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1.1 Contexte général

L’étude et la simulation des écoulements fluides revétent une grande importance dans
de nombreux domaines, tels que ’aéronautique, I'ingénierie des fluides et la météo-
rologie. Cependant, lorsqu’il s’agit de simuler des écoulements & faibles nombres de
Mach, c’est-a-dire des écoulements a des vitesses bien inférieures a la vitesse du son,
des problémes numériques spécifiques se posent.

En effet, lorsque le fluide atteint de faibles nombres de Mach, les ondes acoustiques
se propagent trés rapidement par rapport au fluide. Cela peut se produire sur seule-
ment une partie du domaine et peut varier en fonction du temps, introduisant ainsi
des contraintes numériques importantes. Les schémas numériques explicites clas-
siquement utilisés perdent alors en précision et en stabilité. Ils perdent aussi en
consistance dans la limite des faibles nombres de Mach et nécessitent souvent des
pas de temps extrémement petits pour suivre ces ondes acoustiques rapides, ce qui
entraine des cotits de calcul prohibitifs.

Dans cette perspective, cette thése se concentre sur le développement et 1’étude
d’un schéma numérique préservant de bonnes propriétés de stabilité et de consis-
tance lorsque le fluide évolue vers des régimes a faibles nombres de Mach. Nous
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commencerons par nous intéresser aux équations d’Euler complet, qui permettent la
modélisation de fluides compressibles et non visqueux. Nous étendrons ensuite notre
travail au cas du modéle de Navier-Stokes, prenant en compte les effets visqueux du
fluide.

1.2 Les équations d’Euler complet

Les équations d’Euler complet permettent de décrire I’écoulement de fluides com-
pressibles et non visqueux en milieu continu. Elles permettent de modéliser et d’ana-
lyser le comportement des fluides en mouvement, qu’il s’agisse de ’écoulement de
I’air autour d’un avion, de ’eau dans un canal ou méme du sang dans les vaisseaux
sanguins. Les équations sont obtenues a partir des lois de conservation de la masse,
de la quantité de mouvement et de ’énergie du fluide considéré :

Op+ V- q=0, (1.1a)
0q+ Vs <qfq> +Vap =0, (1.1b)
o+, ((B+) 1) 0. (1.10)

ot p(t,z) > 0 est la densité du fluide, ¢(t,z) = p(t, x)u(t, z) sa quantité de mou-
vement, u(t,x) le vecteur de vitesse de taille d (ou d est la dimension de l'espace),
E(t,z) I'énergie totale et p(t,z) la pression du fluide avec t € R et z € R? les
variables de temps et espace. Nous fermons le systéme (nous sommes avec quatre
variables et trois équations) avec une loi d’état reliant la pression aux autres va-
riables p, ¢ et E. Dans ce travail, nous considérons celle des gazs parfaits :

1 2
po_ P 1l

L 1.1d
1ty o (1.1d)

c . R .

ot v = -2 est le rapport des chaleurs spécifiques cp et ¢, a pression et volume
Cy

constant, respectivement.

En fonction du phénoméne physique que 1’on cherche a étudier, la vitesse du fluide
peut prendre de trés grandes ou de trés petites vitesses. Dans le cas ol sa vitesse est
trés petite comparée & la vitesse du son dans le fluide, ¢, celui-ci devient faiblement
compressible et méme incompressible. Le rapport entre ces vitesses est donné par le
nombre de Mach
|
c

ol |u| est la norme du vecteur vitesse. A la limite, lorsque M tend vers 0, le fluide
devient incompressible, et dans ce cas, le modéle d’Euler incompressible peut étre
utilisé pour décrire I’écoulement. Cependant, il existe des situations dans lesquelles
le fluide peut étre légérement compressible, ou des situations dans lesquelles le fluide
présente des ondes de pression trés rapides dans certaines régions du domaine et pas
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dans d’autres, ou méme des ondes rapides qui ne sont présentes que pendant de
courtes durées par rapport & I’échelle d’observation. La valeur du nombre de Mach
varie en fonction de I'espace et du temps, et seul le modéle d’Euler compressible
est valable pour toutes les valeurs du nombre de Mach. Ces situations se produisent
notamment dans le contexte des écoulements géophysiques et environnementaux. Il
s’agit donc d’un probléme multi-échelles et la simulation numérique de ces écoule-
ments devient trés complexe.

Dans ce travail, je m’intéresse a ’analyse et au développement de méthodes numé-
riques robustes et efficaces dans tous les régimes, allant du Mach lorsque le fluide
passe d’un régime compressible & incompressible et vice-versa. Pour mettre en évi-
dence cette transition, nous travaillons sur le systéme adimensionné en fonction du
nombre de Mach que je présente dans le paragraphe ci-dessous.

1.3 Adimensionnenement des équations d’Euler complet

Pour adimensionner le modéle d’Euler compressible nous introduisons les quantités
suivantes :

~:P/P0a a:U/U07 ﬁ:p/plh E~:E/p07

- - (1.2)
T = x/xo, t =t/to,

ol po, Po, To, to et ug = xo/to sont les ordres de grandeur des valeurs prises par le
fluide pour les situations considérées. Alors

dp 0 . Otdp . podp pouo 0p . =
5t (@0 = g (p0p(@.8) = pogy 2(@,1) = to OF o o7t

ot nous avons utilisé ug/xg = 1/tg. En faisant de méme pour les autres termes du
systéme (1.1), nous obtenons :
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sité (1.3a), la quantité de mouvement (1.3b), I'énergie (1.3c) et I’équation d’état (1.3d).
En définissant le paramétre

et po les équations sur la den-

2
_ Pol
- )

Po
et en omettant les tildes, on obtient le systéme d’Euler adimensionné suivant
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Op+V-q=0, (1.4a)
1
Bg+ V- (qi’q) +-Vp=0, (1.4b)
HE+ V- <(E+p) q) —0, (1.4c)
P
p elg?
JoJ s i Iy 1.4d

Le paramétre € > 0 est relié au nombre de Mach My a travers la relation

uop 9
My=— =,/— ouencore &=~ yM§,
€o gl

ou la vitesse du son est définie par ¢y = \/vpo/ po-

Pour construire un schéma AP (Asymptotiquement Préservant) dans la limite bas-
Mach, il faut, dans un premier temps identifier le modéle limite. Je rappelle dans
le paragraphe ci-dessous les grandes lignes du passage & la limite dans le modéle
d’Fuler.

1.4 Limite bas-Mach pour les équations d’Euler

A la limite, c’est-a-dire lorsque & (le nombre de Mach) tend vers 0, on obtient le
modéle d’Euler incompressible (voir Section 2.1 pour les détails du passage a la
limite). Formellement, la conservation de la quantité de mouvement, nous donne

Vp =0,

qui donne avec la loi d’état une énergie constante en espace. Avec des conditions
aux limites bien choisies, I’équation d’énergie nous donne

V-u=0,

et donc l'incompressibilité.
Ainsi le modéle limite € — 0 est le modéle d’Euler incompressible

Op+V-q=0, (1.5a)
Biq+ V- <qfq> +Vpt =0, (1.5b)
V-u=0, (1.5¢)

otl 'on a supposé que p', la correction d’ordre ¢ de la pression (p° = p+ep! avec p°
la pression dans le systéme (1.4)), existe.

On voit donc que pour des valeurs de e élevées, I’écoulement est gouverné par des
effets compressibles, tandis que dans la limite des faibles valeurs de ¢, les équations
compressibles convergent vers le régime incompressible.
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1.5 Problématiques liées a la limite bas-Mach

Cette transition est particuliérement difficile & capter numériquement parce que les
schémas classiquement utilisés pour discrétiser le systéme d’Euler compressible (1.4),
sont explicites en temps et de type Godunov en espace. En effet, les schémas de Go-
dunov sont des schémas conservatifs de type volumes finis bien adaptés pour des
systémes hyperbolique de lois de conservations comme le modéle d’Euler compres-
sible qui peut se réécrire sous la forme

W +V - F(W) =0,

ou W = (p, q, E) est le vecteur des variables conservatives et

q
4Xq
FW)=| ", tPlaf,

q
(E +p) P
est le flux associé.
Ces schémas sont capables de bien capturer des solutions discontinues comme des
ondes de choc qui sont des solutions du modéle compressible. De plus, le choix
d’une discrétisation explicite en temps est classiquement choisie puisque qu’elle est
simple & implémenter et la condition sur le pas de temps n’est pas restrictive dans
le régime compressible. D’autre part, le systéme est extrémement non linéaire donc
une discrétisation implicite est trés couteuse. Cependant, si ces schémas permettent
une bonne description des régimes pour des nombres de Mach d’ordre 1, ils sont
inutilisables pour des faibles nombres de Mach. En effet, ils ne sont pas consistants
dans la limite bas-Mach, c’est-a-dire que le systéme discrétisé ne tend pas a la
limite € — 0 vers une approximation du modéle incompressible. Par ailleurs, pour
que ces schémas soient stables, le pas de temps doit résoudre 1’échelle des ondes
de pression qui est de l'ordre de /z. Par conséquent, le pas de temps tend vers 0
lorsque ¢ tend vers 0.

