) G“<a—z)— (a—z) o7

H;; defined by:

We have:
(g1 —k)/T +s
ovi,  ov " o
57 = (‘9—Z+? (gn —k)/T+s| |si—m1—s ... sy—ry—s 0 &
u/T
-1/T
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and

(g1 — k)/T + s —81+7ri+s
ou\ "
97 (gv —k)/T +s| = |=sy+rn+s]|>
u/T 0
I VAR I I
7’1/[)1 0 0 0
ou\ ' ov
oz) 9z~ | " rvfex 00
0 0 p/T 0
| 0 0 0 pe,/T?]
Therefore:
7"1/P1 0 O O Rl
H, = f’ _f_” Py
11 — 0 ’I"N/pN 0 0 0 RN R1 RN 0 —T |
0 0 p/T 0 0
0 ... 0 0 pey/T?] |~ ]
(5.42)
where R; = —s; + r; +s. We recover Harten’s conditions in the compressible Euler

case. At this point, we immediately note that if f > 0, f < 0 then H;; is positive
definite (as the sum of a positive definite matrix and a positive semi-definite matrix).

Therefore a minimum entropy principle for the gas mixture’s specific entropy holds.
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Continuing on the characterization of convexity, H;; writes:

/Y] 0 0 0
_f
HII—Z 0 rv/Yy 0 0
0 0 T 0
| 0 0 0 p’c,/T?
R? RiRy 0 —22Ry
_f—“ RiR R? 0 —2R
p 14N N — T 1N
0 0 0 0
262
R _%RN 0 pT2v J

Let 7, = r;/Y; and n = f — ¢, f", for two species we have:

f’Fl - f”R% _R1R2f” O %le//
1 _RlRZf// ‘f/?2 _ fl/Rg O %szll
H; = - ,
0 0 P’ f /T 0
SRS RS0

The determinants of the first three major blocks of H are:

2 2 2 2
= F (f fﬂi>, H22 = T1F2f/ (f f <R &)) H33 = TfHQQ (543)

T T9
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Last:

) fri—f'R? —RiRof" %RJN
p f " / 1 "
det(pHpr) = | “RiBf [T [ R PRRf
%le// %RQJC” %77
/ fIFI . f//R% _R1R2f” lell
_ p4C’Uf " r__ " 2 "
T3 —Ri Ry f JTao—f Ry Rof
Cle f// C,URQf” n
4CU ' " f/Fl - f//R2 _le//
= £ T3f (TIH22 — R f 1 -
Ry 1
, /? _ //R2 _R "
|
Ry 1
4C’U ' "o _ _
& T3f (77H22 —cf f(R3T1+ R%ﬁ))
4 2 2 2
_ple( ) n( R R
T3 rre (Uf (T] + Cv)f (Tl + T .

We obtain conditions on f involving terms of the form f' —af", but unlike in the Euler

case, « is not a constant. In section 4.1, the simple structure of the mapped Hessian

H;, given by equation (5.35), allowed us to easily derive the necessary and sufficient

conditions (5.37) for convexity for an arbitrary number of species. Nevertheless, we

were not able to conclude on a minimum entropy principle on the specific entropy

of each species. Here, the mapped Hessian H;, given by equation (5.42), is mostly

dense, which complicates the task of establishing convexity conditions for an arbitrary

number of species. However, we know from equation (5.42) that f* > 0 and f* < 0 are

sufficient conditions for admissibility, independently of the number of species, which

is enough to conclude on a minimum entropy principle on the gas mixture’s specific

entropy.
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5.4 Numerical schemes satisfying a minimum entropy prin-

ciple

In this section, we review schemes which, by virtue of satisfying all entropy in-
equalities under some assumptions, satisfy a minimum entropy principle for the com-
pressible multicomponent Euler equations.

We only discuss first-order schemes in one dimension. Extensions to high-order
and multiple dimensions (including unstructured grids) can be found in [212, 213,
176, 177, 209]. These schemes are typically constructed as composite convexr combi-
nations of one-dimensional first-order updates. Since entropies are convex functions,
any entropy inequality satisfied by the baseline one-dimensional first-order update

will be satisfied by the whole scheme as well.

5.4.1 Godunov-type schemes

Let w(z/t;ur,ug) be the solution of the Riemann problem:

u,, =<0,
ou+ 0,f =0, u(z,0) = (5.44)

ug, x>0,

where u; and ugr are constant states. Let a; and ar be the smallest and largest

signal velocities. Then w satisfies:

u,, z/t<a
w(z/tug,ug) =4 fi<a (5.45)
Ur, x/t 2 ar

In the Godunov scheme [12], each discontinuity in the discrete field u} gives rise to a
local Riemann problem (5.45). If A|aqe:| < 1/2, where a4, is the largest signal speed

in the domain, then there is no interaction between neighboring Riemann problems
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and the exact solution w,,1(z) at the next time instant writes:
Woi1(x) =w((z — xH%)/At; u;,u ), for |z — :132-+%| < Ax/2,

where z;,1 is the position of the interface between cells i and ¢ + 1. The Godunoyv

scheme is obtained by averaging w, ., in each cell:

1 %)
+1 2
u = w1 (2) do
xX.

“acl)
=3
1 Az/2 1 0
= — At;u? ") d — At;ul,u? ) do.
Al’ 0 W(J;/ 7uz—1auz) T+ AZI) 7Ag;/2W(:E/ auz7uz+1) T

This update can be rewritten in conservative form:
wt =l — A(f(W;,1) — (W, 1)), W1 = w(0;u},uly))
j = . i+% i—% , i+%_ y Y Y41/

with A = A¢/Az. An important assumption from there [27, 176] is that the exact

Riemann solution is an entropy solution. This implies, for all entropies:

1 Tivd

— | U (@) de S Uu)) = MF(Fy) = F(W,).

1
2
1
2

With Jensen’s inequality:

1 Tivd 1 Tivd
U(A_x/ * Woia(x) dI) < A_g:/ U(Wni1(z)) dz,

r. 1 . 1
i—5 i—g

it follows that the Godunov scheme satisfies:

U(ui™) < Uu}) = M(F(Wy,1) = F(W,_1)). (5.46)
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This shows that the Godunov scheme inherits, by construction, all the entropy in-
equalities that the exact Riemann solution satisfies. This result also applies to schemes
based on approximate Riemann solutions provided that they remain consistent with
the integral forms of the conservation law and the entropy inequality (see Theorem
3.1 in [27]). The bottom line is that full knowledge of the Riemann solution is not
necessary. For instance, the HLL scheme [27] qualifies if the maximum right and left
wave speeds are correctly estimated (from above).

The Godunov scheme satisfies a sharper version of (5.23). Taking U = —pfy(s)
with sg = min[s(u}" ), s(u}), s(u?,,)] in (5.46), and using the fact that the exact so-
lution w is an entropy solution satisfying (5.21), it follows that the Godunov scheme
satisfies:

7

s(uf™h) > mins(ui.,), s(u), s(uf,)], (5.47)

For the compressible Euler equations, procedures for calculating the exact solution
(see Toro [168]) and estimating the maximum wave speed (see Guermond & Popov
[178]) are available and can be extended to the multicomponent case (a follow-up to
[178] is proposed by Frolov in [204], section 4.5).

It is unclear whether the assumption that the exact Riemann solution satisfies
all entropy inequalities is valid. To the best of the author’s knowledge, there is no
proof that Harten’s entropies [48] are the only entropies of the compressible Euler
equations. The same can be said about the entropies that we explored in section 5.3
for the multicomponent case. This precludes a direct proof where entropy inequalities
are evaluated for the exact Riemann solution. Another way of proving this would be
to show that the exact Riemann solution can be written as a limit solution to the
regularized system (2.2) or any other system which implies all entropy inequalities. As
far as the minimum entropy principle is concerned, showing that the exact Riemann
solution satisfies all entropy inequalities associated with Harten’s family or with the

convolution entropies of section 5.2.1 would be enough.
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5.4.2 The Lax-Friedrichs scheme

The Lax-Friedrichs (LxF) scheme writes:

(f(u?:l) - f<uzn+1))'

n n
wrtt = W e g

L 2

Harten (private communication in [206], section 4) observed that if the time step
is small enough, the LxF scheme coincides with the Godunov scheme over a staggered
grid. The solution thus inherits the entropy inequalities that the Riemann solution

satisfies:

>\ n n
S - POl (543)
As in section 5.2.1, inequality (5.48) with U = —pfo(s) and sg = min[s(u},), s(ul,,)]

leads to a minimum entropy principle:
s(uf ™) > min[s(u,), s(ui,)], (5.49)

that is sharper than (5.23).
On the other hand, Lax [201] proved, without invoking Riemann solutions, that
the LxF scheme can be made to satisfy (5.48) for any given entropy pair. We recall

his proof here.

n+1

Denote u=u;"", v = uj | and o = uj ;. The LxF scheme writes:

= PR (o)~ f(w)),

u(v, o) = 5

and the entropy inequality (5.48) can be studied by looking at the sign of the difference

function:
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Lax [201] used a homotopy approach. Let s € [0 1], and define:
0(s) = sv + (1 — s)ro, u(s) = u(v(s), ).
Since (1) = v, v(0) = tv, and AS(w, ) = 0, the fundamental theorem of calculus

gives:

AS(0,10) = AS(5(1), 1) — AS(B(0), 10) = / lé(AS(E(s),m)) ds.  (5.50)

u and v satisfy:

d_ﬁ_n—m A
ds

=10 — to, 5 +§A(E)(n—m) :%(IJr)\A(E))(n—m),

av
ds

where A is the flux Jacobian. Using chain rules and the constitutive relation (2.4),

the integrand in equation (5.50) writes:
%(AS(E(S), m)> _ %(%(a) - ‘;—i(a)) (1 + AA(E)) (v — ).
Again, let r € [0 1], and define:
w(r,s) =70(s) + (1 —r)rw =7rs0 + (1 —rs)to, u(r,s) = u(v(s),0(r)).
Since u(1,5) = v(s), 1u(0,s) = u(s), the fundamental theorem of calculus gives:

where G is the entropy Hessian. With:

S

5 (I - AA(E)) (b — o)

SHE

125



and equations (5.50) - (5.51), the difference function AS can finally be rewritten as:

S(v.10) / / (1 MA( ))(n—m))TG(ﬁ)((IJr)\A(E))(n—m)) dsdr.

= (3, 3)a — M(A(®)3, 3)c + (3, A(®)z)a) — A (A(W)3, A(D)3)c-

where 3 = (v —tv) and (, )¢ is the inner product defined by:

abc_/ /—JG )b dsdr.

Since G is symmetric positive definite, (3, 3)¢ > 0 and one can expect the entropy
inequality (5.48) to be met if A is small enough. Within the vector space spanned by
(r, s), let ¢ be the maximum matrix norm of A, m be the minimum eigenvalue of G

and M be the maximum eigenvalue of G. Then, for ||v|| # 0, if X satisfies:

m —2cAM — XM >0 < Ae<+/1+(m/M)—1. (5.52)

then the inequality (5.48) is met. Since U is strictly convex, (m/M) > 0 and the
right-hand side of (5.52) is strictly positive. In other words, for any entropy U, there
will always exist a time step small enough such that the condition (5.52) is met.
While Lax’s proof does not invoke Riemann solutions, it does not completely
support the statement [175] that the LxF scheme can be made to satisfy all entropy
inequalities. The factor m/M in (5.52) is strictly positive, but also depends on the
entropy at hand. The fact that we do not know all the entropies of a hyperbolic
system in general leaves open the possibility that m /M can be arbitrarily small. One
needs to show that there exists a strictly positive and entropy-independent lower

bound K on m/M, so that under the condition:
Ae<V1I+K—-1 (5.53)
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the LxF scheme will effectively satisfy all entropy inequalities. As far as the minimum
entropy principle is concerned however, we recalled in section 5.2.1 that not all entropy

inequalities need to be satisfied.

5.5 Summary

We proved a minimum entropy principle for entropy solutions to the multicom-
ponent compressible Euler equations, extending Tadmor’s result [175]. The proof
was carried out in one dimension but easily follows in two and three dimensions (the
characterization of the two families in section 5.3 is independent of the number of
dimensions). This principle was proven for the gas mixture’s specific entropy only. It
would be interesting to establish whether this also holds for the specific entropy of
each species. We assumed a mixture of thermally perfect gases governed by an ideal
gas law. The methodology outlined here and in the work of Harten et al. [203], which
extended Harten’s characterization [48] to gases with an arbitrary equation of state,
should provide helpful guidelines for those interested in taking this result farther.

While numerical schemes consistent with the entropy condition (2.5) for a given
pair (U, F) can be constructed (we constructed one in the previous chapter for the
pair (—ps, —pus)), designing numerical schemes which lead to discrete entropy solu-
tions is more challenging. A common trait of these schemes [27, 212, 176, 213] is that
they take root in the notion of a Riemann problem and the existence of solutions
satisfying all entropy inequalities.

While the minimum entropy principle is only a property of entropy solutions,
it provides valuable information about the local behavior of the physical solution.
Limiting procedures for high-order schemes have been designed around this property
(212, 213, 177, 209] for the Euler equations and may henceforth prove useful in mul-
ticomponent flow simulations.