1.5.1 Consistance des schémas de type Godunov dans la limite

bas-Mach
Commencgons, par donner la semi-discrétisation du systéme (1.4) avec un schéma
explicite :
pn—l-l o pn
V- -q"=0 1.6
A tVat=0, (1.6a)
qn+1 _ qn qn ® qn 1 .
— 4+ V| — -Vp" =0 1.6b
En+1 — E» qn
— . En L = O 16
v (e L) <o (L6c)
n+1 n+1 |, n+1|2

v—1 2
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Lorsque nous passons formellement, comme dans le cas continu, & la limite dans la
semi-discretization, I’équation sur la quantité de mouvement nous donne Vp" =
0 lors du calcul de la solution W™l Cela impose uniquement une contrainte
sur la condition initiale mais n’impose pas une discrétisation du modéle limite,
soit : Vn > 0, Vp"tt =0et V- u"tl =0.

L’étude détaillée des problémes de consistance & la limite des schémas explicites
classiques de type Godunov a été effectuée pour la premiére fois par Guillard et
Viozat [43]. En menant une analyse asymptotique sur le nombre de Mach pour
un schéma upwind, les auteurs montrent que cette discrétisation autorise pour des
faibles nombres de Mach, des fluctuations sur la pression de 'ordre du nombre de
Mach (M), soit de l'ordre de /¢, tandis que dans le cas continu les fluctuations
ne sont que de l'ordre de M?, c’est-a-dire €. On ne retrouve donc pas le correct
ordre de magnitude pour la pression et des résultats numériques montrent que la
solution obtenue est parfois trés loin de la solution incompressible. En modifiant la
viscosité numérique du flux dans le schéma de Roe & ’aide d’un préconditionneur, il
est possible de retrouver le bon ordre de magnitude. Il existe de nombreux travaux
proposant des schémas de Godunov modifiés basés sur des méthodes de précon-
ditionneurs pour résoudre ce probléme de précision [79, 18, 19, 15, 55, 56|. Dans
d’autres travaux, le comportement des schémas de type Godunov est étudié dans le
régime faiblement compressible, voir [27] ou [42].

1.5.2 Stabilité des schémas classiques explicites

La stabilité des schémas explicites est assurée sous une condition C.F.L. reliée aux
valeurs propres de la matrice jacobienne associée au flux F. En dimension d = 1, les
valeurs propres sont données par

c c

N = Aq =
NG 2 = U, 3u+\/g,

ot ¢® = yp/p. Ainsi, pour les pas de temps et d’espace At et Az, la condition de

)\1:U—

C.F.L. est donnée par

Az
At < j

IUI+\@

A la limite ¢ — 0, la vitesse de fluide est négligeable devant celle des ondes acous-
tiques et on a
At < Azxy/e.

Cela implique que pour des faibles valeurs du nombre de Mach, At est trés petit et
le cotit de calcul devient extrémement élevé.

1.5.3 Travaux proposés dans la littérature

Nous avons évoqué des méthodes de préconditionneurs basées sur la modification des
schémas de type Godunov utilisés pour le modéle compressible. Par ailleurs, il existe



1.6. Schémas asymptotiquement préservants 7

des méthodes basées sur la résolution d’'une équation sur la pression permettant
de controler ses variations. On trouve leur origine dans les méthodes développées
pour le modéle incompressible ot une équation elliptique sur la pression apparait
naturellement dans la reformulation de ce dernier (voir Section 2.1.2). La perte de
consistance & faible nombre de Mach est corrigée & ’aide de méthodes de splitting
avec correction de pression. Nous pouvons citer les travaux pionners de Harlow
et Amsden [45, 4] avec un schéma de différences finies semi-implicite mais aussi
des schémas volumes finis [48]. De nombreux travaux sont proposés [8, 52, 73, 68|,
on y trouve notamment des discrétisations sur maillages colocalisés ou décalés et
des formulations en variables physiques (p, u et p). Il est important de noter que
ces méthodes sont souvent adaptées pour des fluides faiblement compressibles. En
effet, dans ces régimes la reformulation est équivalente puisque les solutions sont
réguliéres mais pour de plus grandes valeurs du nombre de Mach, ot des ondes de
choc peuvent se développer, elle peut entrainer une perte de la structure conservative
des équations.

De plus, I'ensemble des techniques énoncées propose des solutions pour résoudre
la consistance des schémas existants & faible nombre de Mach mais n’enléve pas
la contrainte de type C.F.L. extrémement restrictive. Elles demandent toutes de
résoudre ’échelle des ondes acoustiques (rapides dans ce régime) pour préserver la
stabilité du schéma. Notre travail consiste a développer un schéma qui soit a la
fois consistant & la limite et stable sous une condition C.F.L. non contrainte par le
nombre de Mach, avec un coiit de calcul abordable. Ce type de schéma est connu
sous le nom de schémas asymptotiquement préservants (AP).

1.6 Schémas asymptotiquement préservants

Cette classe de schémas fut introduite par Shi Jin [47] dans le contexte des équa-
tions cinétiques et de leurs limite fluide ou diffusive. Ces schémas sont stables uni-
formément par rapport au paramétre ¢, il est donc possible d’utiliser un maillage
indépendant des petites échelles. De plus, ils sont asymptotiquement consistants :
lorsque le paramétre € — 0, ils redonnent une discrétisation du modéle limite qui
lui est indépendant de ¢ (Figure 1.1).

Une communauté scientifique importante se consacre a I’étude et au développement
de schémas AP pour différents modéles et différentes limites. Parmi ces travaux,
nous pouvons citer [25] pour le modéle de Navier-Stokes et sa limite bas-Mach basé
sur une méthode de Gauge, [24| pour le modeéle d’Euler-Lorentz et sa limite fluide
de dérive, basé sur une reformulation du modéle.

De nombreux schémas AP proposent une discrétisation semi-implicite oil une partie
des termes est traitée de maniére explicite tandis que 'autre partie est traitée impli-
citement. Dans ce contexte, et pour des modéles similaires & celui considéré ici, nous
citons par exemple les travaux de [64] pour un modéle bi-fluide, [26] pour le modéle
d’Euler isentropique en introduisant un paramétre permettant de choisir le degrés
d’implicitation du flux de pression. Il est ensuite étendu au cas d’Euler complet
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FIGURE 1.1 — Illustration du principe des schémas AP : M_ correspond au modéle
d’Euler compressible et M?t sa discrétisation avec un schéma AP. Lorsque ¢ — 0,
M2 donne une discrétisation M5 stable indépendamment de € et consistante avec
le modéle d’Euler incompressible Mj.

et de Navier-Stokes [21]. Dans [65], le méme splitting en temps que celui proposé
dans [21] est utilisé avec une décomposition de la pression proposée par R. Klein [51]
dans le flux d’énergie. Dans [67], une adaptation des algorithmes de correction de
pression sur maillages décalés est proposée pour les équations de Saint-Venant et
d’Euler complet puis étendue aux équations de Navier-Stokes [32].

D’autres méthodes proposent un splitting basé sur la séparation entre les ondes
matérielles ou de transport (lentes) et acoustiques (rapides) du modéle compres-
sible. Dans les travaux de [17] pour Euler-friction puis pour Euler complet avec une
équation d’état générale [16], le schéma semi-implicite développé est résolu avec une
méthode de Lagrange-projection. Le systéme est divisé en un sous-systéme acous-
tique et un sous-systéme matériel. Le premier est traité de maniére implicite, & 1'aide
d’une technique de relaxation pour faciliter le traitement des termes non linéaires,
puis dans une seconde étape le systéme matériel est résolu explicitement.

Dans cette thése, nous nous intéressons au développement d’un schéma AP basé sur
une discrétisation IMEX (Implicite-Explicite) [80, 66] ou le flux est séparé en une
partie qui sera traitée de maniére totalement explicite et une autre de maniére tota-
lement implicite. Dans ce cadre, nous faisons référence aux travaux de [30] pour le
modéle d’Euler isentropique ott un schéma d’ordre 1 est proposé avec un solveur de
Rusanov [69, 39] utilis¢ en espace. Une analyse de stabilité sur le systéme linéarisé
leur permet également de définir la viscosité numérique nécessaire pour obtenir un
schéma qui soit L? ou L* stable. Dans [29], un schéma assurant la proprié¢té TVD
(total variational diminishing) et plus précis que le schéma d’ordre 1 est construit
en couplant les discrétisations d’ordre 1 et 2. Ce nouveau schéma est ensuite utilisé
dans une procédure MOOD (Multi-dimensional Optimal Order Detection) [20, 33|
permettant de réduire les oscillations du schéma d’ordre 2. Dans [10], une discréti-
sation sur maillages décalés est présentée pour le modéle d’Euler isentropique puis
étendue au cas d’Euler complet avec le méme splitting en temps proposé dans [30].
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Dans [6], deux schémas semi-implicites pour les équations d’Euler complet sont
comparés, I'un avec un splitting sur la pression similaire a celui proposé dans [26]
et 'autre avec un splitting de flux basé sur la séparation entre les ondes matérielles
et acoustiques. Dans [37] un schéma volumes finis sur maillages décalés d’ordre 1
pour le modéle d’Euler complet. Le splitting IMEX utilisé pour la discrétisation en
temps est inspiré de [38]. Cette discrétisation méne a la résolution d’une équation
non linéaire sur la pression & ’aide d’une méthode itérative. Ce schéma peut trai-
ter différentes lois d’états et traite aussi le cas des équations de Navier-Stokes avec
un traitement explicite des termes diffusifs. Ces idées sont reprises dans [76] pour
développer des méthodes de Galerkine discontinues d’ordre élevé sur des maillages
décalés également. Enfin elle sont aussi utilisées dans [11] pour construire un schéma
volumes finis sur maillages colocalisés. Le méme splitting en temps [38] est utilisé et
en s’appuyant sur les résultats de [30] pour la construction d’un schéma L? stable,
un solveur de Rusanov est utilisé sur la partie explicite et un solveur centré sur la
partie implicite. De plus, le caractére bien posé du systéme non linéaire sur la pres-
sion & résoudre est prouvé puis une extension du schéma a l'ordre 2 en temps [80,
66| et en espace est proposée. Un schéma volumes finis colocalisés avec un splitting
similaire est également proposé dans [14]| qui a 'avantage de résoudre une équation
linéaire sur la pression pour la loi d’état des gazs parfaits. Ce schéma est également
étendu a 'ordre 3 et aux équations de Navier-Stokes.