Finally, we emphasize that the present work is not meant to provide a compre-
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hensive review of the symmetrizability of the multicomponent system. We refer the
interested reader to Giovangigli & Matuszewski [173] for instance. The investigation
of entropy functions carried out in section 5.3 was driven by the prospect of proving a

minimum entropy principle. Harten’s pioneering work [48] had broader motivations.
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CHAPTER VI

The Low Mach Regime

A well known issue with numerical schemes for compressible flows is that their
performance degrades in the low Mach number regime [219, 216, 231], most notably in
the incompressible limit, despite the fact that the incompressible Euler equations are
a particular occurrence of the more general compressible Euler equations [215, 214].
The research effort in adapting compressible flow codes to incompressible flow prob-
lems is motivated by two factors. First, it is sometimes more convenient to expand
an existing and validated compressible flow solver instead of developing and validat-
ing an incompressible flow solver and juggling between the two. Second, there are
many flow configurations of engineering interest that exhibit both compressible and
incompressible flow phenomena at the same time. Examples include transonic flow,
subsonic combustion, nozzle flows, and shock-induced shear instabilities.

Steady state calculations, which typically consist in evolving the unsteady system
until a stationary solution is found, require a number of iterations which grows as
the Mach number decreases. This can be explained by the CFL condition which be-
comes more stringent because of the acoustic eigenvalues. Preconditioning methods
216, 217, 218, 226, 228, 227, 230, 231] have been developed to address this specific
issue. The key idea is to modify the temporal scales of the unsteady system that is

iterated by pre-multiplying the time derivative by a well-chosen preconditioning ma-
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trix P. Ideally, the new CFL condition that arises from this modification should allow
for faster convergence. In addition to stiffness, the converged solution also becomes
less accurate. The root cause of this issue lies in the artificial viscosity or artificial
dissipation introduced by upwind fluxes. Turkel [216, 217, 218] showed that the dis-
sipation matrix of upwind fluxes contains terms which prevent the discrete equations
solving the compressible system to converge to a set of discrete equations solving the
incompressible system. A different perspective is provided in the work of Guillard
& Viozat [226] who recalled that in the incompressible regime, pressure fluctuations
in space typically scale as the square of the Mach number. By writing the discrete
equations for the compressible system, and using asymptotic expansions [229] they
were able to rigorously demonstrate that certain terms in the dissipation matrix of
the upwind flux impose pressure fluctuations in space which scale as the Mach num-
ber instead of its square. The accuracy degradation problems can be alleviated with
Flux-Preconditioning, which consists in modifying the upwind dissipation using ma-
trix operations. Other remedies to this problem, which do not involve preconditioning
matrices, have also been proposed [235, 236, 237, 238, 239]. The stiffness and accuracy
issues are also present in the simulation of unsteady flows. The time-step restriction
imposed by the CFL condition prohibits the use of explicit schemes and motivates the
development of implicit schemes and nonlinear solvers. The losses in accuracy mani-
fest by an excessive dissipation low Mach vortical structures [223, 224, 225, 235, 236],
which in certain configurations need to be properly captured.

In this chapter, we build upon previous theoretical work on this topic to study how
entropy-stable schemes behave in the low Mach regime. We focus on the accuracy
degradation problem in unsteady calculations and analyze it from an entropy produc-
tion perspective. Since entropy-stability is typically achieved by using upwind-type
dissipation operators, we expect the same accuracy degradation to take place. We

also consider the acoustic low Mach limit [228, 240], which has received perhaps less
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attention than the incompressible one but remains of practical interest.

This chapter is organized as follows. Section 6.1 introduces the non-dimensional
compressible Euler equations and the two low Mach limits following [226, 228]. Section
6.2 recaps the root of the accuracy degradation problems and the flux-preconditioning
technique. In section 6.3, we begin analyzing entropy-stable schemes in this context.
We seek to establish whether the flux-preconditioning approach, taking the precon-
ditioner of Miczek et. al [223, 224] and one of Turkel’s [218, 226] as examples, is
compatible with our base requirement of entropy-stability. Numerical experiments
are carried out in section 6.4 and further analyzed in section 6.5, where the ideas of
Guillard & Viozat [226] are used to revisit the accuracy problems from the angle of

entropy production. Section 6.6 offers additional perspectives on those developments.

6.1 The compressible Euler equations in the low Mach limit

In this chapter, we write the dimensional form of the compressible Euler equations

as

o .
— (p)+ VT(pn) =0,

5 (h) (pu)

a A - AN A A/\

5 (pu) + V- (pu@u)+Vp =0, (6.1)
d L e
a—fﬁ(é+k)+v-(u(p(e+k)+p))=0.

p is the density, @t is the velocity vector, k = |tf? is the kinetic energy, é is the

internal energy and p is the pressure. The equation of state writes p = (7 — 1)pé.
To derive the incompressible system, we follow the same procedure as in Guillard

& Viozat [226]. We first rewrite the equations in non-dimensional form. Let p,., p,, u,

be reference values for density, pressure and velocity magnitude, respectively, and

'Most the derivations carried out in this work involve the non-dimensional system. We use the
hat notation for the dimensional system to enable a lighter notation for the non-dimensional one.
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define a reference speed of sound a, = /p,/p.. Let . be a reference length scale and
define the reference time scale as t, = [, /u,. We define the non-dimensional variables

as:

p=p/pr, w=1/u,, e=¢é/(a,)? t=1t/t, (6.2)

Introducing the non-dimensional differential operator V = [, V, we obtain the non-

dimensional system:

D)4V (pw) =0,

ot

0 1

5 (pu) + V- (pu®@u) + WVP =0, (6.3)
0

57 Ple+ ME) + V- (u(p(e + M7k) +p)) =0,

where M, = u,/a, denotes the reference Mach number. The corresponding equation
of state writes p = (7—1)pe. The second step towards the incompressible system is to
consider asymptotic expansions [229] of the flow variables in powers of the reference

Mach number:

u=uy+ Mu; + Mfug + (O(Mf’)7

p=po+ Mpi+ M2ps+ O(M?).

Injecting these expressions into (6.3) and collecting terms of same order, we get:

1. Order 1/M?:
Vo = 0. (6.5)

2. Order 1/M:
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3. Order 1:

0
g (po) + V- (pouo) = 0, (6.7)
0
g, (potto) + V + (poutg ® o) + Vpz = 0, (6.8)
0
g (poco) + V - (wopoeo + po) = 0. (6.9)

Equations (6.5) and (6.6) imply that pressure variations in space scale as M? at least.
The second order expansion thus writes: p(z,t) = po(t) + M,pi(t) + M2ps(x,t) =
Py(t) + M?pa(x,t). If By is constant then from the equation of state pyeq is constant
as well and equation (6.9) implies the divergence constraint V - uy = 0. Injecting
the divergence constraint into equation (6.7) implies that the material derivative of
density is zero. Assuming that all particle paths come from regions of same density
po, we get that density is constant everywhere and equations (6.7), (6.8) and (6.9)

finally reduce to:

£o <%(UQ) + V- (UQ X UO)) + Vpg = O, (610)

V -1y = 0. (6.11)

The divergence constraint also implies that the kinetic energy is conserved.

As recalled in Guillard & Nkonga [228], the incompressible system is not the only
low Mach limit. In the process leading to (6.3) it was assumed that the relevant time
scale was determined by the reference velocity u,.. If the time scale is defined in terms

of the reference speed of sound a, instead, that is ¢, = [, /a,, then instead of (6.3),
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we have:

1 0

L0 ) 4V (puen) + ——Vp=0

M, ot ™ PREHT 3P =

1 0 2 2 —
1L Bt ple + M?k) +V - (u(p(e + M?k) +p)) =0,

Introducing the expansion (6.4) into (6.12) and collecting terms, one gets:

1. Order 1/M?:
Vp() = 0.

2. Order 1/M,:

9
ot

0
En (potto) + Vp1 =0,

9
ot Po

(Po) =0,

=0.

(6.12)

(6.13)

(6.14)
(6.15)

(6.16)

Equations (6.13) and (6.16) imply that the pressure variations in space scale as M,

that is one order of magnitude bigger than those in the incompressible limit. With

further assumptions and manipulations (the interested reader is referred to Guillard

& Nkonga [228]), it can be shown that the first order pressure p; satisfies the wave

equation with propagation speed ag, that is the first order speed of sound.

Overall, there are at least two low Mach limits to the compressible Euler equations,

which can be characterized by how pressure fluctuations scale with the reference Mach

number M...

At a later stage in this work, we will need a clear definition of the entropy in the

non-dimensional context. We first recall the dimensional conservation equation for
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entropy ps:

0p8) =& ... . R R
(ap;) +V-(pus) =0, §=1Inp—ylnp. (6.17)

Since we already have non-dimensional density and pressure variables, we define the

non-dimensional entropy ps accordingly from:

P8 = pr(ps) + prsy, sp =1Inp, —ylns,.

Injecting this expression into (6.17) gives:

G plis) = p (%—FV'(P’JS)) + str(% (p)+V'(pu)>

(20

9 pus))

This gives the non-dimensional equation for entropy:

d(ps)
ot

+V - (pus) = 0, (6.18)

If the time scale is taken as t, = [, /u,, and:

1 J(ps)
M, Ot

+ V- (pus) =0, (6.19)

if the time scale is taken as ¢, = [,./a, instead.

6.2 Discrete analysis and flux-preconditioning

To introduce the discretization, we rewrite the non-dimensional compressible

Euler equations (6.3) in conservative form:

(9_u + % + % + ot
gt oOx Jdy 0z

=0, (6.20)
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where the state vector u and the flux vectors fx, fy and f, are defined by:

- T
u= |p pu pv pw pe|

T
fx= |pu pu+p/M?* puv puw (pet+p)u] ;

T
fy=\pv puv pv*+p/M} pow W*p)“} ’

T
f.= |pw puw pvw pw?+p/M? (pet+p)w] ;

with ¢! = e + M?k.

The general form of a finite-volume discretization is, in cell §2;:

du, 1
S f*dS =0 6.21

where £* = £*(u;, u;,n) denotes the numerical flux along the interface 6€2; (u; is the
neighboring cell state value) whose normal vector writes n = [n,, n,, n.]. A classic

choice is the Roe flux:
i} 1 1 —1
f*(up,ug,n) = é(f(uL) + f(ugr)) — §|A](uR —uy), |Al = R|A|R. (6.22)

where f(u) = n,fx(u) + n,f, (1) + n.f,(u) is the flux in the direction normal to the

interface and A is the corresponding Jacobian:

of,  of,  Of,
A= e T G T G

(6.23)

In the low-Mach number regime, the accuracy of such a scheme, deteriorates as
the Mach number goes to zero. Turkel [216, 217] explained that it is because that the
dissipation matrix | A| contains terms which prevent the discrete equations solving the

compressible system to converge to a set of discrete equations for the incompressible
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system in the low Mach limit. To illustrate, Turkel considers [216] the simple case of

a 2-by-2 hyperbolic system with the following Jacobian:

-1

u  a/M, 1 1| |u+a/M, 0 1 1
A= = . (6.24)

a/M, 1 -1 0 u—a/M,| |1 —1

It has eigenvalues u + a/M, and u — a/M,. In the subsonic regime, |u + a/M,| =
u+a/M, and |u —a/M,| = —(u — a/M,). This change of sign leads to a dissipation
matrix which does not possess the same scaling behavior as the flux Jacobian:

a M| foann oy || on) o)

w /M, o) oam)|  |oam) o)
This difference in scaling behavior is the root cause of the accuracy degradation issues.
The dissipation term is an important component of the flux. It cannot be discarded
because the scheme would be less robust.
The flux-preconditioning technique can be seen a compromise between stability
and correct low-Mach behavior. It consists in replacing the dissipation matrix |A|
with P7!|PA| where P is a preconditioning matrix. The resulting interface flux then

writes:

£ (ug, g, n) = %(f(uL) +f(ug)) — %P1|PA|(uR —up). (6.25)

P should correct the asympotic behavior of the dissipation term in the low-Mach
regime and only be active in this regime (P — I as M, — 1).

The design of such a matrix P is not straightforward, even though it is clear that
the acoustic eigenspace A = u4a/M,. of the dissipation matrix should be targeted. To
simplify the analysis, similarity transformations are typically used. They amount to

considering the compressible Euler equations expressed in a alternative set of variables
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z. Define:

A= QAQ, Q= <g—‘z‘>

First, a preconditioning matrix P, is sought so that P, '|P,A,| has appropriate Mach
number scalings. The preconditioning matrix P in terms of the conservative variables

u is then derived from the similarity relation P = QFP,Q~'. Indeed, one has:

P PA.| = QP Q7TQPQ™QAQ™ = QP (|1PA Q™!

As a matter of course, this strategy is efficient only if A, has a simpler structure than

A. With the differential entropy variables ? defined by:
dz = (dp/(paM,), du, dv, dw, dp — a*dp),

the Jacobian writes:

[ Uy, ngya/M, nya/M, n.a/M, 0 ]
nga/M, Up 0 0 0
A, = |n,a/M, 0 U, 0 0|, U =nu+n0+n,w, (6.26)
n.a/M, 0 0 Up 0
0 0 0 0 U |

2These variables are referred to as the “entropy variables” in the literature [218, 225]. The naming
“differential entropy variables” is introduced to avoid confusion with the entropy variables v that
ES schemes are centered around.
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and has the eigendecomposition A, = R,AR_! with

R, = n, 0 —Ng Ny Ny | > A= diag(una Up, Up, Un, un+a/Mr> un_a/Mr])'

(6.27)
The 2-by-2 hyperbolic system (6.24) of Turkel in [216] is a specific case of system
(6.26). For this system, Turkel et al. [218, 216] established the following necessary

condition on P, for convergence in the low Mach limit:

O1/M?) O(1/M) O(1/M) O(1/M) 0
oa/M) o1 o1 o1 0
P PA = |o/M)  0@1) o1 o1 0 |- (6.28)
o(1/M) ©O(1) o1 o1 0

0 0 0 0 o

They also showed that this is achieved with the Turkel preconditioning matrix:

0
P,=10 010 0f, (6.29)
0

where p = min(max(M,, M), 1). The parameter p is defined in such a way that P, is
always invertible (the cut-off Mach number M,,; prevents p — 0 and P, singular) and

P, approaches the identity matrix when M, — 1. Indeed, one has P,A, = R,A R !
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with

0 0 0 K, K,
0 -n., ny Ng Ny
R, = 0 e
p n, Nz | Ki—K2) |y Ty )
Ny Ny 0 N, N,
Ny —MNy —N, 0 0

Ap — dlag([ﬂq,“ un7 un, Un, unp + ap, U/np - ap:l)?
1
ey = a0 1), @y = (uf, +p*((af M) =)',

Ky = (Unp — up + ap) M, /a, Ky = (Upp — up — a,) M, /a.

The modified dissipation matrix thus writes:

P, PA,|
e e n,Cy n.Cy 0]
n,Cy n2C3+ (1 —n2)u, ngnyCy Ny, Cy 0
= |n,Cy nyn,Cly n2Cs + (1 = n2)uy, nyn.Cy 01,
n,Cy n,n.Cy n,ny,Cy n3Cs + (1 —n?)u, 0
|0 0 0 0 n,

Co = (%27 + ugtp - ununp)/(apPQ)a C1 = Mytpp(ap + tn — Unp)(ap — un + unp)/(aapp2)v
Cy = (atnp)/ (Mray), Cz = ap + Unp(Un — Unp)/ap,

Ciy = (ap — unp)(ap = tn + tnp)/ay,

and meets condition (6.28). A different perspective is provided in the work of Guillard
& Viozat [226] who observed that in the incompressible regime, pressure fluctuations
in space typically scale as M?. By applying the process described in section 6.1 to

the discrete equations, they were able to rigorously demonstrate that certain terms
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in the dissipation matrix of the upwind flux impose pressure fluctuations in

space

which scale as M, instead. Additionally, they show that with Turkel’s preconditioner

(6.29), the proper scaling of pressure fluctuations is recovered.

The second preconditioning matrix we consider in this chapter was more recently

introduced by Miczek et al. [223, 224] for insteady calculations. It writes:

L mep nyp np
—ngp 1 0 0
Ppo=1-n,p 0 1 0
—n,p 0 0 1

0 0 0 0 1

with p =1 —1/4, 6 = min(max(M,, Mcy,),1). One has P,A, = R,A R with

0 0 0 K, K,
0 -n. ny Ng Ny
R, = 0 —1__
P ny Ng | (K1-K2) |y Ty ’
—MNy Ny 0 n, N,
—MNg —MNy —N, 0 0

Ap - diag(un, Up, Up, Up, Up + apa Up — ap])’
oy = VI + DM~ i,

Ky = (a + M,pu,)/(M,a, — ap), Ky = —(a + M,pu,)/(M,a, + ap).
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The modified dissipation matrix writes:

P, PA,|
e e n,C e 0]
nzCy n2Cs+ (1 —n?)u, Ny Cy nan,Cy 0
= [ny,Cy nynzCy n2Cs + (1 —n)uy, nyn,Cly 01,
n.Cy n.n,Cy n.n,Cy n2Cs+ (1 —nu, 0
0 0 0 0 )

Co = (ap +ua) /(P + 1) + 2u, (Ko — p) /((p° + 1)(K1 — K2)),
Cr = (p((K2 — Ki)ay + (K1 + Ka)up) — 2K Kou,) /(07 + 1)(K1 — K3)),
Cy = (2up + p((K1 — Ka)a, + (K1 + Ka)u,)) /((p° + 1)(K1 — K3)),
Cy = (K1 — Ka)a, — (Ky + Ka)u, — 2K, FKopuy) /((p* + 1) (K, — Ka)),

Cy = —un + (K1 — Ky)a, — (K1 + Ko)u, — 2K Kopuy,) /((p° + 1) (K — K)),

and satisfies Turkel’s necessary condition (6.28) as well:

e}

o(1) O1/M) O1/M) O(1/M)
o(/M) o1y o1 o)
P PAl= |o(1/M) ©@1) O@1) o1 0 |- (6.31)
o(/M) ©0@1) 01 01 o0

0 0 0 0Q)

o

0

This flux-preconditioning matrix was designed to meet the more stringent condition
(6.31) that P, '|P,A,| has the same Mach number scalings as A,. It is argued [223,
224, 225] that meeting this condition, which implies Turkel’s (6.28), improves the
accuracy of the scheme in the low Mach limit, in particular in the acoustic limit. It

was recently shown by Bruel et al. [240] that while flux-preconditioning with the
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Turkel matrix improves the accuracy in the incompressible limit, it also leads to a
numerical scheme which handles acoustic waves poorly. Acoustic waves are damped
significantly faster than without any flux-preconditioning.

Many other preconditioning matrices have been proposed in the literature [227,
230, 231] with the acceleration of steady state calculations as the primary focus. We

do not cover them in this work.

6.3 Flux-preconditioning and Entropy-stability

We now return to the numerical framework of this thesis. At first-order, the only
difference between conventional finite-volume schemes and entropy-stable schemes is

the choice of interface flux f*, whose general form is:
* EC 1
f (uL,uR,n) =f (uL,uR,n) — §D<VR—VL)7 (632)

where fFC denotes an entropy-conservative flux and D is a positive definite matrix.
The dissipation matrix used in practice is D = R|A|RT where the eigenvectors R of

the flux jacobian A are scaled so that RRT = H.

6.3.1 Preliminaries

Since we are working with non-dimensional equations, we need to redefine the

fundamental components of an entropy-stable scheme. The entropy equation writes:

U OF,  OF,  OF,

ot Ox dy 0z

U=—ps/(vy=1), Fo=—pus/(y—1), Fy=—pvs/(y—1), F. = —pws/(y—1).
(6.33)

=0,
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While the expression of the entropy function U = —ps/(v — 1) does not differ from
the usual, the entropy variables do because the vector of conserved variables u now

contains a M, factor in the total energy component. We have:

ou\" '
V:(%) :|:’7$—]\42'%f MZ% M2'%U M2% —§:| . (634)

The mapping from v to u is given by:

T
u:p{l “REE Twi e _w—llm+ﬁ((5—§)2+(5—2)2+(fﬁ)2)} :

0 In(—ws) 1
p:eXp(Ul—ry_l— 7_1 _2M3U5(U§+U§+Uz) .

Let F' = n,F, + nyF, +n.F.. The potential function F in space writes:

[2=s _ pp2e] Pl
v-1 Tp
M2e putty, + 1y (p/M?)
rp
F=vlif—F= MQ% | pou, +ny,(p/M?) | + punsl = pu,
T ,y _
M2ew pwu, +n.(p/M?)
rp
P 2
i —]—fj | -Un (('Yl) + MT pk)-
Last, the temporal Jacobian writes:
ou
H P ip—
ov
p pu pv pw pe’
2., p t
pu” + e puv puw (pe + p)u
pv? + MLE pUW (pe' + p)v
pw? + MLTQ (pe' + p)w
| sym p(e")? +p(atn, + MP (U + 0% +w?)) |

144



6.3.2 Entropy-Conservative fluxes

In conventional finite-volume methods, only the dissipation part of the flux is
modified because the central flux does not introduce terms that introduce inappro-
priate Mach number scalings. What about an entropy-conservative flux? The first

entropy-conservative flux of Tadmor is given by the straight path integral:

£5C — / F(v(€)) dt,

therefore it has the same scaling as f. The entropy-conservative flux of Chandrasekhar

[63] has also the correct scaling as it writes, in non-dimensional variables, fEC =

fi f2 fs fa fs] with:

fl = plnum
f2: ! i—i_ufh
p/p

1
fs= ”yM2W+Ufl’
fi=n L W—wal,

1 _ _ _ —

i (W—Mf’f)fl*Mf“f2+M3”f3+M3wf4'

We found the same scaling with the non-dimensional form of Roe’s EC flux [52, 53].

Looking at the entropy conservation condition in non-dimensional form:

vI"ERC = [F]
e R R o R A R

it is not clear whether an entropy-conservative flux would always have the same Mach

number scaling as f. Perhaps one could argue that those constructed in the same way
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as Roe’s and Chandrasekhar’s will always meet this condition.

6.3.3 Entropy-Stable Upwind Dissipation

As explained in chapter 2, the classic upwind dissipation term R|A|R™![u] and
its entropy-stable variant R|A|RT[v] are not different in essence. For infinitesimal

variations, one has:
RIA|R'du = |A|du = |A|(Hdv) = (R|A|R™')(RR"dv) = R|A|R"dv

From this relation, it is fair to assume that |A|[u] (conventional Roe-type dissipation)
and |A|H|v] (conventional ES dissipation) have the same scaling hence the same
accuracy issues in the low Mach limit. Additionally, from the understanding that
the dissipation matrix in (6.32) also writes D = |A|H, it is fair to define the pre-
conditioned matrix as Dp = P~!'|PA|H. The modified entropy-stable flux therefore
writes:

1
f*(ug,up,n) = f¥°uz, uz,n) — §P_1|PA|H<VR — V). (6.35)

The main question that arises from here is whether this correction is compatible
with the requirement of entropy stability. In other words, can one find P invertible
such that Dp = P7'|PA|H is positive definite and P~'|PA| has the same Mach
number scalings as A7

We first seek conditions on P for Dp to be positive definite. If P = I, positive
definiteness follows from the eigenscaling theorem because H is symmetric positive
definite and symmetrizes A from the right. Writing H = RR” as before is not helpful
unless the eigenvectors of |PA| are related to the eigenvalues of |A| in a convenient
way. If H symmetrizes PA from the right, then |PA|H is symmetric positive definite
but it is not clear if this matrix would remain positive definite upon multiplication

on the left by P~!. In addition, the condition that H symmetrizes PA might be too
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stringent to work with. Since H symmetrizes A, HPT symmetrizes PA and we can

rewrite Dp as:

Dp = P \PA|H = P Y|\ PAIHPT P~ = PY(|PAIHPT)(P 1) (6.36)

Equation (6.36) shows by congruence that Dp is positive definite if and only if
|PA|H P is positive definite. For the eigenscaling theorem to apply, we need HPT
to be symmetric positive definite. Given that P and H are full matrices, this also
appears as a complicated a condition to work with.

In section 6.2, we recalled that preconditioners are typically developed for a
mapped system first. Let A, = Q 'AQ and P, be the associated preconditioner,
then P~ PA| = QP,'|P,A,|Q~!. From there, we note that since H symmetrizes A
from the right, then H, = Q 'HQ~T symmetrizes A, from the right as well. We can

then further decompose Dp as:

Dp = P7YPA|H = QP '|P,A,|H,Q" = (QP, Y|P, A H,PL(QP, )T (6.37)

Equation (6.37) shows, again by congruence, that Dp is positive definite if and only if
|P,A,|H, P} is positive definite. Since H,P) symmetrizes P, A, from the right, then
the eigenscaling theorem applies if H,Pl is symmetric positive definite. With the
differential entropy variables dz = (dp/(paM,), du, dv, dw, dp—a*dp), the Jacobian

A, given by equation (6.26) is symmetric and from its structure, we can assume that

P, will have the general form:
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Interestingly, the matrix:

100 0 0
0100 0
a/M,)?
H, = u 0010 0 ;
yr
0 0 01 0
0000 (aM,)*(y — 1)_

happens to commute with P,, A, and with |P,A,|, in addition to being symmetric

positive definite. This allows us to ultimately rewrite Dp as:
Dp = (QF, )| P AR H, P, (QP; 1) = (QH, PP PALIP, (QHPPHT, (6.38)

and demonstrate that a sufficient condition for Dp to be positive definite is that P,
(equivalently Psys5) is symmetric positive definite. The Turkel preconditioner (6.29)
qualifies. The Miczek preconditioner does not meet this condition.

We now have to integrate in this discussion the requirement that P, !|P,A,| has
the same Mach number scaling as A,. Surprisingly, we have not managed to find a
symmetric positive definite matrix P, which satisfies the scaling requirements. To
simplify the analysis, let’s consider the scenario where the flow and the interface
normal are aligned with the x-direction. This brings us back to the 2-by-2 system
(6.24). Can we find p(M,), p1(M,) and pe(M,) such that:

o1 O(1/M,
Pl PA,| = @ (1/A%;) and P, = brr positive definite?