1.7 Le cas des équations de Navier-Stokes

1.7.1 Problématique

On s’intéresse également au cas des équations de Navier-Stokes qui nous permettent
de prendre en compte les effets visqueux et de conduction du fluide. Elles sont
constituées d’une partie non visqueuse, correspondant aux équations d’Euler, et
d’une partie diffusive correspondant au tenseur des contraintes visqueuses et au flux
de température.

Pour étudier la limite & faibles nombres de Mach, nous travaillons aussi sur le sys-
téme de Navier-Stokes adimensionné. Lorsque M — 0, le modéle tend vers un mo-
déle limite. Il est intéressant de noter que lorsque les coeflicients de viscosité et de
conductivité sont nuls, nous retrouvons le modéle d’Euler incompressible. De plus,
lorsque uniquement les effets conductifs sont négligeables, le modéle limite est ce-
lui de Navier-Stokes incompressible avec la contrainte d’incompressibilité V - u = 0.
Nous rencontrons les mémes problématiques que dans le cas d’Euler complet : lorsque
M — 0, les schémas classiques explicites ne sont pas stables et consistants avec le
modeéle limite.

Généralement, les schémas AP proposés pour les équations d’Euler complet sont
directement étendus au cas de Navier-Stokes. Les termes convectifs sont traités de
maniére identique et pour les termes diffusifs plusieurs choix sont possibles. Un
traitement explicite est le plus simple mais impose une contrainte parabolique sur
le pas de temps [41]. Nous avons
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Az?
At < :
dp A
2max | —,
3p " cup

ol p et A sont respectivement les coefficients de viscosité et de conductivité du fluide
et ¢, est la chaleur spécifique du fluide & volume constant. Cette contrainte peut

devenir trés restrictive dans les régimes fortement visqueux. Une autre solution est
d’impliciter ces termes mais cela ajoute des termes non linéaires sur ’équation de
pression qu’il faut traiter. De plus, puisque les équations sur la quantité de mou-
vement sont couplées & travers le tenseur des contraintes visqueuses cela demande
la résolution d’un systéme linéaire qui grandit avec la dimension en espace. Parmi
les travaux dans le contexte des schémas AP basés sur des méthodes IMEX avec un
splitting en temps similaire & celui que nous utilisons, nous avons par example [76]
avec des méthodes de Galerkine discontinues et les termes diffusifs explicites, [12]
qui étend la discrétisation de [11] avec un traitement implicite des termes addition-
nels. Pour cela un double algorithme de Picard est utilisé pour résoudre ’équation
de pression : une boucle pour approcher les termes visqueux qui sont ensuite injectés
dans la seconde pour résoudre 1’équation de pression.

Afin de formellement passer a limite dans les équations de Navier-Stokes, nous pré-
sentons ci-dessous l'adimenssionnement du systéme. La limite sera ensuite détaillée
dans la Section 3.1.1.

1.7.2 Adimensionnement des équations de Navier-Stokes

Nous présentons briévement ’adimensionnenment des équations de Navier-Stokes
qui sont les suivantes

dp+Ve-q=0, (1.7a)
Qg+ Vo - <qfq> +Vep =V, -0, (1.7b)
OE+ V- <(E +p) Z) =V,- (aZ) + V- (AVT), (1.7¢c)

ou la pression p et la température T du fluide sont données pour un gaz parfait par

2
po_ P jeld® P

- = = 1.7d

avec R = ¢, —c¢, et v = ¢ /¢, le rapport des chaleurs spécifiques a pression et volume
constant. Le tenseur des contraintes visqueuses ¢ est défini par

o=pn(Vu+ (Vu)h) —;M(V-u)l. (1.8)

Les paramétre u et \ sont respectivement les coefficients de viscosité et de conduc-
tivité du fluide.
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Pour adimensionner le modéle de Navier-Stokes compressible, nous introduisons les
quantités suivantes :

p = p/po, o = u/uo, P = p/Pos E=E/py, T=T/T,

- ~ (1.9)
T = x/x, t =t/to,
ol po, Po, Zo, to, ug = xo/to et Ty = po/po sont les ordres de grandeur des valeurs

prises par le fluide pour les situations considérées. Alors

op 0 .=y 0Tdp @@~ Po 9p
Oar(m t) = oz (pop(2.1)) = o 8:B($ ¢ 0 OT Z,6) = xo 8t( ),

(92T T[) 82 ~ po 82 [

G (0= 1 5 (B.1) = (2.9,

pox? oF2
Nous faisons de méme pour les autres termes du systéme (1.7) et divisons res-

pouo  POUZ  pouo
xo ' xo ' x0
mouvement, I’énergie et I’équation d’état. En définissant, comme pour les équations

pectivement par et po les équations sur la densité, la quantité de

d’Euler, € = pou3/po = YM§E nous obtenons :

O+ Vi-G=0, (1.10a)
] R q 1
QG+ Vi - (q@?q> Vi = P (At Vi (Vs D)), (1.10b)
P € PoUoT0
= N Ex ~ Ty~ 2 ey
OWE+Vz- (E+p)=) = 7 <V@u+ Vi)' )u— - (Vz uu)
: (B +5)D) = —Evs (Vo (Vo)) = 5 (V)
PoUOTO
2
~ gq
(B T 1.1
-1 (8-5T) (1.10d)

I ~ A
b A = )
PoUoTo PoUoTo
qui sont respectivement les coefficients de viscosité et de conductivité adimensionn-

nés, et en omettant les tildes nous obtenons le systéme de Navier-Stokes adimen-
sionné :

Op+V-q=0, (1.11a)

atq+v-<‘-’fq>+ “Vp=V .o, (1.11b)

OE+V - <(E+p) Z) — eV <UZ> + V- (AVT), (1.11¢)
2

g P gl (1.11d)

y=1 2p
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1.8 Synthése des travaux et organisation du manuscrit

Dans cette thése nous développons et analysons un schéma volumes finis asympto-
tiquement préservant dans la limite des faibles nombre de Mach pour les équations
d’Euler et de Navier-Stokes.

Dans le Chapitre 2, nous nous intéressons aux équations d’Euler complet. Dans I'in-
troduction 2.1, nous détaillons la limite formelle des équations d’Euler compressible
vers les équations d’Euler incompressible, la reformulation de ce dernier et 'inté-
rét des schémas AP pour I'obtention d’un schéma robuste et efficace dans tous les
régimes liés au nombre de Mach. Puis, dans la Section 2.2, nous effectuons une ana-
lyse sur les splitting de flux existants pour la construction d’un schéma AP basé
sur une discrétisation IMEX en temps. A partir de cette étude sur la stabilité et
la consistante asymptotique ainsi que sur la préservation de solutions stationnaires,
nous montrons que le splitting choisi est le plus adapté & notre probléme. Dans
la Section 2.3, nous présentons la discrétisation de notre schéma AP d’ordre 1.
La semi-discrétisation en temps proposée est basée sur une linéarisation de I’équa-
tion de pression initialement résolue & l’aide d’un algorithme de Picard dans [11].
La consistance asymptotique et la préservation des états stationnaires est prouvée.
Nous présentons ensuite la discrétisation en espace choisie a partir des résultats
démontrés dans [30]. Elle repose sur la discrétisation des flux explicites et impli-
cites avec un solveur de Rusanov pour un schéma L stable ou une discrétisation
centrée sur uniquement la partie implicite pour un schéma L? stable. De plus, &
travers d’une analyse de Fourier sur le systéme linéarisé, nous montrons la stabilité
de notre de schéma. Nous concluons cette section avec des résultats numériques ot
nous comparons notre schéma au schéma non linéaire [11] et nous montrons son bon
comportement. Dans la Section 2.4, nous proposons une extension d’ordre 2 avec une
approche de type IMEX Runge-Kutta en temps et une méthode MUSCL en espace.
A partir des travaux [29] pour le modéle d’Euler isentropique, nous construisons
un schéma TVD qui a travers une procédure de type MOOD permet de réduire les
oscillations propres aux schémas IMEX d’ordre 2. Nous terminons ce chapitre avec
des résultats numériques comparant les schémas AP d’ordre 1, d’ordre 2 et MOOD
qui mettent en valeur dans le schéma MOOD la montée en précision du schéma
d’ordre 1 et la réduction des oscillations du schéma d’ordre 2.