O(1/M;)  O(1) p P2
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We have P,A, = RpApR; I with:

Ay = diag([0.5(u, + ay), 0.5(uy — a,)]), w, = (pr + po)u + 2ap/M,.,

a, = \/ug + ddet(P)(a2/M2 — u?),
™o T2

R, = ,
1 1

r1 = (Mya, — apa(p1 — p2)/p)/(2aps + 2M,pu) + (p1 — p2)/(2p),

re = (—M,a, — apa(p1 — pa2)/p)/(2apz + 2M,pu) + (pr — p2)/(2p).

det(P) = pip2 — p* > 0 and trace(P) = p; + p > 0 impose p; and ps to be positive.

det(P) > 0 and a?/M? — u* > 0 in the subsonic regime, therefore u, < a, =

lup, — a,| = —(u, — a,) and we have:
Pz_1|PzAz| _ ajp a2
a2  G22
Ly 2 2 1 2
a;; = a—(u (pr = p2) + 207 /M + 2apu /My, a1z = —2pu” + a(p: + po)u/M,),

P P

1
a1 = 12, A9y = a_( —u?(p1 — p2) + 2a’p /M}? + QGPU/MT)-

P

Looking at the expression of a,, we see that in the limit M, — 0, a, can scale either

as p/Mm \/plpz/Mm P1 O Pa.

- If a, = p/M,: a1y = u*(p1 — p2) M, /p + 2a*p2/(pM,.) + 2au = O(1) requires
pe2/p to scale as M, at most. Likewise, p;/p must scale as M, at most for ag
to be O(1). But then ayy ~ 2M,u? + a(py/p + pa/p)u = O(M,) does not scale
as 1/M,.

- If a, =~ p;: the second term in agy scales as 1/M?2.

- If a, = py: the second term in a;; scales as 1/M?.
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- If ay, = /pip2/M,: Denote X = \/pi/ps. Then a;; = v*(X — 1/X)M, +
2a? /(X M,) + 2apu/(\/p1pz) = O(1) imposes that X scales as 1/M,. But then

the second term in agy scales at 1/M? instead of 1.

In each case, it seems that the Mach number scaling requirements cannot be met.
It is important to recall that we posed P, symmetric positive definite as a sufficient
condition only. Miczek’s flux-preconditioner can be found by seeking P, in the form:

I p
P, =

P, is not symmetric but it is positive definite for any p since its symmetric part is

the identity matrix. We have P,A, = R,A, R " with:

A, = diag(u+ ay, u— a,)), a, = \/u + det(P)(@@/MZ — u2) > uy,

o | My a) /(0= Mpu) (M, -+ ap)(a — Mop)
1 1

In the subsonic regime, this gives:

1 a’/M? pu? + a(M,u — ap)/M?
poipa 1 / (M~ ap)/
P

—pu? + a( My — ap) /M2 a2/ M?

For the first term to be O(1) we need a, = O(1/M?) which imposes p = O(1/M,).
The scaling of A, is completely recovered. Miczek takes p = 1 — 1/M, so that
in the limit M, — 1, P, — [I. Furthermore, this matrix does conserve entropy
stability. For the 2 x 2 system, the symmetric part of |P,A,| P! has a determinant
a*(a® — MZ2a*)det(P)*/(M'a?) and a trace 2a*det(P)/(M}a,) that are both positive.

For the general system, this can be proved by constructing a scaled form for Dp.
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6.4 Numerical experiments

In this section, we examine four different first-order entropy-stable schemes in
two simple flow configurations which are representative of the incompressible and
acoustic limits. In section 6.4.1, we consider the Gresho vortex (incompressible limit).
In section 6.4.2, we consider a right-moving sound wave (acoustic limit). Periodic
boundary conditions are used in both problems.

In space, we use the classic ES Roe flux, the ES Turkel flux, the ES Miczek flux,
with the EC flux of Chandrasekhar as the base (we observed the same results with
the EC flux of Roe). We also consider the EC flux of Chandrasekhar alone. These
four fluxes are used in conjunction with Backward Euler in time with a CFL of 1.

The calculations are made using a code which solves the dimensional form of the
compressible Euler equations. This does not impact the interpretation of the results

as most of the metrics used are non-dimensional.

6.4.1 Gresho vortex

The Gresho vortex [221, 222, 224] is an exact steady-state solution of the incom-
pressible Euler equations in two dimensions. Let R be the radius of the vortex and r

be the radial coordinate. Density is constant p = p,. The velocity field is given by:

r/R, 0<r<R
U=ugey, Us=1uq 2—7r/R, R<r<2R (6.39)
0, 2R <r

ug denotes the tangential velocity, r = /22 4+ y?, ey = —sin(P)u, + cos(P)u, =

—y/ruy + x/ru,. The period of the vortex and reference time scale is defined as
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t, = 2nR/uy(R) = 2nR/u,. The pressure p must provide the centripetal force:

TGS
ﬁ:@+/pr%)ﬁ
0 r

(r/R)?/2, 0<r<R

=prtpul (r/R)?/2+4(1 - (r/R) +In(r/R)), R<r <2R
—2+41In2, 2R<r

Py is a strictly positive constant. The reference Mach number M, for this setup is

defined as the one at r = R:

VAo /pr +u2/2)

M, =

This equation can be rewritten as:

1 1
= poi? - 6.40

and shows how the free constants (p,, u,, p,) relate to the reference Mach number
M,. Following Miczek et al. [224], we fix the grid size (150 x 150 cells) and run the
schemes at different reference Mach numbers M, € {3 x 107!, 3 x 1072, 3 x 1073}
until the vortex completes one revolution, that is until ¢ = 1. We take R = 0.2,
pr = 1.0 and u, = 2rRM, = t, = 1/M,. The domain is (x,y) € [0 1]2. The
pressure is determined by equation (6.40). Figure 6.1 shows the initial conditions for
M, =3 x 1073,

The central flux alone is not a viable option in the low Mach regime because it
is not stable, even when combined with Backward Euler in time [223, 224]. An illus-
tration is provided in figure 6.2-(b), which shows losses in total entropy, and in figure
6.2-(a), which shows that the central flux leads to total kinetic energy production.

With the EC flux, the total entropy increases and the total kinetic energy fluctuates
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Figure 6.1: Gresho Vortex: Initial solution for M, = 3 x 1073,
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but does not become bigger than what it was initially.

Figure 6.3 shows snapshots of the solution with each scheme at different Mach
numbers. Figures 6.3-(j), 6.3-(k) and 6.3-(1) provide a clear illustration of the accu-
racy degradation issues in the low Mach regime. The other three schemes do not show
a visible dependency on the reference Mach number. The best results are obtained
with the EC flux, which is hardly surprising considering that the flow configuration
is smooth. The difference between the ES Turkel and ES Miczek fluxes is not clearly
visible from these plots.

Figure 6.4 shows the normalized kinetic energy evolution for all four schemes
at different Mach numbers. For the ES Roe flux, we see that the rate at which the
kinetic energy decays increases with the Mach number. We can also see that the
normalized kinetic energy for M, = 3 x 1072 becomes bigger than for M, = 3 x 1073.
This was slightly visible in the previous figure already. Given that the Gresho vortex
is a stationary solution, it is not surprising that numerical solution would eventually
reach a steady state. For the ES Miczek and ES Turkel fluxes, the kinetic energy
decay appears to be independent of the Mach number. In each case, we see that the
M, = 3 x 107! curve is not matching exactly with the M, = {3 x 1072, 3 x 1073}
ones. This figure suggests that the ES Miczek flux performs better than the ES Turkel
flux. This is also supported by figures 6.5(a)-(c) which shows that the ES Turkel flux
produces more entropy than the ES Miczek flux.

Figure 6.6 shows the pressure distribution along the centerline y = 0.5, after one
revolution at M, = 3 x 1073, The solution with the ES Miczek flux is clearly not in
phase with the exact solution. The same anomaly is observed at different Mach num-
bers. Figures 6.7(a)-(b) suggest that this anomaly is the consequence of a spurious
transient in the early stages of the vortex rotation. We found that the duration of

this transient decreases with the Mach number.
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Figure 6.2: Kinetic energy and entropy evolution with the central and EC fluxes in
space and Backward Euler in time for half a rotation of the Gresho vortex

at M, = 3 x 1071, ko and (ps)y are the kinetic energy and entropy at
t=0.
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Figure 6.3: Gresho Vortex: M /M, profiles at t = 1. Same legend as figure 6.1-(a).
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Figure 6.4: Gresho vortex: Total kinetic energy k/kq evolution over time for different
ES fluxes at different Mach numbers.
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Figure 6.5: Gresho Vortex: Total entropy (ps) — (ps)o evolution for different fluxes
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Figure 6.6: Gresho vortex: Centerline pressure profile p(z,0.5) after one rotation at
M, =3 x 1073,
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Figure 6.7: Gresho Vortex: Centerline pressure profiles at early instants highlighting
the spurious transient observed with the ES Miczek flux. M, = 3 x 1073,
Same legend as figure 6.6.
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6.4.2 Acoustic wave

One way to set up a right-moving acoustic wave is to consider, as in Bruel et al.
[240], a free stream (poo, Uoo) and add density and velocity fluctuations such that the
Riemann invariants associated with the left moving acoustic wave and the entropy

wave are unchanged. In a domain Q = [—0.5, 0.5], we perturb the density as follows:

p(2,0) = poo (1 + M, (),

where 1(z) = exp(—az?) defines a gaussian pulse centered at the center of the do-
main. We set a = In(10%)/0.15% so that ¢(z) < 1073 for |z| < 0.15. For isentropic
flow we take p = (p)Y = a = ﬁ(ﬁ)%l The corresponding velocity perturbation

must satisfy

2(a(z,0) — a)
v—1

2(a(z,0) — ac) .

(@(z,0) — us) — po—

=0 = 4(z,0) = ux +

a(z,0) and p(x,0) are imposed by the density. If the reference Mach number M, is

small enough, we can write:

(2,0) = U + % ((1 + M) T - 1) = Uso + Ao My + O(M2).  (6.41)

We set us = 0 and a,, = 1, so that the speed of propagation of the acoustic wave is

one. We take the reference time scale t, = 1, that is the time it takes for the acoustic

wave to do one period. We have p, = po, and u, = M,.. Changing the reference Mach
number changes the amplitude of the velocity, density and pressure perturbations.

We tested the four schemes on a grid of 500 cells for M, € {1072, 1073, 10~*}.

Figure 6.8 shows the initial pressure profile for the M, = 1072 case. Figures 6.9(a)-

(c) show the numerical solution at t = 1 for different Mach numbers. The reference
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Figure 6.8: Sound wave: Initial pressure distribution for M, = 1072

solution® is obtained using a 4-th order TecNO scheme on a grid of 1000 cells with a
4-th order Runge-Kutta time integration and a CFL of 0.5. We see that the ES Roe
flux, ES Miczek flux and EC flux lead to a self-similar numerical solution. We can see
that the acoustic wave is almost completely gone with the ES Turkel flux. This is in
agreement with the analysis and results of Bruel et al. [240] for the barotropic Euler
equations. The ES Miczek flux does not have this problem. Furthermore, it seems to
perform just as well as the EC flux. This is also supported by figures (6.10)(a)-(c)
where the total entropy evolution in time is shown.

Figure 6.11 shows the temporal evolution of a normalized sound wave amplitude
which we define as:

max, p(z,t)

A(t) = (6.42)

max, p(z,0)

3An exact solution can be calculated using the method of characteristics, which requires a non-
linear solver [240]. The solution for this problem is simple enough for a fine numerical solution to
be trusted.
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Figure 6.9: Sound wave: Pressure profiles at ¢ = 1 for different Mach numbers.
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Figure 6.10: Sound wave: Total entropy (ps) — (ps)o over time for different Mach
numbers.
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We can see that the rate at which the ES Turkel flux damps the sound wave increases
as the Mach number decreases, while all other fluxes show a self-similar behavior.
For the ES Miczek flux, we notice slight perturbations in A which seem to occur
around ¢ = {0, 0.5, 1.0}. Figures 6.12 and 6.13 suggest that these perturbations
are caused by a spurious left-moving acoustic wave created at t = 0. It will meet

the right-moving acoustic wave when it reaches the periodic boundary (¢ ~ 0.5) and

when it reaches the center of the domain (¢t ~ 1).

EC M, =0.01

EC M, =0.001

EC M, = 0.0001

ES Roe M, =0.01

x  ES Roe M, =0.001

o ES Roe M, =0.0001
ES Turkel M, = 0.01

x  ES Turkel M, = 0.001
o  ES Turkel M, =0.0001
ES Miczek M, = 0.01
x  ES Miczek M, = 0.001
] ES Miczek M, = 0.0001

Figure 6.11: Sound wave: Normalized amplitude evolution for all fluxes at different
Mach numbers.

6.4.3 Summary

So far we have demonstrated, analytically and numerically, that flux-preconditioning

is compatible with entropy-stability to an extent. Numerical tests show that:

165



-3
4510

35

15¢

051

-0.5 : !
-0.5 0 0.5

-4
18 10

16

(b) t = 0.1 (zoom)

Figure 6.12: Sound wave: Pressure profiles showing a spurious wave propagating to
the left is created by the Miczek flux. M, = 1072, Same legend as figure
6.9(a).
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Figure 6.13: Sound wave: Pressure profiles showing that the spurious wave reported
in figure 6.12 is an acoustic wave propagating at a speed of one. Same
legend as figure 6.9(a).
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S.1 The ES Roe flux suffers from the same accuracy issues in the incompressible low
Mach limit as those previously reported with the classic Roe flux [223, 224, 225].
This does not come as a surprise considering that the dissipation operators are

not fundamentally different. Recall that for infinitesimal variations, we have:

R|A|R'du = R|A|R"dv.

These issues are not observed with the sound wave. The temporal variation of

the wave amplitude (6.42) is independent of the Mach number.

S.2 The ES Turkel flux has a more consistent behavior in the incompressible limit,
but at the price of damping acoustic waves harder as the Mach number de-

creases.

S.3 The ES Miczek flux performs well in both limits if we ignore the spurious tran-
sient in the Gresho vortex and the spurious left-moving acoustic wave, none of

which were reported in [223, 224, 225].

S.4 The EC flux performs the best in both cases. This confirms that for ES schemes,
it is the dissipation component that causes the accuracy issues. We note that
there is more dissipation in the acoustic case. This is due to the entropy pro-

duced by the Backward Euler time scheme.

We could have concluded the effort here with the stance that in the low Mach limit,
an entropy-stable scheme should simply revert to an entropy-conservative one. There

are two reasons for not doing so:

1. In both problems, there clearly appears to be a correlation between the amount
of entropy produced by the scheme and its ability to preserve kinetic energy
of the Gresho vortex or the amplitude of the sound wave. Given the frame-

work that we work with, we should be able to explain (S.1), (S.2) and (S.3)

168



analytically.

2. The errors observed with the ES Miczek flux are intriguing. For the sound wave
in particular, the spurious left-moving acoustic wave is reminiscent of what we
observed with material interfaces in multicomponent flows. These errors are
also similar to the overheating, which can be described as an anomalous entropy

wave standing at the center (A = u = 0).

6.5 The accuracy degradation from an entropy production

perspective

Given that the schemes we are interested in are designed to let us control entropy
to an extent, we begin by reinterpreting the theoretical results of section 6.1 on the
low Mach limit in terms of entropy. In the incompressible limit, Guillard & Viozat
[226] showed that pressure fluctuations in space are of order M?. Assuming constant

density p = pg, we can write:

ps = po(ln(p) - vln(po))
= p0<1n (p() + MTQPQ + O(ME)) - '7ln(p0))
= po<ln(po) = 7In(po) +In (14 M7 (pa/po) + O<M§))>
= o () = 7 tn(n) + M2/ m) + OO )

= poso + M} po(p2/po) + O(M?).

Therefore, we state:

E.1 In the incompressible limit, entropy ps fluctuations in space should be of order
M?2.

Similarly [228]:
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E.2 In the acoustic limit, entropy ps fluctuations in space should be of order M,..

In the incompressible limit, there is the additional requirement that kinetic energy
should be conserved. To precisely and rigorously relate discrete changes in kinetic en-
ergy to discrete changes in entropy is not straightforward. Figures 6.2(a)-(b) suggest
that if there’s any, it is not a straightforward one. Let’s assume periodic bound-
ary conditions so that discrete conservation of total energy implies that it remains

constant globally. We can write:

A(pe + M?pk) =0

1 B 1 - 1 ps —ypIn(p)
 B00H) = 5000) = (0 =~y (e (2))

where A refers to the global change, that is the sum ). A; of local changes in each

cell 7. Assuming constant density, this relation simplifies to:

—1

AR = oG — DR

A(exp(ps)). (6.43)

Equation (6.43) relates the global change in kinetic energy pk to the global change in
the exponential of the entropy, which entropy-stable schemes do not explicitly control.
It is certainly tempting to say that since the exponential function is monotonically
increasing, A(ps) > 0 => A(exp(ps)) > 0. This statement is true locally, but
entropy-stable schemes are not explicitly designed to achieve A;(ps) > 0, because
there are also fluxes (see equation (6.44)). We therefore refrain from making any
hasty interpretation of (6.43). If anything, the minus sign in (6.43) supports the

general intuition that production of entropy implies losses in kinetic energy.
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6.5.1 Breaking down the entropy production of upwind ES fluxes

A remarkable feature of entropy-stable schemes is the relation that holds at the

semi-discrete level for entropy in each cell:

dU(w) 1 / | /
W) L pas— g £ =— [ &ds. 6.44
dt * Vi Jsa Vi Jsq, (6.44)

where the entropy flux F*(u;, u;,n) and the entropy production £(u;,u;, n) write:

1 1
F(ui,uj,m) = S(vi + v;) " (wi, uy,n) — 5 i+ Fj), (6.45)

1
E(ui, u;, n) = Z<Vj — VZ')TD(V]‘ — Vi) > 0. (646)

Summing over all cells and assuming periodic boundary conditions lead to the semi-

discrete global entropy stability statement:

%(; U(ui)> = - Z £ <0 (6.47)

The cell valued field &; tells us how much entropy is produced in space in response
to the jumps in entropy variables across interfaces. It can also give us an idea of the
magnitude of the entropy fluctuations the scheme creates. To this end, we proceed to
derive a more detailed expression for £. In compact notation, and ignoring the 1/4

factor, we have:

& = [v]' D[v] = [v]" RIA|R"[v].

Let R = [1'1 I'N], |A| = dzag(|)‘l|v |>‘N|) and I’l’T = [:ula SRR NN] = [V]TR'
Then:

N
E=p"Ap =" [Nl

i=1
and we can see how the total entropy production is the sum of the positive contri-

butions from each mode r;. This decomposition is inspired by how Roe & Pike [241]
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rewrote the Roe flux:

RIAIR'[u] =Y |Aifaur;, oo = R7'[u]. (6.48)

It is also inspired by the family of closed-form entropy-conservative fluxes Tadmor pro-

posed in [51] (section 6). In that work, Tadmor sought to derive entropy-conservative

and entropy-stable schemes for which qualitative statements about the treatment of
waves could be made. In a way, we are following up on his efforts.

The vector a in equation (6.48) is typically referred to as a vector of wave

strengths. We can interpret p = RT[v] in our decomposition as a vector of wave

strengths as well, because for infinitesimal disturbances we have:
du= Hdv = RR"dv = R 'du= R'dv.
For the non-dimensional compressible Euler equations, we have:
E = |un|(pf + 3 + p13) + |un + (/M) |3 + |un — (a/M,)| 5. (6.49)

It breaks down into entropy production due to convective modes (first three terms)
and entropy production due to acoustic modes (remaining two terms). We expect the
latter to be the key in understanding the low Mach problems.

At this point, we remind the reader that all the derivations of this work are made
with the non-dimensional variables. The entropy production field £ that the code

solving the dimensional system computes is related to £ by the simple relation:

A

E = (prur) x E. (6.50)
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Given that in both test problems the reference Mach number M, is adjusted by

changing the the reference velocity u, only, we simply use:
E=M, xE. (6.51)
We also define the global quantity:

(&)=Y V&, (6.52)

which we will subsequently use to visualize the influence of each entropy production
field in (6.49) on the total entropy production in space.
Convective modes

The scaled eigenvectors associated with A = u,, are given by ry = K (n,Koro +

(a/M,)rex), ro = K (ny,Kore + (a/M,)rsy) and rs = K,(n,Koro + (a/M,)rs,) where:

_ 1 3 ) . ) i O )
u 0 —n,
g = ) y Fex = n, y Fey = 0 )
w Ny Ny
|2+ 0 4 w?) M2 (20— nyw)| M2 (nw — )
_ . -
Ty
Tsy = —n, K= (p/)'?, Ko = (y— 1"
0
| M7 (nyu — nav)
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ro is an entropy wave. Let uo = ro’[v] be the corresponding wave strength. It is

then given by:

_ M2
Lo = sl _ M? [Bk] + Mfulﬂ} + M?v {ﬂ] + M?w {@} — L (u? +v* +w?) [
p p p p 2

Arithmetic averages are typically used for the velocities. This gives:

o = V_—E + M? [g] (%(EQ +7° + 77 —E) - 7{5]1 - Af Lﬂ ([u]2 + o) + [w]2>.
(6.53)

T'sx, I'sy and s, are shear waves (they satisfy n,rex + nyrsy + n.rs; = 0). The cor-

responding wave strengths pig, = Tex’ [V], fsy = sy’ [V] and g, = rs,” [v] are given

by:

flsw = ME@M], [hey = Mf@[lfy], [hoz = ME@[VJ,

Ve =n0 —nyw, V, = nyw —nu, V, = n,u — ngv,
and the entropy produced by the convective modes is given by:

Eun = |unl (163 + 13 + 113)

_ |un|K3( (Koo + (/M )iss)? + (nyKopio + (/M ))? +
(nzKOHJO + (a“/MT)/J’SZ)Q )
_ |un|f<3( K22 + (/M2 + 12, + ) )

(v—-1 pa’
=|un|( . pre + 7M2(u§x+u§y+u§z) :

r
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That is:

a

Eu, = Iun|< WT_lfwﬁ + apM (Vo] + V" + [Vz]2)>, a= ;@2, (6.54)

which we rewrite as the sum of a contribution due to entropy waves &,, s (first term)

and a contribution due to shear waves &,, , (remaining three terms).
gun - gun,s + gun,T-

Acoustic modes

The scaled acoustic eigenvectors ry 5 = r,, +, are given by :

1
u £ ng(a/M,) s
Ty,ta = K v+ ny(a/M,) , K, = (%) )
w+n,(a/M,)
b+ M2k £ u,aM, |

The acoustic wave strengths ,, 1+, are given by:

f v = Ko (Mo —h Lﬂ + MM@[%]).

The entropy production field due to acoustic modes therefore writes:

Euia = |tn £ (a/M,)| K2 (MO A [g} + Mra@[unDQ.
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Summary

Overall, the discrete entropy production field & = [v]T D[v] can be decomposed
as:

E=Cus+Eur+EutatEun—a (6.55)

For cartesian grids, which we work with, the normal vectors are along the unitary

directions and the entropy production due to shear can be broken down into 6 terms:
- Along x, shear in'y (&, ., = |un|p3) and shear in z (€, .. = |un|p3).

- Along y, shear in z (€

Un,Tyz

= |un|p?) and shear in x (€, -, = |un|13).
- Along z, shear in y (&u,,.7., = |ua|p}) and shear in x (Eu,,.7., = |un|p3).

This gives:

£ = (Su + (Eunirey T e + Eunirye + Eunrye + Evran + Sun,sz)> + Eunta + Eun—a-
(6.56)
Each one of these entropy production fields can be visualized. Figures 6.14 and
6.15 show them for the Gresho vortex at ¢t = 0. This is, to the best of our knowledge,
the first time that such a concrete view on how an entropy-stable scheme produces
entropy locally is given. We will not delve into the details of why each field is the way
is it (the analytical formulas we just derived would be used for that purpose). What is
striking is that the acoustic entropy production fields are 2 to 5 orders of magnitudes
bigger than the convective ones. Figures 6.16(a)-(c) show that the acoustic entropy
production fields make for most of the entropy produced by the ES Roe flux.
Similarly, figures 6.17(a)-(c) show the entropy production fields at ¢ = 0 for the
acoustic wave. The entropy production field associated with entropy waves (there is
no shear in this one-dimensional setup) and the entropy production field associated

with left-moving acoustic waves are negligible compared to the entropy production
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field associated with right-moving acoustic waves. This makes sense, and over time,

this power difference is sustained as shown in figures 6.18(a)-(c).
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Figure 6.14: Gresho vortex: Entropy production fields associated with the convective
modes at t = 0 and M, = 3 x 10~2. These are common to all ES fluxes.

6.5.1.1 Preconditioned operators

A similar decomposition can be obtained with the preconditioned dissipation
operators Dp[v] of Turkel and Miczek, but it requires that they be written in a

scaled form R|A|RT. We were not far from one such form in section 6.3. Indeed, from
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Figure 6.15: Gresho vortex: Acoustic Entropy production fields at ¢ = 0 of the ES
Roe flux at M, =3 x 1072.

equation (6.38), which we rewrite here:
Dp = P~ PA|[v] = (QH,”* P, )| P A, |P, (QH, P, )",

it is clear that finding a scaled form for Dp is equivalent to finding one for the congru-
ent matrix |P,A,|PI. A simple trick to proceed, picked up from Diosady & Murman
[68] (section IV), consists in ”forcing the eigenscaling theorem” by introducing a ma-

trix 7, defined by P = R,T,R]. This gives |P,A,| P} = Ry|A,|T, R} and ultimately:
Dp = Rp<|Ap|Tp)RZ’ Ry = QHZI/QPz_lRp- (6.57)

From here, one hopes that T}, is diagonal positive.
For Turkel’s flux-preconditioner, that is the case because the eigenscaling theorem

applies. T, is given by:

T, = diag([1, 1, 1, K2 +p* K?+7p?%).
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Figure 6.16: Gresho Vortex: Integral of each entropy production field with time at
different Mach numbers for the ES Roe flux.
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Figure 6.17: Gresho vortex: Entropy production fields at different Mach numbers at
t =0 and M, = 1072 for the ES Roe flux.
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Figure 6.18: Sound wave: Integral of each entropy production field with time at dif-
ferent Mach numbers for the ES Roe flux.
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The corresponding entropy production fields will differ from (6.55)-(6.56) in the acous-
tic part. We have:

& = VI"Ry(MT)REV] = Eup s + Eunr + Eunpray + €

Unp—ap )

(6.58)

Eunptay = :uuanrap (K5 +p )lunp + apls Eunp—ay, = Ninpfa,,(KlQ +p2)|unp — apl,

_ T
where fy,,+a, = Ty, 1q,[V] and

1
u +ng(a/M,)(p?/ K1)
P K,
Cupptap, = \/;m v+ny,(a/M,)(P*/K1) | 5
w +n.(a/M,)(p?/ K1)
W+ unaM,(p* /K1) |
1
u+ ng(a/M,)(p?/ Ka)
P Ko
Cupp—ay = \/;m v+ ny(a/M,)(p*/K2) |
w+n.(a/M,)(p*/K>)
(p

| B+ unaM(p? ) Ky) |

Unp = 0.5u,(p* + 1), a, = (ul, + p*(a®/M? — u2))"/?,

K1 = (upp — up + a,) M, Ja, Ky = (tupp — u, — ap) M, /a.