Dans le Chapitre 3, nous traitons le cas des équations de Navier-Stokes qui per-
mettent de prendre en compte les effets visqueux et conductifs du fluide. Nous com-
mencons par donner des détails sur le passage a la limite bas-Mach et les difficultés
numériques associées aux termes diffusifs. Dans la Section 3.2, nous présentons la
discrétisation du schéma AP d’ordre 1. Il repose sur le méme splitting en temps
que dans le Chapitre 2 pour la partie non visqueuse et en un traitement implicite
des termes diffusifs afin de s’affranchir de la contrainte C.F.L. restrictive pour des
régimes hautement visqueux. En suivant la méme stratégie que pour Euler com-
plet, nous proposons une approximation des termes visqueux dans I’équation sur la
pression résultant en un systéme linéaire simple a résoudre. Le schéma proposé est
ensuite étendu a l'ordre 2 et ’on prouve son bon comportement sur un ensemble de
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cas tests numériques en deux dimensions faisant intervenir des fluides non visqueux,
visqueux, en présence de conduction dans des régimes compressibles et & faibles

nombres de Mach.
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2.1 Introduction

We consider the modeling of a compressible fluid described by the compressible
full Euler equations and we are interested in numerical methods valid in all Mach
regimes. Let Q € R? (d = 1, 2 or 3) be an open bounded domain, the full Euler
equations in rescaled variables are given by
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Op+V-q=0, (2.1a)
1

Oig+ V- (qi’f) +-Vp=0, (2.1b)

@E+V-OE+MZ>:Q (2.1¢)

with p(t,z) > 0 is the density of the fluid, ¢(¢t,z) = p(t, z)u(t,x) its momen-
tum, u(t,z) its velocity field, E(t,x) its total energy and p(t,x) its pressure and
where z € Q and t € R™ are the space and time variables. The pressure is given by
an equation of state, here that of perfect gases:

2
po_ P cld

- 2.1d
it (2.1d)
with v > 1 the given ratio of specific heats.
The rescaled parameter ¢ is related to the Mach number
2
2 _ Yo _
M= = 2=
0

)

€
8
with 0(2) = 7 po/po, up, po and py being the typical values of the velocity, pressure
and density in the fluid. The previous system can be rewritten in compact form as

oW (z,t) +V - F(W(z,t)) =0, (2.2)
where W = (p, q, E) is the vector of conservative variables and

q
1
FW)= pu®u+gpIdR3 ;
(E+p)u

the flux.

In low Mach number regimes, the typical sound speed in the fluid, ¢, is very large
compared to the typical speed of the fluid itself, ug, and so ¢ is very small. It is well
known that in such situations (see [78]), if an explicit scheme is used, the time step
must satisfy a severe C.F.L. (Courant-Friedrichs-Levy) stability condition. Indeed,
for d = 1, the Jacobian matrix associated to F' is given by

0 1 0
DE(W) = 5(7 _13)U (B=u c 7
—pu 3 P £ 2
——— +t (72w’ ——+ 3 —27)u Yu
(v="1p 512 (v=1)p 5 )

and its eigenvalues are

M =u—c/ve, X=u, A3=u+c/Vz,
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with ¢ = yp/p and u the fluid velocity. And, the C.F.L. condition, ensuring the
stability of explicit schemes, for the time and space steps At and Az, is given by

< Ax
= max(ju £ ¢/ Va])

Then, for a given space step Ax, the time step At is of order 1/ and tends to 0 with .

(2.3)

Furthermore, even if this constraint is satisfied, it is also well known (see [43], [42]
or [27]) that explicit schemes suffer from a consistency problem in the limit £ — 0.
They are not capable to capture the right asymptotic regime.

A possible way to bypass these limitations is to use in the regions where ¢ is suffi-
ciently small, the incompressible Euler equations obtained as the low Mach number
limit of the compressible Euler equations (2.1). Here, we prefer to use the compress-
ible model and an asymptotic preserving scheme as explained in Section 2.1.3. But,
first, let us recall the formal low Mach number limit in the next section.

2.1.1 Low Mach number limit for the full Euler equations

The rigorous low Mach number limit of the compressible Euler system has been
widely studied in the last years [50, 49, 70, 5, 57, 60, 59, 1]. Results in the case
of non-isentropic Euler equations with general initial data can be found in [60]
in the space Q = R?, in [1] for an exterior domain and in a bounded toroidal
domain in [59]. Here, we briefly recall the formal limit. We denote by (p%, ¢°, E<, p°)
the solution of (2.1) with general initial conditions and with the impermeability
boundary condition
u®-v =20, on 0N,

where v is the unit normal to 02 outward to €. Performing an asymptotic expansion
such that:

p°=p"+ep',
e _ 0 1
¢ =q +eq,
e __ .0 1
p =p +ep,
Ef = E" +¢E!,

inserting the following expansions into the compressible Euler equations (2.1) and
collecting the different order terms we obtain for all x € Q and ¢ > 0,

et wpl=o, (2.4a)
el o’ +V-¢° =0, (2.4b)
0 0

0" +V - <q f;q )+Vp1 —0, (2.4c)

0

q
aﬁﬁ+v-0EW+w)w>_o, (2.4d)

0

=L (2.4e)
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Note that, p!(z,t) = lim. g é(pg(x, t) — p°) is the order one correction of the pres-
sure.
Since Vp°(z,t) = 0, p°(z,t) = p°(¢) then for all x € Q and ¢ > 0

p°(t)

E%x,t) = E°(t) = T

Integrating now (2.4d) on [0,7] x © we obtain,

t
/Q (Eo(t) — E%x, 0)) dz + /0 (/ag(EO(t) + () ) u®(z,t) - v(z) da(x)) dt =0.
(2.5)

Using the boundary condition (??), we obtain for all ¢ > 0,
Q| E°(t) —/ E%(x,0)dz = 0.
Q
And so,
1
E't)=FE"= — / E%(x,0) dx.
192 Ja

Thereafter, having constant energy and pressure, we recover from (2.4d) the incom-
pressibility constraint
V- u%(x,t) =0, (2.6)

for all z € Q and ¢ > 0. Finally, the “incompressible limit system” [1| writes

o’ +V-¢° =0, (2.7a)

0" + V - <q0§iqo) +Vpt =0, (2.7b)

Vv-u’ =0, (2.7¢)

o P 1/ E%(z,0) dz. (2.7d)
v-1 Qo

Let us note that p! is given implicitly by the incompressibility constraint (2.7c). We
will see in the next section how an explicit equation can be recovered.
2.1.2 Reformulation of the incompressible limit model

In this section, we present the reformulation of the limit model and its equivalence
with the original incompressible model.

Lemma 2.1.1. (Formal)

1. The incompressible model Mg given by (2.7) can be reformulated into RMjg
replacing the incompressibility constraint (2.7¢) by an explicit equation for p*.

Mo — RMjy
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where the reformulated incompressible system noted RMg reads

o’ +V-q" =0, (2.8a)
0 0
B’ +V - <q Ef)q ) +vpl =0, (2.8D)
1
V. <p0 Vpl) ~V. ((u0 : V)u0>, (2.8¢)
Eo—po—l/EO(x 0) d (2.8d)
y=1 192 /o 7 ' '

2. The reformulated incompressible Fuler system RMyg is equivalent to Mg if
and only if the initial condition is well prepared to the incompressible regime.
More precisely

RM, — My

if and only if
V-u(-,0)=0.

Proof. Let us start by the proof of 1. To recover an explicit equation for the first-
order pressure correction pl, first we write the velocity equation:

p° 0l + p° (u® - V)ul + Vpl =0,

obtained by inserting the density equation into the momentum equation. Dividing
this equation by p°,

1
o’ + (u® - V)u® + EVpl =0,

taking the divergence
0 0 0 1 1
v-atu+v-((u -V)u>+V- V) =0, (2.9)

and using the incompressibility constraint V -u® = 0, the derivative in time V - Oyu
vanishes and we obtain an elliptic equation for p*:

V. <p10 vp1> —v. <(u0 : V)uo). (2.10)

Thus, changing (2.7¢) into (2.10), we obtain RMj.

Remark 1. In the literature, the reformulated model can be found written in physi-
cal variables with the density equation reduced to a transport equation and replac-
ing (2.8b) by the velocity equation

p° Ol + pP (u® - V)ul + Vpl = 0.
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Let us now prove 2. From the momentum equation (2.8b), we can still recover (2.9).
Then, using (2.8¢c) we obtain for all x € Q and t > 0

O (V-u’) =0,
and thus
V-ul(-,t) =V -ul(-,0).
This shows that RMg == My if and only if V -u°(-,0) = 0. O

In the next section, we address the numerical challenges that arise when dealing
both with the compressible Euler model and its incompressible limit model.

2.1.3 Principle of asymptotic preserving schemes

First let us clarify that in the rescaled Euler system (2.1), our parameter ¢ is constant
and is related to the reference Mach number. However, the physical Mach number
can vary both in space and time. In practice, the schemes can be written on the
non rescaled equations (1.1), but in order to study the low Mach number limit, it is
convenient to work on the rescaled equations. In this section, in order to explain the
numerical difficulties associated to the physical Mach number, we can equivalently
consider in the rescaled system our parameter € to vary in space and time.

The limit model (2.7) does no longer depend on € and so is no more constrained by
the small values of €. But, it can be used only where ¢ is sufficiently small. Where ¢
takes on order one or intermediate values, the compressible Euler equations (2.1)
must be used. Then, two models must be used which leads to other difficulties
like the detection of the interface between the two models, the reconnection at the
interface...

For example, in Figure 2.1, we represent £ as a function of the space variable.
Around 0.75 on the z-axis, the interface between the compressible (¢ = 10°) and
incompressible (¢ = 107°) regime is very sharp and so it is clear where to switch
models. On the other side, between 0 and 0.4, the interface is more diffused and
therefore it becomes difficult to know where we can switch models. For the inter-
mediate values of € the limit model is not valid yet, so it cannot be used and so we
must put the interface for sufficiently small values of . But, the only valid model
for intermediate values or order one values of € is the compressible model and an ex-
plicit discretization starts to become rather costly due to the restrictive C.F.L. (2.3)
even for intermediate values of . In addition, as already mentioned, it can suffer
from consistency issues.

Another possible solution consists in using only one model, the compressible Euler
equations (2.1), valid everywhere and at every time. But, an asymptotic preserving
scheme, free of the constraints related to the Mach number €, must be used. Such
schemes have been developed in the literature, see [25, 24, 26, 44, 75, 64, 9, 30, 10,
29] for the isentropic Euler system and [63, 21, 65, 37, 16, 30, 11| for the full Euler
system. They permit to avoid the time step limitations, the schemes are said to
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epsilon

10°

107 -

107107

Figure 2.1 — Parameter € as a function of the space domain. At z = 0.75, the
interface between the compressible and limit model is sharp while between z = 0
and x = 0.4, we observe a diffused interface.

be asymptotically stable. And, they lead to consistent approximations of the limit
incompressible model when the Mach number goes to zero, this corresponds to the
asymptotic consistency property.

In practice, a possible strategy to obtain asymptotic preserving finite volume schemes
consists in using IMEX (implicit-explicit) methods ([80], [66]). For such schemes,
the C.F.L. restriction is only related to the part treated explicitly. In our case, the
flux of the Euler system (2.1) is split into two parts

F=F, +F.

The first one, F,, will be treated explicitly while the other one, F;, will be treated
implicitly. This flux splitting must be well chosen in order to obtain both asymptotic
stability and asymptotic consistency and such that the computational cost of the
scheme is not too high especially when ¢ is of order 1, in compressible regimes. It is
important to conserve the properties of the classical explicit schemes like the cost of
the scheme and the preservation of stationary states. The goal is then to construct
an asymptotic preserving scheme impliciting as few terms as possible.

If in the case of the isentropic Euler equations, the flux splitting is now well known,
for the full Euler equations, it is not so clear since we can find different flux splittings
in the literature leading to different asymptotic preserving schemes, see |21, 37, 16,
30, 10, 11]. Here, in Section 2.2, based on the analysis of the asymptotic preserving
properties (stability and consistency), we select the flux splitting for constructing
an IMEX AP (asymptotic preserving) scheme and we compare it to the different
flux splittings proposed in the literature.

We propose in Section 2.3, a new linear asymptotic preserving scheme based on the
non linear scheme proposed in [11]. We prove the asymptotic consistency as well as
its preservation of contact discontinuities.

Furthermore, we numerically show that an upwinding on the implicit numerical
fluxes is necessary for ensuring the low oscillatory property. Then, using a Fourier
linear stability analysis, we prove that this new AP scheme is linearly L? stable
under a C.F.L. condition independent of the Mach number £. Additionally, this
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analysis emphasizes that the upwinding on the implicit part improves the stability.
Numerical simulations presented in Section 2.3.4 show the good behavior of the
scheme in the non linear case. Like in [29] for the isentropic case, we propose in
Section 2.4 a second order extension based on the ARS-IMEX scheme ([80]) and we
use in Section 2.4.5 a MOOD process (see [33], [34]) in order to preserve the low
oscillatory properties of the order one scheme to the second order schemes.

2.2 Analysis of the flux splitting

2.2.1 Choice of the flux splitting

In order to build an IMEX finite volume AP scheme in low Mach number regimes,
we must decide which terms should be treated implicitly and so, we must set a flux
decomposition F' = F; + F,. If an order 1 scheme is considered, the parts F, and F;
will be respectively explicitly and implicitly discretized leading to the following
semi-discretization

Wn-l—l —Wwn

A7 +V -E(W") + V- F(W"h =0. (2.11)

We can find different flux splittings in the literature leading to different asymptotic
preserving schemes, see [21, 16, 37, 30, 10, 77, 11]. Let us first note that a fully
implicit scheme (F, = 0, F; = F) is of course asymptotic preserving but its cost,
especially in compressible regimes, is too high due to the nonlinearity of the system.
Moreover, the introduction of implicit terms increases the viscosity of the scheme
and thus decreases its accuracy. Finally, an implicit treatment of the whole flux is
not necessary to build an AP scheme. We therefore wish to treat implicitly as few
terms as possible while guaranteeing the AP character of the scheme.
Furthermore, in the case of an explicit scheme, F, = F and F; = 0, the semi-
discretization reads

n+l __ n

P N P iv.q"=0, (2.12a)

qn+1 o qn qn ® qn 1
N v ~Vp"t =0 2.12b
T pral Rt , (2.12b)

En+l —_ En n
5tV <(En +p") Z") =0, (2.12¢)

n+1 n+1 ‘un+1’2

gt =P p 2.12d
it (2.12d)

and we have seen that it is not asymptotically stable. Moreover, the scheme is not
asymptotically consistent either, meaning that we do not obtain a constant pressure
and a divergence free velocity when e tends to 0. Indeed, following the formal
asymptotic limit in the continuous case, we can perform the formal asymptotic
limit of the explicit semi-discretization. Then, multiplying (2.12b) by ¢ and passing
to the limit gives only the constraint Vp™ = 0 on W™ when W"*! is calculated.
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It does not impose Vp"t! = 0 and so an implicit discretization of the pressure
gradient term in the momentum equation is necessary to obtain the asymptotic
consistency. But, this is not sufficient since we must recover the incompressibility
constraint V - u"*1

Section 2.1.1). This means that a part of the energy flux term (E + p)u must be

= 0 from the energy equation like in the continuous case (see

treated implicitly.

To well choose the implicit part of the energy flux, we need to better understand the
transition from the compressible Euler model (2.1) to the incompressible model (2.7).
For this purpose, we complete and study in Sections 2.2.1.1 and 2.2.1.2 the following
diagram (Figure 2.2).

e—0

RM. p— RM,

Figure 2.2 — M, is the compressible model given by (2.1), My is the incompressible
limit model given by (2.7), RMj is the reformulated incompressible model given
by (2.8) and RM, the reformulated compressible model to be determined.

Until now, we have studied the upper part of the diagram. We first study the
reformulation of the compressible model and its equivalence with the original model
(see Section 2.2.1.1). Then, we look at the limit € — 0 of the resulting system and
compare it to the reformulated incompressible model (see Section 2.2.1.2).

2.2.1.1 Reformulation of the full Euler system : pressure wave equation

As done for the incompressible model (see Section 2.1.2), we can reformulate the
compressible model to obtain an explicit equation for the pressure.

Lemma 2.2.1. (Formal)

1. The compressible Euler model M, given by (2.1) can be reformulated replacing
the energy equation (2.1c) by a nonlinear wave equation for p.

M. = RM.
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where the reformulated compressible system RM; reads

Op+V-q=0, (2.13a)
1

dg+ V- (‘“i?(]) +-Vp =0, (2.13b)
. 1 1

9, <('3tp 4 U Vp) _lvy. ( Vp) =V- ((uV)u>, (2.13c)
yp Yp € p

_p el
B=_"9+5, (2.13d)

2. The reformulated compressible Euler system RM; is conditionally equivalent
to the compressible Fuler system M.. More precisely

RM. = M,
if and only if
Oep(+,0) = —u(-,0) - Vp(-,0) =p(-,0) V- u(-,0).
Proof. Let us start by the proof of 1. We begin from (2.1)
dwp+V-q=0,
ohq+V - <qu> +§Vp=07
OE+ V- ((E+p) i) =0.
The velocity equation is obtained from the momentum and mass conservation:

1
p(?tu—i—p(u-V)u—i-ng:O.

In the case of the incompressible system, we used the incompressibility constraint
V - u = 0 which comes from the limit of the energy equation and is no longer true
in the compressible regime. But, we can still use the energy equation. Using the

relations
E =k +——,
v—1
E4p=keth,
where ke =€ p @ is the kinetic energy, ﬁ is the internal energy and h = % is

the enthalpy. The energy equation gives

OE + V- (B +p)u) = dphe + h—2— + V- (k= + h)u)

v—1

+V-(kgu)—|—v'<w >:0.

zatk:5+8t ’7_1’LL

v—1
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P

Noting that

1
1u:pu+71pu and V - (pu) =u-Vp + pV -u, we get
ry_

1
Otk: + Oy f +V(k€u)+qu +qu+ﬁV(pu):0

v—1

Then, using the mass and velocity equations, we eliminate the kinetic part since
1
Otke + V- (kzu)+u-Vp =ceu- patu—i—p(wV)u—i-ng

+ Sl (9 +V - (pu)) = 0.

And so, having

p 1 _
8t7_1+pv u+7_1V (pu) =0,

the energy equation yields

P u-Vp P
0, V- -u=0. 2.14
t7_1+7_1+7_1 u (2.14)

Now, dividing the velocity equation p dyu + p (u-V)u + %Vp =0 by p, and taking
the divergence of the resulting equation we obtain an expression for V - Oyu:

V- dut V- ((u . V)u) %v' (; vp> —0. (2.15)

Then, dividing the internal energy equation (2.14) by the enthalpy % and taking
the time derivative, the resulting equation is

YpP yp

We insert (2.15) into the previous equation and we obtain

) (%’jtu;yzp) —év- (;Vp) -V, ((u-V)u), (2.16)

which is the nonlinear pressure wave equation in the fluid.
Thus, changing the energy equation (2.1c) into (2.16) we recover RM.