The modified acoustic wave strengths write:

K pl aM.p*(p
” a :I‘T V:\/E—1< —h|:—:|+ . — | Un] |,
Hounp+ap unp+ap[ ] ’7P2<K1 - KQ) o p K1 p [ ]
K pl  aM.p? (p
v = o=\ e (o= ]+ 5 (7))
Hunp—ap Unp ap[] f)/pQ(Kl—KQ) Ho p K, p [ ]
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Figures 6.19(a)-(b) show the modified acoustic entropy production fields for the
Gresho vortex at ¢ = 0. The two fields are of the same magnitude and they ap-
pear to be in some sort of symmetry. Figures 6.20(a)-(c) show that the total acoustic
entropy production fields are of the same order as those associated with the shear
waves over time.

For the sound wave, the initial entropy production fields showed in figures 6.21(a)-
(b) illustrate why we refrain from describing the entropy production decomposition
in terms of "waves”. The preconditioning leads to modified acoustic eigenvectors
which can no longer be tied to right-moving and left-moving moving waves. The flow
consists of a right-moving acoustic wave, yet we see that both entropy production
fields &,,,+q, are active. Figures 6.22(a)-(c) show the overwhelming domination of

both the acoustic entropy production fields.

6.2e-06 6.2e-06
566 566
F V ~ des Q L et
_3eb _3eb
B L 206 & J 206
leb leb
0.0e+00 0.0e+00
(a) Eunptay (b) Eurp—a,

Figure 6.19: Gresho Vortex: Entropy production fields at ¢ = 0 for the ES Turkel
flux M, =3 x 1072

For Miczek’s flux-preconditioner, the eigenscaling theorem does not apply, but we
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Figure 6.20: Gresho Vortex: Integral of each entropy production field with time at
different Mach numbers for the ES Turkel flux.

184



x10™ «10%

7 7

6 r 6

5 5r

4+ 4

3 3

2r 2

1 1

0 0

-0.5 0 05 .05 0 0.5

(a) gunp“’ap (b) é“np_ap

Figure 6.21: Sound wave: Entropy production fields at ¢ = 0 for the ES Turkel flux
M, =102,

know that T, is positive definite by congruence. It is given by:

100 0 0
010 0 0

T,= 10 0 1 0 0
000 K241 (Ky— K1)p— K1Ky — 1
0 0 0 (K — Ka)p— KKy — 1 K2 +1 |

Upon closer examination, Dp can be further reduced by observing that in the subsonic

regime, the last 2-by-2 bloc of |A,|T,, can be rewritten as:

luy, + a,| (K3 + 1) 0 N 0 —4,
0 |un — ap| (KT +1) o 0

0p = 2p(p” + 1)(a” — Muz) /(M (a — Mypun)).
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Figure 6.22: Sound wave: Integral of each entropy production field with time at dif-
ferent Mach numbers for the ES Turkel flux.
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We therefore have Dp = R, (|A,|T, + A,)RT with:

0000 0
0000 0
T,=diag([1, 1, 1, K3 +1, K;+1]), A,=10 0 0 0 0
000 0 -5
0004 O]

Since Tp is diagonal positive and A, is skew-symmetric, it follows that Dp is positive
definite for the Miczek flux-preconditioner as well. The entropy production breakdown
is more subtle than for Turkel’s because of the skew symmetric matrix A,. The

acoustic part Dp[v] of the dissipation operator R, (A, T, + A,)RI[v] writes:

|un + ap|(1 + K22) _517 lu"n"‘ap

DA[v] = [run e, run_%} (6.59)

Op [t = ap|(1+ K3) | | fup—a,
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where:

(K1 —p)
u(Ky —p) + (a/M,)ny(Kip + 1)

P 1
ften = \6@2 K~ K) |t le/Mm (Fap+ 1)1
w(K1 — p) + (a/Mr)nz(Klp + 1)
| W' (K = p) + un(a,) (Kip+ 1)

(K2 —p)
w(Ky — p) + (a/M,)ng(Kap + 1)
Ty, = \@@2 - 1)&{1 75y | U = p) + (a/Mny(Kop +1) |
w(Ky = p) + (a/M;)n.(Kep + 1)
| By — p) + up(aM,) (Kap + 1) |

ay =/ (p* +1)a?/M? — puZ,

K, = (a + M,pu,)/(M,a, — ap), Ky =—(a+ M,pu,)/(M,a, + ap),

and fiy, +a, = T, o, [V] given by

oo =gy () (o= 1] )+ a0 () )

oo = S = (0% (o= 0[] etk (7))

Expanding (6.59), we have:

T

T

D?’[V] = run+ap (I[’Lun+ap|un + ap‘(]' + K22) - 5p/’[’un_ap)

+ Tup—a, (:uun—ap|un —ap|(1+ K12> + 5pluun+ap> . (6.60)
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Multiplying on the left by [v]? gives an acoustic entropy production field:
[V]TDé[V] = gun+ap + gun_azﬂ (66]‘)

where the fields &,,+,, break down into contributions {Efniap, FAEP} from the
symmetric and skew-symmetric parts of the dissipation operator:

S
gun+ap - g

Untap

—ANEp, Eupa, = ES .+ AE,, (6.62)

Un —0p

55n+ap = /’Lin+ap|u71 + ap|(1 + K22)7 gﬂfn—ap = /’Lin—ap|un - ap|(1 + K12)7 (663)

AE, = Opfhun+apHun—ay- (6.64)

Eupta, and &, _,, are no longer positive in principle but their addition is always pos-
itive.

Equations (6.60) and (6.62) suggest that while A, does not change the amount of
entropy € produced at an interface, it effects how this amount is distributed locally
among the modes. In this case, the skew-symmetric terms appear to redistribute the
entropy produced through the acoustic modes.

Figures 6.23(a)-(b) show the modified acoustic entropy production fields for the
Gresho vortex at ¢ = 0. They resemble those of the ES Turkel flux. Figures
6.23(c)-(e) show the contributions of the symmetric and skew-symmetric terms. The
skew-symmetric component is not negligible. Figures 6.24(a)-(c) show that the total
acoustic entropy production fields are of the same order as those associated with the
shear waves over time. We also see that the total contribution (A&,) from the skew-
symmetric matrix evolves in time like a damped oscillator, with a characteristic time
that decreases with the Mach number. This suggests that the spurious transient caus-
ing the phase errors we observed earlier has something to do with the skew-symmetric
matrix. A simple way to confirm this is to multiply the skew-symmetric term by a

factor and see how it impacts the solution. This is illustrated in figures 6.25(a)-(b).
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Taking out the skew-symmetric indeed removes the transient and phase errors. Mak-
ing the skew-symmetric term stronger amplifies them. What’s more, figure 6.26 shows
that the skew-symmetric term does not have a visible impact on the ability of the
scheme to conserve the kinetic energy of the system.

For the sound wave, the initial entropy production fields are showed in figures
6.27(a)-(e). The contribution from the skew-symmetric part is two orders of magni-
tude bigger than the contribution from the symmetric part. This is why, for visibility,
we show the integrated entropy production fields in two parts (figures 6.28 and 6.29).
While the perturbations we observed in figure 6.11 appear in the symmetric parts
&y +q, Of the acoustic entropy production fields, it turns out from figures 6.30(a)-(b)
that it is the skew-symmetric term again that is causing the appearance of a spurious

left-moving acoustic wave.

6.5.2 The discrete low Mach regime revisited

Using the analytical expressions we just derived, we can now determine how the
entropy produced by each ES flux scales with the Mach number in the low Mach
limit and establish whether (E.1) and (E.2) are satisfied. This effort, similar in
spirit to the analysis of Guillard & Viozat [226], Guillard & Nkonga [228] and Bruel
et al. [240], will provide an explanation to (S.1), (S.2) and (S.3) in terms of entropy
production.

To verify the scaling analysis, we computed, for each ES flux, the integrated
(6.52) entropy production fields at ¢ = 0 for the Gresho vortex and the sound wave

at different Mach numbers. These are given in figures 6.31, 6.32 and 6.33.
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Figure 6.23: Gresho Vortex: Entropy production fields at ¢ = 0 for the ES Miczek
flux M, =3 x 1072
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Figure 6.24: Gresho Vortex: Integral of each entropy production field with time at
different Mach numbers for the ES Miczek flux.
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Figure 6.25: Gresho Vortex: Pressure field at M, = 3 x 1073 for the Miczek flux when
the skew-symmetric term is multiplied by a factor. The phase errors
observed in figures 6.6 and 6.7 disappear if the skew-symmetric term is
removed, and amplified if the skew-symmetric term is made bigger.
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Figure 6.26: Gresho vortex: Total kinetic energy over time. The skew-symmetric
matrix does not strongly impact the ability of the scheme to preserve

the kinetic energy.

194




%107 x10°°

1.4 ; 2
121
1
0.8}
0.6
0.4}
02}
0
-0.5 0 0.5 0.5
(a) éuanrap = éfanraP - Agp (b) ‘Cjunpfap = éfanrap + Agp
14 %1077 ' 14 x107
1.2} 1 12t
1t 1
08} 1 o0s8f
06 1 06
0.4 1 04¢f
02} 1 02f U
0 0
0.5 0 05 0.5 0 0.5
(C) él‘fnp-i-ap (d) él‘fnp—ap
0 %107
-0.2 +
-0.4
-0.6 +
-0.8 +
1t
1.2t
1.4 :
-0.5 0 0.5
(e) Aép

Figure 6.27: Sound wave: Entropy production fields at t = 0 for the ES Miczek flux.
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Figure 6.28: Sound wave: Integral of entropy production fields, omitting the contribu-

tion of the skew-symmetric matrix, with time at different Mach numbers
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Incompressible limit

For the Gresho vortex, density is constant, pressure and velocity variations are

of order M? and 1, respectively. At the discrete level, this translates into:

For the classic entropy-stable upwind dissipation, this gives:

Ho = O(Mr2> and Hsx = Hsy = 0, ps: = O<1) - 5un,s = O(M4)7 gunﬂ' = O(M2)

T T

(6.66)

fia = O(M,) = &, 10 = O(M,). (6.67)

This implies that the overall discrete entropy production scales as M,, that is one
order of magnitude above what is expected (E.1). This can explain the accuracy
degradation observed.

With the flux-preconditioner of Turkel, we have p = O(M,), ap, un, = O(1) and
K, Ky, K1 — Ky = O(M,), therefore:

fupptay, = O(1) = Eyppta, = O(M?).

That is the correct scaling. Hence the consistent behavior.

With the preconditioner of Miczek, we have p = O(1/M,.), a, = O(1/M?), Ky =

199



O(M,) and K; = O(1/M,) because its denominator writes:

M,a, — ap = M,/ (p? + 1)a?/M2 — p2u? — ap

= ap(\/l +1/p? — M2u2 /a® — 1) = O(M,).

Therefore:

/’Lun‘f‘a:p = O(M'I’Q)7 /’Lun_ap = O(Mf) - 55n+ap = O(MT2>’ gfn—ap = O(Mf)7

5, = O(1/M}) = AE, = O(M?).
Here again, the discrete entropy production has the correct scaling.

Acoustic limit

For the sound wave configuration, density, velocity and pressure gradients are of

order M,. The specific entropy is constant. At the discrete level, this translates into:

For the classic entropy-stable upwind dissipation, this gives:

Lo = O(Mf) and flop = floy = flsz =0 = &y, s = O(Mf), Eupr =0.  (6.69)

Mo, +a = O(Mr) - gunzl:a - O(MT’) (670)

This implies that the overall discrete entropy production scales as M,., in agreement

with (E.2).
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With Turkel’s preconditioner, we have:

:uunp:l:ap == O(l/Mr) — gunp:tap = (9(1)7

meaning that entropy fluctuations will be one order of magnitude stronger than what
is expected. This can explain why sound waves are severely damped with this flux.

With Miczek’s preconditioner, we have:

/’Lun‘i'ap = O(MT2)7 /’Lun_ap = O(M§>

= O(M), & _,, = O(M?), AE, = O(M,)

Un—Cp

= &°

Unt+ap

The discrete entropy production is one order of magnitude weaker than what is ex-
pected. This can explain why the sound wave is less damped than with the ES Roe

flux.

6.5.3 Connections with other low-Mach fixes

Several alternatives to the flux-preconditioning technique have been proposed,
some of which are discussed in Guillard & Nkonga [228] and can be broken down into
two categories.

There are corrections based on the idea that the excessive dissipation in the low
Mach limit is due to the acoustic eigenvalues scaling as O(1/M,) and therefore be-
coming infinitely large. Li & Gu [232, 233] introduced an all-speed Roe-type scheme

where the eigenvalues are modified as:

u, + (a/M,) — u, £ f(M,)(a/M,),

and f(M,) is a correction introduced so that f(M,)(a/M,) is bounded in the low

Mach limit. This approach can be easily applied in our setting and it is easy to show
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Figure 6.31: Entropy production scalings - ES Roe flux
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that it will lead to a discrete entropy production that has appropriate Mach number
scaling.