Let us prove 2. The mass and momentum equations yield an expression for 0;V - u
given by (2.15). Then, (2.13c) yields

O <8tp+m+v'u) =0.
P 84

Integrating the above equation on time gives

8tp('7t) + u(',t)-Vp(~,t)
¥p( -, 1) vp(-, 1)

+ V-u(-,t)

:8,51)(-,0) ’u(,O)Vp(,O)
vp(-,0) vp(-,0)
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Then, (2.17) holds the internal energy equation (2.14) if and only if it is satisfied at
time t = 0. That is, if and only if

And, thus the energy equation (2.1c) is recovered if and only if (2.18) is satisfied. [

Next, let us investigate the limit € — 0 of RM, and compare it to the reformulated
incompressible model (see 2.1.2).

2.2.1.2 Limit of the reformulated compressible model and reformulated
incompressible model

We prove the following Lemma.

Lemma 2.2.2. (Formal)

The limit of the reformulated compressible model RM. given by (2.13) is not un-
conditionally equal to the reformulated incompressible model RMg given by (2.8).
More precisely

lim RM,. = RMj

e—0
if and only if
atp( : ’0) =0.

Proof. Let us first study the formal limit of RM.. We denote by (p, ¢%, E<, p®) the
solution of (2.13) with general initial conditions and the impermeability boundary
condition u® - v = 0 on 0f). Inserting the asymptotic expansion of the previous
solution gives:

ety wpl=o, (2.19a)
1

V- (po va> =0, (2.19D)
eV : o’ +V-q° =0, (2.19c¢)
8 + V- (q ©4q > +vp! =0, (2.19d)
( ) 1) =V. ((uO V) uo), (2.19¢)
E%(t) ") (2.19f)

'y 1

Using (2.19¢) into (2.19d) and taking the divergence yields

Vol + V- <(u0 : V)uo): V. <,)10 vp1> , (2.20)
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Inserting the result into the limit pressure equation (2.19¢) gives

9 P (t) V0 _
5 (’YPO(t) V- ,t)) ~0. (2.21)

0

Integrating (2.21) on € and using the boundary condition u” - v = 0 on 9, we

obtain for all ¢ > 0

9 7|Q‘p0/(t)— u(z,t) - v(z)do(x) | =
&(WO@ | e <>d<>)—

v
0 gt (fpo(g)) = 0. (2.22)

Then, with (2.19e) we recover the reformulated pressure equation

-V <p10 vp1> —V. ((uo V) uo).

Now, that we know the limit of RM, we can prove under which condition it is equal
to the reformulated incompressible model. In RIMg, the state equation reads

0 1
EO = % = m’/S;EO(IE,O)dZE

whereas lim._,g RM; only gives a constant pressure and energy in space but not in
time. We have for all t > 0

And so,

Furthermore, integrating (2.21) in time and space gives for ¢ > 0

0 3tp (x, 0
WO =P ey

And so for all t > 0, 9;p°(-,t) = 0 if and only if 9;p°(-,0) = 0. In this case, we
recover for all t > 0

EO: pO o 1 pO( /ono
v—1 19 Jg 7—1 ]

O]

To conclude on the remarks, the reformulation of the compressible model can be
useful to better understand the transition to the low Mach number limit but the re-
sulting system is not unconditionally equivalent. This also highlights the importance
of constructing a scheme based on the conservative variables.
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From a numerical point of view, looking at the pressure wave equation of the refor-
mulated Euler system (2.13)

) <3t§ + “%Zp> - %v : <; Vp) ~-V. ((u V) u) (2.23)

we see that if the second order term in space

1 1
-V < vP) )
e \p

is explicit, we recover the classical constrained C.F.L. which imposes At of the order
of \/e Az for ensuring the stability of the scheme.

Then, for constructing a scheme, for the Euler system (2.1), uniformly stable with
respect to g, the time discretization must lead to an implicit discretization of the
above term and thus, we need an implicit discretization of the term

WY -u=—L V.,

v—1

in equation (2.14). And, since we must work with the conservative variables, espe-
cially when ¢ is of order 1 to compute the entropic solution, we need an implicit
discretization of the term V - (hu) in the energy flux in the Euler equations.

2.2.1.3 Chosen flux splitting : asymptotic preserving properties

Following the previous analysis, we conclude that a possible choice for the flux
splitting is given by

ou 0
FW)=1| pu@u |, F(W)=|1pldgs |, (2.24)
E.(W)wu h(W)u

where k. (W) = e p|ul?/2 and h(W) = % =~ (E — k(W)).

Note that this flux splitting was first introduced in [38] but not in the context of AP
schemes in the low Mach number limit. The authors consider this flux splitting for
building schemes which ensure the recognition of contact discontinuities and shear
waves. The same splitting is used in [37, 76, 11, 14| for constructing an AP scheme
in the low Mach number limit for the full Euler equations with a finite volume
discretization on staggered grids in [37], on collocated grids in [11, 14] and with a
staggered DG (discontinuous Galerkine) method in |76].

The semi-discretization writes
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n+1 n

th—p +V-q"=0, (2.25a)
q”HAt—q" V. <q"§iq"> n %vpnﬂ —0, (2.25b)
EHHA;En +V- (ks(W") Z:) N v (h(W"“) Z:i) =0, (2.25¢)

Let us study its properties. We prove the following result

Lemma 2.2.3. Assuming tmpermeability boundary conditions v -v = 0 on 0L, the
semi-discretization (2.25) satisfies the following properties:

(i)- Necessary condition for the asymptotic stability: In one dimension, each of
the Jacobian matrices DF, and DF; have real eigenvalues. Those of DF, are
bounded uniformly when € tends to 0.

(i1)- Asymptotic consistency: Formally passing to the limit € tends to zero into
the semi-discretization in time, we recover an approximation of the incom-

pressible Buler equations (2.7). In particular, we have E™! = ’,’ynjll =
ﬁ Jo E°(z) dz, and so for alln >0,
vpn+1 _ VETL+1 =0
and for alln > 1,
V-u"T =0.
(#i)- Preservation of contact discontinuities:
Du"(z) =
un (z) =0, = There exists a solution W1
Vp"(xz) = 0.
Du™(x) =0,
such that { Vp”+1($) —o,
where Du(z) = (0z;ui(x))1<ij<a denotes the Jacobian matriz of u =
(1, ,uq) € R

Before proving this result, let us first make two important remarks.

1. Property (7) is related to the asymptotic stability of the scheme while Prop-
erty (i7) is related to the asymptotic consistency and Property (iii) to the
preservation of stationary incompressible solutions.

Indeed, in the case of the isentropic Euler system, it has been shown in [30]
with a one dimensional linear stability analysis, that for ensuring the asymp-
totic stability, the discretization must satisfy the following essential proper-
ties: the upwinding of the explicit numerical fluxes must be related only on
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the eigenvalues of the explicit matrix DFe, the Jacobian matrix of the explicit
part of the flux. Then, the implicit part of the flux, F;, can be discretized
with a centered solver. In this case, the scheme will be only L? stable and
some oscillations may appear during the simulations but they are damped
for long times.

These oscillations can be removed, or at least reduced, using an upwind solver
for the implicit part, this upwinding can be related on the eigenvalues of the
implicit matrix DF;, the Jacobian matrix of the part of the flux which is
implicitly discretized. These eigenvalues are proportional to 1/4/¢ and so the
added numerical viscosity can be important in the low Mach number regime.
Nevertheless, the C.F.L. stability condition of such IMEX schemes is only
related to the eigenvalues of the explicit matrix DF.,.

Following this result, for ensuring the asymptotic stability of the scheme, it
is necessary that each of the Jacobian matrices (DF, and DF;) have real
eigenvalues, and those of DF, must be uniformly bounded when ¢ tends to 0.
Furthermore, let us note that the hyperbolicty of each “sub-matrix”, DF,
and DF;, is not required neither in the linear stability analysis conducted in
Section 2.3.3, neither in the numerical scheme. Then, we assume that they
could have multiple real eigenvalues and not be diagonalizable.
Furthermore, Property (ii) shows that passing to the limit ¢ tends to zero
into (2.11), (2.24), we recover an approximation of the incompressible Euler
equations (2.7).

Finally, it is important to note that a fluid with constant velocity and pressure
is a “stationary solution” of the compressible and incompressible Euler equa-
tions. Then, Property #ii) shows that the scheme preserves these stationary
incompressible solutions and so contact discontinuities.

. Note that the implicit treatment of the full “enthalpy term” in the energy

equation is necessary for the asymptotic consistency: if we change the flux
splitting by

pu . 0
F.(W) = pu @ u , B(W) = - pldgs :
ke(W)u+ Bh(W)u (1= B)h(W)u

with 8 € [0, 1], then Property (i7) is lost. Indeed, formally passing to the
limit € tends to 0 into the momentum equation, we obtain like for § = 0,
Vp"tt = VE™! = 0 for all n > 0. Then, integrating on Q the energy
equation using the boundary condition u™-v = 0 on 92 for all n > 0 (where v
is the unit normal to 02 outward to §2) gives:

QIE™ 1— E"(x x + "(x) Bh™ (x))u" (x) - v(x) do(x
- "1xu"1x-l/x o\Tr) = "(x)dr = OJZ‘ Z.
+/a(1 PR (@)u" () - v(x) do(x) /E()d /E()d
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Then, for all n > 1, A"t = A" = 5 [, E%(z)dz. But now, the energy
equation gives

E"PY = E" — AtBA"V -u™ — At (1 — B) R"TIV -

and implies, for all n > 1,

V-u"“ziv-u”.

5—1
The incompressibility constraint is recovered only if 5 = 0 or if the initial
velocity is well-prepared to the low Mach number regimes, that is, close to a
divergence free velocity. And so, the energy flux splitting corresponding to
B = 0 is the best one for ensuring the asymptotic consistency with general
initial data. To the best of our knowledge, this is the first time that it is
explained why this is the better choice for building a finite volumes IMEX
AP scheme in the low Mach number limit.

Proof. Concerning assertion (). In one dimension, the Jacobian matrices DF,(W)
and DF;(W) associated to respectively the explicit and implicit fluxes are given by

0 1 0
DF.(W) = —u? 32u 0 ’
—eu’ §5u2 0
0 0 0
pEW)=| Fu  —(y-Du H
—%u—i—’ys u3 % — 32

A simple calculation shows that the eigenvalues of DF, are given by 0 and u of
multiplicity 2 while those of DF; are given by 0 and u/2 + \/u?/4 4 ¢? /e where we
recall that ¢ = vp/p.

It has been already proven in [11], that this spliting satisfies (i4) with initial con-
ditions which are not necessarily well prepared to the low Mach number regime
(that is, initial conditions with a pressure and a velocity that are not necessarily
close to a constant and a divergence free vector field, respectively). Let us recall
the proof. Formally passing to the limit € tends to 0 into the momentum equation
multiplied by e, we obtain Vp"*! = 0 and thanks to the limit equation of state,
we obtain VE"*! = 0. Integrating, the limit of the energy equation and using the
boundary condition (u"™! v =u"-v = 0 on 9 where v is the unit normal to 95
outward to ) yields for all n > 0,

QIE"T = /QE”(:L')dm + /89 kX (z) u"(z) - v(z) do(x)
( )

n+1 n+1 _ n — 0
+/8Qh @) () v(z)do(z)= | E (x)dx—/QE (x)dz.

Q
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We recover that for all n > 0,
1
Entl = /EO ) dx.
o] ¥

Then, E"t! = E™ for all n > 1, and so using another time the limit energy equa-
tion: E"tt = E" — At h"HIV - 4! we recover for all n > 1, the incompressibility
constraint

V-u" () =0,

for all x € Q. Moreover, if the initial data are well prepared, that is, if VE(-,0) =0
and so VE? = 0, then, E' = EY and we also recover

V-ul(z) =0,

for all z € Q. Otherwise, if the initial data are not well prepared, that is, if
1
VE(-,0) # 0, then we have E! = ]Q‘/ E°(z) dx and
Q

_E%x) - E'

. 1 —
Voui(@) AtyEl

for all x € Q.
Let us now prove (iii). If u(x) =7 € R? and p™(x) = p > 0 are constant, then the
mass equation gives

Pt = pn — Atw- Vo

And, thanks to the momentum equation

At At
pn-i-l un+1 — (pn — At - vpn)ﬂ _ ?vpn-‘rl — pn+1ﬂ o ?Vpn—&—l'

n+1 n+1

=wuand p = P, since the previous

and the energy equation yields

And so, there exists a solution such that u

equation yields p
E"l = E" — AtT - VP

= n |72 |2
P o (21

BCE)) 2
ﬁ € _2/ n — n
= + = [@]® (p" — Atu-Vp").
(v=1) 2
And so, we recover the state equation E"T! = (7?1) + € pn+;|m2' ]

2.2.2 State of the Art of all Mach number IMEX finite volume
schemes

Let us look at the properties (i) — (¢i¢) of Lemma 2.2.3 for some flux splittings found
in the literature.
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2.2.2.1 First family of splittings

It is not possible to be exhaustive, as there are far too many works on the subject,
so we limit ourselves to flux splittings close to the one considered in this work. In
the pioneering work [21], the authors proposed the following semi-discretization:

n+1 n

P At— P iv.q"=o, (2.26a)
qn+1 _ qn qn ® qn
QY o +aVp"+ (1/e —a) Vp" =0, (2.26b)
En+1 i n+1
T + AV <<En —i—p") qpn > = 0, (2.260)
n+1 n |un‘2
gri=2 i 2.26d
iteT g (2.26d)

and where a@ > 0 must be well chosen for ensuring the asymptotic stability and
avoid oscillations. In many test cases, the authors choose @ = 0 but @ = 10 is also
considered. The previous semi-discretization can be rewritten as

Wn+1 —Wwn

_FNn,n—l—l:
o+ FP) <o,

with F(W™"+1) given by
1 En 2
<q”, plu @u" + ap” Idgs + < — a) p" T Idgs # q"“) , (2.27)
€ p

and V - F(W™"+1) cannot be written in a conservative flux splitting form V -
F.(W™) + V- E;(W"*!). And, even for a = 0, it is a multi-step method since p"
depends on E™ and (p"~!,¢"!). Hence, it cannot either be written (in one dimen-
sion) into the non-conservative following form A, 9, W™ + A; 9, W" L. Then, (i) is
meaningless and the semi-discretization is outside the scope of our study. Note that
Property (i) is satisfied up to O(At) but not (ii7) in general. Let us briefly recall

the proofs.

Proof. For the proof of (it), passing to the limit into the momentum and state
equations we have Vp"t! = VE"*! = 0 for all n > 0. Then integrating the energy
equation on Q and using the impermeability boundary condition gives E"t! =
1/1€ [, E°(z)dz for all n > 1. Noting that p" ™' = p"+ O(At), the energy equation

gives
v. <Pn+1un+1> _v. <f’n+O(At)un+1> _0
pr pr ’
and so the incompressiblity constraint V - «"*! = 0 is recovered up to an error
of O(At) for all n > 1.

For the proof of (i), if u™(x) = u € R? and p"(z) =P > 0 are constant, the mass

n+1

equation gives p = p" — Atu - Vp". And thanks to the momentum equation
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Pyt = pntly — At(1/e — a)Vp™ L. Therefore, there exists a solution such

that u"*! = @ and p"*! = P, since the previous equation yields p"t'u = ptla.
Then, using p"*! = p" 4+ O(At), the energy equation yields
B — g - avav - (B P
=E"— AtuV - (E" +p") o
p € n—1p2 _ Yo € a2 P+ O(AL)
— - ATV < p_ Ay
CETVACTA <<7—1p+2’0 ’“‘) o
P € - _ _
= oy T [ (P AT VT + 08,

And so, using the mass transport equation p" = p"~! — Atw- Vp" !, we recover
the state equation B
n+1 p € ni=12
= +50p ‘u| )
(-1 2
only up to O(At?). The contact discontinuities are therefore not exactly preserved.
O

In [30], a modified flux splitting is proposed to obtain a one-step method. And so,
the system can be rewritten in a non-conservative form as follows (in one dimension):

WnJrl —Wn

N + A (W, WY 9, W + A (WL W) o, Wt =0, (2.28)

In this work, a first flux splitting was proposed having the advantage that it lead
to a conservative flux splitting. The main advantages of having a conservative
form are that the theoretical results obtained for Implicit-Explicit (IMEX) methods
can be applied. Unfortunately, both its conservative and non-conservative versions,
do not satisfy Property (i), in particular the eigenvalues associated to the explicit
part are not always real. We will also prove that Property (ii) is satisfied but not
Property (éii). Then, they are able to modify the original flux splitting to satisfy
Property (z). This last flux splitting (2.32) is the one used in [30] and the analysis
is given below (see Lemma 2.2.5).

First let us present and study the properties of the first non-hyperbolic splitting and
its conservative version. The original splitting consists in setting o = 0 into (2.26)
and changing into the energy equation (2.26¢), V - ((E™ + p")¢"™'/p") by V -
((E™+ p™)g" ™ /p™) where p" = (y—1) (E"—¢ p" |u"|?/2), then the energy equation
is changed into

En+1 _ Em -1 2\ " n+l
— TV <<7E—(72)5’qp‘> qpﬂ) = 0. (2.29)

In [30], this semi-discretization is modified into a conservative one. This conservative
semi-discretization is given by

Wn+1 —Wwn

A7 + V- -E(W") +V-F(W"h =0, (2.30a)
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with
q 0
q®q vy—1(lg| v—1
=) Id
FEW)=1 » 2 ( p > R RW)=| 7 F (2.30D)
(v =Delglq VEq
2 p? p

It is obtained expressing p"*! in the momentum equation in terms of W™ and E"+!
using the state equation E"*1 = p"t1/(y — 1) + ¢ p" [u"]?/2.

Lemma 2.2.4. Assuming impermeability boundary conditions u-v =0 on 0, the
semi-discretization (2.30) does not satisfy Properties (i) and (iii) of Lemma 2.2.3
but does satisfy Property (ii).

Proof. Let us prove (i). The Jacobian matrices DF, and DF; associated respectively
to F, and F; are

0 1 0
7_3 n n
DEW") = | —5 ") (3 = 7)u 0l
n\3 3(un)2
(=D —(y =12 0
0 0 0
v—1
. n+1 0 0
DFi(W"+) = c (2.31)
,YEn+1 ol

- 0 _
(p" + 1)2 ol
Then, the eigenvalues of DF, are

|ul |ul
+ -3)(v—-1 0.
Y s oy
Those of DF; are 0 with multiplicity 2 and ~y/p. Since v > 1, the explicit eigenvalues

3=

are complex when v < 3 and so does not satisfy Property (7).

Remark 2. Let us note that, the non-conservative form (where the energy is given
by (2.29) ) does not satisfy Property (i ) elther The eigenvalues of the explicit matrix

Ac(Wn W are (3 — ) u™/2 4+ /(7 — 3) (v — 1)|u™|/2 and ~ ¢"!/p™. Those of
the implicit matrix A;(W™, Wn"*1) are j:\/ 1) (E™+p7)/(pntle) and 0.