Starting with Thornber et al. [235, 236], a number of fixes [238, 237, 239] consisting
in modifying the jump terms in the normal velocity [u,] have been proposed. By and
large, they multiply [u,] by a correction term of order M,. These fixes are motivated
in part by the work of Birken & Meister [234], who showed that the flux-preconditioner
of Turkel enforce a more stringent (by a factor M,) CFL condition. The same result
was proved by Barsukow et al. [225] for the flux-preconditioner of Miczek.

For the ES Roe flux, the acoustic part D“[v] of the dissipation operator writes:

|un + (a/MT)‘ 0 Hupta
DA[V] = |:run+a runa:| (671)
0 ’un - (a/MT)| Hup—a

Huna = Ko <Mo —h [ﬂ + Mra@[unJ)-

Let fiy,+q be the wave strength obtained after applying the correction [u,] — M, [u,]:

flva = K, (Mo —h Lﬂ + Mfa@[un]).

The resulting acoustic entropy production field EA becomes:

where

EN = [V]TDA[V] = ‘un + (G/Mr)yﬂun+aﬂun+a + ’un - (G/Mr)munfa/]unfa-

It is not clear whether £4 > 0, which we would need to maintain entropy-stability.
In the very least, it can be showed that in the incompressible limit, EA = O(M?), in

agreement with (E.1).
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6.6 Discussion

6.6.1 The origin of the skew-symmetric term

Given that the Miczek flux-preconditioner was constructed so that P~'|PA| has
the same scaling as A, the appearance of a skew-symmetric term in the scaled form
of the Miczek ES dissipation operator could be explained by examining the acoustic

entropy production field without upwinding, that is with A instead of |A|. We have:

Eunta =l ta(tn + (/M) Euyma = iy, —o(un — (a/M,)). (6.72)

If we assume /inn o R Minfa R by, +allu,—a, then we can write something similar to
(6.62):
Eupta = an+a + A&, Eu_a=ES _ — A&, (6.73)

Up—a

where:

S _ 2 _ S 2
gun+a - /J“u7L+aun7 ASa - Mun+auun—a(a/MT)7 Sun_a - Mun—aun‘

Of course, the resulting dissipation operator is no longer guaranteed to be entropy
stable. The point is that the entropy production balance between acoustic fields
described by equation (6.73) might be what the skew-symmetric matrix A, of the
ES Miczek flux tries to reproduce, as a consequence of the requirement that P~!|PA|
should behave like A in the low Mach limit. Whether recovering this balance is key in
ensuring a good low Mach behavior is a different story. The numerical results advise

against it.
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6.6.2 A simple equivalent to the ES Miczek flux

Consider the dissipation operator Dp = R(|A,| + A,)RT where:

u,| 0 0 0 0
0 |ua O 0 0
Al=10 0 |u 0 0
0 0 0 filu,+ (a/M,)] 0
| 00 0 0 folun — (a/M,)] ]
000 0 0]
000 0 0
Ay=gl0 00 0 0], (6.74)
000 0 +4,
000 -5, 0|

and f1, fo and g are factors. The eigenvectors R are left untouched. Similarly to

(6.62) and (6.73), we have:

Eun—a = gqfn—a - gAgpa Eunta = £

Un—+a

+ gAE,

g{?ﬂ—a = Nin—af2|un - a|7 Agp = 5pﬂun—a:uun+av €5n+a = Min,+af1|un + a|)-

This dissipation operator is ES as long as fi1, fo > 0, and we can emulate equation
(6.73) by taking fi = |un|/|un +a/M|, fo = |us|/|tn —a/M|, g =1 and §, = a/M.

This gives:

gfn—a = uzn—a|un|7 Agp = :uun*aﬂun*ﬂl(a/MT)’ 8571-‘1-(1 - Mzn—i—a'un"
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In the incompressible and acoustic limits, we have:

o - O<Mr2)v Agp = O(Mr)v €5n+a = O(Mf)a

Un—a

which meets the low Mach requirements (E.1) and (E.2). This dissipation operator
also meets Miczek’s requirement that the dissipation matrix should have exactly the

same Mach number scalings as A. Indeed, we have:

[ lun|  —nga/M, —nya/M, —n.a/M, 0 ]
nga/M, | | 0 0 0
R,(IA| +Ap) R = | nya/M, 0 ™ 0 0
n.a/M, 0 0 [t | 0
0 0 0 0 fual]

To have Dp — R|A|RT[v] as M, — 1, we can set f1 = M, + (1 — M,)|u,|/|u, +
(a/M,)|, fo = M, + (1 — M,)|u,|/|u, — (a/M,)|, and g = 1 — M, for instance.

Numerical results (figures 6.34, 6.35, 6.36 and 6.37) show that this “skewed”
dissipation operator behaves just like the ES Miczek dissipation operator for both
the Gresho vortex and the sound wave.

The skewed ES dissipation operator (6.6.2) has not been introduced to compete
with Miczek’s flux or any of the aforementioned schemes (we remind the reader that
the best results were observed with an EC flux in space). We introduced it to assess
our intuition that skew-symmetric dissipation operators change the way entropy is
locally produced.

In appendix C, we show that the skewed dissipation operator induces a O(M?)

CFL condition, like the Turkel [234] and Miczek [225] dissipation operators.
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Figure 6.34: Gresho vortex: Total kinetic energy k/kq evolution over time at different
Mach numbers. The skewed ES flux and the Miczek ES flux (with two
cut-off Mach numbers) are compared.
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Figure 6.35: Gresho Vortex: Pressure field at M, = 3 x 1073 for the skewed ES flux
when the skew-symmetric term is multiplied by different factors.
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6.6.3 Different ways of breaking down the entropy production

It is important to recognize that the entropy production breakdown we intro-
duced in section 6.5.1 is not unique. Consider an ES dissipation operator consisting

of two modes R = [r1, ra]:
R|A|RT[V] = |>\1|,U11'1 + |)\2|,u2r2 — &= [V]TR|A|RT[V] = 51 +82, 52 = [1'12|Az|
Let R = {T;, T2} be an alternative pair of modes defined by the linear mapping:

ry = aq Ty + aaTa, M1 = a1l + Qaafia,

ro = (ia1T1 + QipoT2. Mo = Qo1fb] + Qoo fla.

Then the dissipation operator can be expressed in terms of these modes:

RIAIRT[v] = [M|pars + |Xo|pors
= |M|(auifin + aigfiz) (01T + oqoF2)
+ [Aa] (o1 fin + agofiz) (01T + (aoT2)
= (|Mifoar(aupin + qazfiz) + [Ao|asr (o1 /iy + asfin)) Ty
+ (|M]arz(anfin + arofiz) + [Ao|ass(aoifiy + assfin)) T2
= ((IMlady + [ halaz) i + (I |anans + [Aalagias)fis) T1

+ ((|/\1|OZ116Y12 + |/\2|0621022)ﬂ1 + (\)\1|an + |/\2|04§2)ﬂ2) ra

In more compact notation, this writes:

R|A’RT[V] = ’)\1’#11’14")\2’#21‘2 = (Sllﬂ1+512ﬂ2>f1+(SQQﬂQ+S21/_L1)F2 = ESET[V],
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where S = (Sij)1<(i <2 with:
St = (|Mlafy + [Aslag;) > 0, S = (JAi]ad, + [Aa]ad,) > 0, (6.75)
Sia = 591 = (| M]aniais + |A2|asriags). (6.76)

This gives the alternative decomposition:
J

Unlike the initial decomposition, each individual field &; is no longer guaranteed to
be positive in principle. This does not matter much given that the sign of £ will not
change. We also see that depending on the choice of modes, coupling terms within

each field £; may appear. We can write:
E=8 + &y & =Suiil, & = Sl (6.78)
J#i

Note that Eis > ( hence the coupling terms, just like the skew-symmetric terms, can,
if needed, be discarded without losing entropy-stability. Also note that the coupling
terms do not cancel each other, i.e. gij + Ej,- = 0, j # i. In fact, they are equal
£ =E

If the dissipation operator has a skew-symmetric component, which we can write:

RART[v] = 6,(pior1 — pur2) = [V]TRAR"[v] = AE — AE =0, AE = Spypa,
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we can also rewrite it in terms of {Ty, T2} instead:

RART[V] (5(,&2[’1 — ,ulI'2)

= 0((a1l1 + aofin)(11T1 + aqaTa) — (u1fi + aqafiz) (o1 Ty + agela)

If the mapping is one-to-one, the skew-symmetric operator RAR”[v] which trans-
fers entropy between modes {ry, ra} is equivalent to a skew-symmetric operator

RAR [v] which transfers entropy between modes {Ty, T2}:

V'R AR [v] = AE — AE =0, AE = 07, Ti.
We can now rewrite the entropy production breakdowns of the ES Turkel and ES
Miczek fluxes in terms of the original acoustic eigenvectors instead of the modified

ones. For Turkel’s flux-preconditioner, we map from {ry, r2} = {ru,, +a,, Tupy—a,} t0

{r1, T2} = {ru,+a> Tu,—a} following:

1
ry ap — K+2ru a+K_2rua>a
e = T (U6 P 5 = P
1
I‘unpfap == (K2 +p2)run a+(K2_p2>runa>-
ﬁPZ(Kl—K2)< "

The new decomposition (6.77)-(6.78) writes:

gunp+ap + gunp—ap - (55n+a + gun—l-a,un—a) + (SS + gun—a,un+zz) . (679)

Up—a

The left-hand side term recalls the previous breakdown (equation (6.58)) along the

modified acoustic eigenvectors. The right-hand side term is the new breakdown along
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the acoustic eigenvectors. Figures 6.38 and 6.39 show the initial entropy production
fields for the Gresho vortex and the sound wave using the decomposition (6.79). These
entropy production fields are more similar to those of the classic ES Roe flux (figures
6.15 and 6.17) than the ones along the modified acoustic eigenvectors (figures 6.19
and 6.21). We also see that the coupling term &,, +q4,—a can be negative.

For Miczek’s flux-preconditioner, using:

BRI 1)1(K1 — ) (<K1(1 FPI LR et
(1= 9) = (4 D)o )
1
e T 1) (K — K) ((K2(1 P L)t

(K2(1—p) — (1+ p))run_a) :

The new decomposition (6.77)-(6.78) writes:

(55n+ap - Agp) + (55 , T Agp) =

Up—a

(5{1—&-@ + gun—l—a,un—a - Aga> + (85 + gun—fl,un-i-a + Aga). (680)

Up—a

The left-hand side term recalls the previous breakdown (equations (6.61) and (6.62))
along the modified acoustic eigenvectors. The right-hand side term is the new break-
down along the acoustic eigenvectors. Figures 6.40 and 6.41 show the initial entropy
production fields for the Gresho vortex and the sound wave using the decomposition
(6.80). The coupling term &, 44.u,—o is negligible. For the sound wave, figure 6.42
shows the integrated entropy production fields according to (6.80). The culpability
of the skew-symmetric part of the ES Miczek flux in the spurious behavior is more

apparent than with the previous decomposition (figures 6.28-(a) and 6.29-(a)).
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Figure 6.38: Gresho Vortex: Entropy production fields along the acoustic eigenvectors
at t = 0 for the ES Turkel flux. M, =3 x 1072
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at t = 0 for the ES Turkel flux M, = 102.
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6.6.4 An incomplete picture

We should also recognize that our analysis does not take entropy conservation into
account. One could see the skew-symmetric term in Miczek’s flux as a modification
of the baseline entropy-conservative flux instead of a modification of the dissipation
operator. Roe [53] observed that if f* is entropy-conservative then for any skew-

symmetric matrix B, we have:
MT(f* - BM) — VE — ITBlY] = MTE = ]

In other words, an EC flux with the addition a the skew-symmetric dissipation term
remains EC. However, the corresponding interface entropy flux changes. Equation

(6.45) writes:

(Fit ).

N —

1
F*(u;,uj,n) = §(V1 + ;)" (f*(ui,uj,n) — B(v; — Vj)) -

It could be that the entropy flux (not the entropy production) is responsible for the
spurious transients. Figures 6.43 and 6.44 show the results with the skewed scheme
(6.6.2) without the symmetric part of the dissipation operator (JA| < |A] x 0). What
is left is a “skewed” EC flux. The same anomalies are observed.

To complete the picture the entropy production breakdown begins to draw, we
will need to get a grasp of how entropy is conserved as well. The closed form entropy-
conservative fluxes Tadmor developed in [51] (section 6) could provide a good starting
point for this purpose.

The fact that skew-symmetric dissipation operators preserve entropy-conservation
is proof that entropy-conservative fluxes do not necessarily have the correct Mach

number scaling (section 6.3.2).
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Figure 6.43: Gresho Vortex: Pressure field at ¢t = 1 and M, = 3 x 1073 for the skewed
EC flux when the skew-symmetric term is multiplied by different factors.

6.7 Summary

In this chapter, the behavior of entropy-stable schemes in the low Mach regime
was investigated. We showed that standard entropy-stable schemes suffer from the
same accuracy degradation issues as standard upwind schemes. The root cause is in
the upwind-type dissipation operator as well. Using appropriate similarity and con-
gruence transforms, we were able to show analytically that the flux-preconditioning
technique is compatible with entropy-stability to an extent. We derived entropy-
stable counterparts of the modified upwind fluxes of Turkel and Miczek. Numerical
results confirmed the analysis but also highlighted spurious transients with the flux-
preconditioner of Miczek which were not reported until now.

These unexpected anomalies, together with the recent work of Bruel et al. [240] on
the acoustic limit and the failure of the Turkel flux-preconditioner, led us to further

investigate the matter. Leveraging Tadmor’s framework, we introduced an entropy
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production breakdown of upwind-type dissipation operators that allowed us to revisit
the accuracy degradation issue in terms of entropy. In the same spirit as Guillard &
Viozat [226] (incompressible limit) and Bruel et al. [240] (acoustic limit), we showed
that the accuracy degradation problems at the discrete level are caused by discrete
entropy fluctuations that are inconsistent with the continuous system. An outgrowth
of the overall effort is the discovery that the spurious transients observed with the ES
Miczek flux are caused by a skew-symmetric dissipation term which appeared when
a scaled form R|A|RT[v] of the modified dissipation operator was sought. Analytical
and numerical arguments suggest that this term induces entropy transfers between
acoustic waves, but as discussed in the previous section, the role played by skew-
symmetric terms remains to be fully understood.

Ultimately, the present work only considered first-order entropy-stable schemes on
cartesian grids with two very simple flow configurations. Future work will continue
the analysis in a more complex setting, including unstructured grids [220], high-order
discretizations and mixed flow configurations [236] of practical interest. Efficient

time-integration and preconditioning will be paramount.
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CHAPTER VII

Conclusions

The first goal of this thesis was to extend the field of application of ES schemes
to more complex physical models. We achieved this objective through the formula-
tion of ES schemes for the compressible multicomponent Euler equations and in this
process, we realized that ES schemes can only go as far as their underlying theory.
We were fortunate that Chalot et al. [174] and Giovangigli [172] already laid some of
the ground for us to proceed with the derivations. The limit of vanishing partial den-
sities is intriguing. While the thermodynamic entropy is no longer strictly concave,
the ES scheme can be made well-defined and executed without crashing in certain
configurations. Pursuing the formulation towards the full compressible Navier-Stokes
system, including viscous stresses, heat conduction, and multicomponent diffusion
is the logical next step. It can be shown [172] that each of these term will lead to
entropy production at the continuous level. One of the challenges ahead will thus be
to discretize these terms in a way that is consistent with these results. In the same
vein, the full scope of the minimum entropy principle we proved for the multicompo-
nent system remains to be established. It also remains to be seen whether limiting
strategies can effectively and rigorously be applied to the multicomponent system.

The second goal of this thesis was to better understand how entropy-stable schemes

behave locally. The receding flow problem was more of a toy problem to make our-
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selves familiar with ES schemes. This problem showed us the limits of semi-discrete
analysis. Indeed, Liou’s latest work lured us into thinking that entropy-conservative
schemes could solve this longtime problem. It turned out that the impact of time-
integration was not taken into account. In our setting, the overheating appeared to
be strongly correlated to entropy-stability, and entropy-conservation does not neces-
sarily cure this problem. We believe that there is still insight to be gained in this
problem. In a different context, Noh [167] showed that the overheating can be cured
by introducing an artificial heat flux in the scheme. As previously mentioned, heat
conduction is an entropy-producing physical process and first-order entropy-stable
discretizations have been derived [164]. If Noh’s statement applies in our context,
this would mean that the overheating is not simply about producing or not produc-
ing entropy but rather about how entropy is produced. This should be investigated.

Without a doubt, our endeavours with the low Mach regime have been the most
enriching ones of this thesis. The wealth of past work on this topic is largely to credit
for the progress we made, in particular the work of Turkel [218], Guillard & Viozat
[226], Miczek et al. [224] and Bruel et al. [240]. Using congruence, we were able to
demonstrate that flux-preconditioning and entropy-stability are compatible to some
extent. By leveraging some of the ideas of Roe & Pike [241] and Tadmor [51], we
introduced an entropy production breakdown for the upwind dissipation operator of
Roe which allowed us to revisit the accuracy degradation issues in entropy terms. In
addition, it enabled us to remove the numerical artifacts polluting the numerical solu-
tion obtained with the Miczek ES flux. The finding that skew-symmetric dissipation
operators can alter the way entropy is produced among waves is an important contri-
bution of this thesis. These operators could be used to probe the local behavior of ES
schemes in more details. We could for instance go back to the moving interface prob-
lem and see if the same mechanism is behind the spurious acoustic waves generated.

The same goes for the overheating, which can be seen as a spurious entropy wave.
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Key questions remain to be answered, such as the integration of entropy-conservation
in the analysis, but as it currently stands, the entropy production breakdown can al-
ready provide valuable information guiding the design of more accurate entropy-stable

schemes.
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APPENDIX A

Entropy-conservative and Entropy-stable fluxes in

three dimensions for the multicomponent system

The three-dimensional multicomponent Euler equations are given by:

8_u+8f1 Jr3f2 Jr8f3 B
ot Oxry Oxy Oxs

0. (A1)

The state vector u and flux vectors f;, fy and f3 are defined by:

T
U= |p; ... py pu pv pw pet] )

_ T
fi= |piu ... pyu pul+p puv puw (pet + p)u} ;

_ T
2= 1piv ... pyv puwv pv®+p pvw (pet + P)U] ’

_ T
fs= |pw ... pyv puw pvw pw?+p (pe' + p)w} :

The conservation equation for entropy writes:

U OF | OF,  OF

ot * 8371 + 8:62 aaj3 ’ ps, 1 ups, ro vps, I'3 wps ( )

230



The vector of entropy variables is:

1
v:f{gl—%(u2+v2+w2) gy — 3@+ 4w?) uwov w —1
= |:U1,1 ... ULN U2 U3 Uy Us|- (AB)

The potential flux in space U is unchanged. There are now three spatial potential

functions F; = v f; — F} to work with. They are given by:

N N N

R R R
Fi = Z m—kpku, Fo = Z m—kpkv, F3 = Z m—kpkw. (A.4)

k=1 k=1 k=1

An entropy-conservative flux across an interface of normal n = (nq,ns,n3), denoted
f* must satisfy:

[V]Tf* = [nl}_l + TLQ./—"Q + n3.7-"3].

Using the same method as in the 1D case, one obtains f* = [fi1 ... fin fo f3 fa f5]

with:

fl,k = pi:’flu—”“

n N N

fo = :1<Z7”km> +ﬂZf1,k,
1/T k=1 k=1
n N N

f3= :2(27%,07) +WZf1,k, (A.5)
1/T k=1 k=1
n N N

fi = :3(3@) @y fn
]‘/T k=1 k=1
N 1 [ —

fs =) (eox+ Cok 1Ty U TP+ w?) f1p 4 Ufo + Vfs + WS

=

=1

Uy = Nu ~+ nv + nzw is the velocity normal to the interface. The temporal Jacobian
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[172] is given by:

i 0 Bu By Bw E(e1)
H = pT + u?S, uvSy uwSy u(pT + Ss) ’
pT + 1285, vwS; v(pT + Ss)
oT + w?S; w(pT + Ss)
| sym pT(2k + ¢, T) + Sg._

Pk Pk, 1 Pk ty\2
S = g —, S = g — S3 = g —
1 g m 2 — (ek): Ss 1y (ex)
Next is the scaling matrix. Let A, be the flux Jacobian in the normal direction:

o o, Of
An =mzo F g sy

A general expression for the eigenvector matrix R such that A4, = RAR™! is the

following:

1 0 0 Y Yi

1 0 0 Yn Yn
R = u u ut+an, u—ang |
v - v r'r rqp v4ans v —ane
w e w w+ans W — ansg
d d t t
_l{:—7_11 k—y—fl ht* +u,a h — Una |
A:diag( Uy, Uy Uy, U, +a U, —a )7
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where 1y, vy € RY! are such that ry, vy € span{e;, ez, ez} with:

€1

0
—ans

ansg

€2

—ans
0

anq

€3

—any
any

0

—a(nyu — nyv)

—a(nzu — njw)

—a(nzv — naw)

and rank(ry, rip) = 2. If ny # 0, take (rg,rir) = (es, ez). The squared scaling matrix

is given by:
72 = RHR = Laiag(|72 25 172 1/2|), (A.6)
yr

where TV = TY(TY)T € RV*¥ is the same as in the 1D setting, and T?Y € R? is

given by:

2 2
TN _ 1 |ni+n3 —nong
2

1

—ngn3  n?+n3

If n3 4+ n3 =0, then 7%V = Iy, otherwise T*Y = TN (TV)T with:

1 —ng NiN2
™ = 2 2
mVny + N3 | ny ngng

If ny = 0, then if ny # 0, take (rr, rir) = (es, —e1). equation (A.6) holds with:

2 2
1 |na+n3

2
ny

TN _ —nins

—nin3  ni+n?

Since n; = 0, this simplifies to 7% = diag([1 + (n3/n2)* 1]) = (T™)% If ny = 0
and ny = 0, then ng # 0. In this last case, take (rf,ryr) = (ez,e1). This leads to

T?N = nidiag([1 1]) and TV = nadiag([1 1]).
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In each case, we can write 72 = 7T with:

7=\ [Ldigl 7 T 1vE 1va))
and the entropy-stable flux f* writes:

= fc — 5 (RT)|AI(RT)[v].
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APPENDIX B

Additional results and discussion for the moving

interface problem

Single component case

Here we present numerical results for a moving contact discontinuity in the com-

pressible Euler equations. The initial conditions are given by:

(p, u, p)= (0.1, 1., 1.), 0 < x < 0.5,

(p, u, p)= (1., 1., 1.), 0.5 <z < 1.0,

with v = 1.4 and ¢, = 1. The anomalies observed in the multicomponent case are

not present. The velocity and pressure remain constant at all times.
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Conserving entropy in space, producing entropy in time

The implicit scheme did not converge in the original setup (due to the generation
of negative densities). We therefore considered a different setup for which the pressure

oscillations problem is still present.

(p1, p2, u, p) = (0.3, 0.15, 1., 1.), 0 <z < 0.5,

(p1, pa2, u, p) = (0.15, 1., 1., 1.), 0.5 < < 1.0,

with 73 = 1.4, 79 = 1.6 and ¢,; = ¢y, = 1. A computational grid of 200 cells is
used. Figure B.3 show the pressure profiles obtained with an EC flux and an ES flux
in space, respectively, for two different CFL numbers. In the first case, the entropy
production of the scheme only comes from the stabilization of the Backward Euler
time scheme, which grows with At. The high frequency oscillations observed are
typically observed when too little dissipation is added to EC schemes [144, 164]. In
the event that the scheme is EC at the fully discrete level (see [144] for an example),
these oscillations will be present but will not increase in magnitude over time. This
is not desirable.

The main conclusion we draw is that the pressure anomalies remain present when
the upwind dissipation typically used in space is replaced by the dissipation of Back-
ward Euler. The magnitude of the pressure anomalies is higher when both the inter-

face flux and time scheme are ES.
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Figure B.3: Moving Interface: pressure profiles at t = 0.1 s with BE in time and
either an EC flux or an ES flux in space
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APPENDIX C

Linear stability analysis of the skewed scheme

For a first-order explicit scheme, linear stability is achieved [234] if the complex

amplification matrix H defined by:
H=1T1—v((cos(¢) —1)D —isin(p)A), v=-—, i* = —1,
x

where D is the dissipation matrix, has a spectral radius p(H) < 1, V¢. For simplicity,

we work with (6.24):

u  a/M, u+a/M, 0 1 1
A= — RARY, A= R—
a/M, U 0 u—a/M, 1 -1
The dissipation operator (6.6.2) writes:
fi(lu+a/M,) 0 0 ¢
Dp = RIAp|R™Y, [Ap| = | +
0 fola/M, — u) -6 0
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Taking f1 = |ul/(u + a/M,), |u]/(a/M, —u), and 6 = a/M, gives:

lu|  —a/M,

which scales like A. To inspect the spectral radius of H we consider the matrix H

defined by the similarity transformation:

H=R'HR=1—-v((c—1)Ap —isA)

1 —v(c—1)|u| +ivs(u+a/M,) —v(c—1)a/M,

)

v(c—1)a/M, 1 —v(c—1)|u|+ivs(u —a/M,)
where ¢ = cos(¢) and s = sin(¢). H has two complex eigenvalues A, and A, given by:

A =1+ vu|(c—1)+iv((a/M,)\/2(1 — ¢) + su),

Ay =1+ vju|(c—1) —iv((a/M,;)\/2(1 — ¢) — su).
If c=1, then s =0 and Ay, = 1. For ¢ # 1, we have:

AL, =1—=2(1 = c)v(Ju| — v(u® + (a/M,)? £ s(a/M,)u\/2/(1 — ¢))).

A1, < 1 imposes:

2(1 = c)v(|u] — v(w® + (a/M,)* £ s(a/M,)u\/2/(1 —¢))) >0

o< A

T M2u? 4 a? £ sMyaun/2/(1 —¢)

This shows that the linearized scheme with Dp has a more restrictive CFL condition

— o(M?).

(v = O(M?)) than with the classic upwind operator (v = O(M,)). If the skew-
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symmetric component is removed, a similar CFL condition is obtained:

_ Ml
v
M?2u? 4+ a?(c+1)/2 £ (¢ + 1) M,au

= O(M}).
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