For the proof of (ii), passing to the limit in the momentum equation multiplied by €
and the state equation gives VE™ 1 = Vp"tl =0 for all n > 0. Then, integrating
on § the limit energy equation and using the boundary condition u™ - v = 0 on OS2

1
Emtl = pn = Q’/QEO(x)dx

Using again the limit energy equation, we recover the incompressibility constraint

gives for alln > 1,

V.u"t =0,
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foralln > 1.

For the proof of (iii), if u"(x) = u € R? and p*(z) = p > 0 are constant, then
the mass equation gives p"t' = p" — Atw - Vp™. Now, using the state equation,
the momentum equation p" Tt u"tt = (p" — At - Vp™)u — At/eVptl = prtlyg —
At/eVprTtL. So untt =7 and p"t = P is a solution for the momentum equation.
Now, the energy equation yields

B c B ,YEn—I-lqn—O—l

e f n %P”’WEIQ — At(y—1)u-Vp+ Atu- VE"!
D g _ n— — n

RCEV R 1 AR
p € 1=2.n

= oy Tl o),

where we used the mass equation p™ = p"~1 — At - Vp" ! twice. Thus, the state

Entl — fl) + 5 p" [u|? is not exactly satisfied.

(v
O]

To recover real eigenvalues for the explicit part, a non conservative flux split-
ting is proposed in [30]. It consists in replacing V - ((E™ + p™)¢"*™/p") by V -
((E" + )¢t/ p”) but this time, an implicit discretization of the mass equation
is considered. The semi-discretization is given by

pn+1 _ pn

qn—l—l o qn qn ® qn 1 1

— 4V -Vp"tt =0 2.32b
AT pra AL ; (2.32b)

EnJrl —_ En n+1

—x tV <(E” +p") qpn > =0, (2.32¢)

n+1 n ’un|2
prt="L P 2.32d
SiteT (2.32d)

where we recall that p" = (y—1) (E™—¢ p" [u™|?/2). The density is treated explicitly
into the energy flux in order to have an uncoupled scheme. Note that this flux
splitting is also used in [10].

The flux splitting can be rewritten in one dimension, into the form A, 0, W" +
A; 0, WL (2.28) where
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0 1 0
v—1
AW wry = [0 0 (2.33)
ETL =N
0 7?’
p

Lemma 2.2.5. Assuming impermeability boundary conditions u-v = 0 on 02, the
semi-discretization (2.32) satisfies the necessary condition for asymptotic stability:
Property (i) of Lemma 2.2.3 but does not satisfy Properties (i1) and (i), respectively
the asymptotic consistency and the preservation of contact discontinuities.

Proof. The eigenvalues of A.(W"™, W"*t1) are given by 0, v¢"*1/p", (3 — v)u™ and
those of A;(W"™, W"+1) are

y—1Er+p"
€ P

+

., 0.

Then, Property (i) is satisfied.

Formally passing to the limit into (2.32) yields Vp"*! = VE"*! = 0 and E"*! =
};7:1 = 1/19] J, E°(z)dx for all n > 0. But, now, the energy equation gives the
incompressibility constraint up to an error of order At, since the energy equation
gives for all n > 1: V- (¢"T!/p") = V- (u"! p"F1/p") = 0 and so, using the mass
equation gives V - (p" ™! /p"ut!) = V. u"tt — AtV - (V- ¢"/p"u" ) = 0. And
so, the asymptotic consistency is obtained up to an error of order At and (i) is not
exactly satisfied.

Now, let us prove that (i4) is not satisfied in general. If u™(z) = @ € R% and p"(z) =
P > 0 are constant, then we still have p" 1wl = (p" — Atw-Vp")u— At /eVp .
And, if u"*! =7 and p"*! =P, we obtain p"tu = (p" — Atu - Vp™)u but thanks

to the mass equation,

pn+1 :pn—AtV' (pn—l-lun-l—l) :p”—AtU-Vp”“ #pn —Atﬂ-Vp”,

in general. We only get
P = (p" — At - V(p" + O(AL))) T = p" T a+ O(A).

1

Then, there does not always exist a solution such that «"*! =@ and p"*' =p. O

Finally, let us note that with this family of flux splittings, an important advantage is
that the resulting schemes can be solved in an uncoupled way. This is very important
because it allows the construction of schemes with a not to high computational
cost. This is especially true when dealing with multi-dimensional systems, it avoids
solving large linear systems. The uncoupled form of the scheme is obtained with a
reformulation of the energy equation like in the continuous case (see Section 2.2.1.1).

n+1

For the semi-discretization (2.32), we obtain inserting the expression of ¢ given

by (2.32b) into the energy equation (2.32c):

Em ~n n n 1
N <J2P (Qn A <‘1@7’1q> - At vp"“)) (2.34)
p p
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Then, replacing p"*! by the state equation p"*t! = (y — 1)(E""! — ¢ p" [u"]?),
we obtain a linear equation on the unknown E"*!. With this information the

n+1

momentum can be updated with (2.32b) (where the pressure p"*" is expressed with

the state equation) and finally the density is given by (2.32a).

2.2.2.2 Second family of splittings

Let us remark that all considered flux splittings do not perfectly separate pressure
and fluid waves. Indeed, the eigenvalues of the implicit part depend on the fluid
velocity in each case. It is in fact possible to find such a flux splitting. Let us consider
the flux splitting inspired by the operator splitting strategy like proposed in [16].
Then, the semi-discretization consists in an explicit treatment for the transport
terms with the fluid velocity:

n+1 n

p At— Piv.q"=o, (2.35a)
"t —q" "¢\ 1 .

L 4V — -V =0 2.35b
En+1 — E" n n+1

A7 +V- (E" Z”) +V- <p"+1 Z"“) =0, (2.35¢)

n+1 n+1 |, n+1|2
grii=P e P |§ i (2.35d)
N

Lemma 2.2.6. Assuming impermeability boundary conditions u - v = 0 on 0L},
the semi-discretization (2.35) satisfies the necessary condition for asymptotic sta-
bility and the preservation of contact discontinuities: Properties (i) and (iii) of
Lemma 2.2.3 but satisfies the asymptotic consistency, Property (ii), only if the ini-
tial velocity is well-prepared to the low Mach number regime, more precisely if and
only if lime_o u(x,0) = up(x) with V - up(x) = 0.

Proof. In one dimension, the Jacobian matrices associated to F, and F; are given
by

0 1 0
2
DR (W)= | —" 2 0,
——F — u
P P
0 0 0
Tl (- -1
DE(W) = 2 5 U 2(’7 Du 8 ’
—1)(y—2
+EC u _ (7 )('7 )6U2 _2 +€(’)/— 1)u2 _(,7 _ 1)u
gl 2y gl

where the eigenvalue of DF, is u of multiplicity 3 and those of the implicit ma-
trix DF; are 0 and £/(y — 1) ¢2/(ye). Then, Property (i) is satisfied and we can
see that this flux splitting perfectly separates the transport and the pressure waves
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since the eigenvalues of the implicit matrix do no more depend on u and those of
the explicit matrix do not depend on c.

Let us look at the asymptotic consistency. Formally passing to the limit ¢ tends
to 0 into the momentum equation multiplied by e, we obtain Vp"*! = 0 and thanks
to the limit equation of state, we obtain VE"! = 0. Integrating, the limit of the
energy equation and using the boundary condition (u"*!-v = ™ -v = 0 on 9Q
where v is the unit normal to 9Q outward to ), we recover that for all n > 0,
Ertt = 1/19Q] [, E°(z)dx =< Ep >. And, using another time the limit energy
equation we obtain

<Ey>V-u"(z)+(y—1) <Ey> V-u""(z) =0,

for all n > 1 and = € Q. And so, we recover Property (i) if and only if V-u®(z) = 0
that is if and only if the initial velocity is well-prepared to the low Mach number
regime.

The flux splitting also satisfies Property (i74). Indeed, if u”(z) = @ € R? and
p"(r) = p > 0 are constant, then the mass equation gives p"t! = p" — Atw -
Vp". Now, thanks to the momentum equation p"*tlun*! = (p" — Atw - Vp™)u —
At/eVp Tt = prtly — At/eVp"tl. And so, there exists a solution such that

un—l—l n+1

=7u and p = P, since the previous equation yields p"1 @ = p"*t1% and the

energy equation yields
E"t = E" — Atu- VE"
T? € ni—2 — € ni—2
= —— 4= —Atu-V(=
R LA A LA (VA
p € _
— +7pn+1’u|2‘

y—1 2

And so, the state equation is recovered. ]

2.2.2.3 Flux splitting considered

Let us conclude this section with a review of existing low Mach number IMEX
schemes using the flux splitting (2.24). We recall the semi-discretization:

n+l _ n
% +V-g" =0, (2.36a)
n+l _ n n n 1
% v (q@;q> + -Vt =0, (2.36b)
En+1 — E" " qn " qn-‘rl
XtV <k5(W )pn> +V- (h(W +1y W) =0, (2.36c)
n+1 n+1 ’un+1‘2
gl = P p ' 2.36d
o— +e 5 (2.36d)

The first article in which (2.24) has been used for building an all Mach number
scheme is [37], the scheme is based on staggered grids. In [11], an all Mach number
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scheme on collocated grids is presented. The scheme consists in discretizing in
space the semi-discretization (2.36). The mass equation can be advanced since the
implicit flux is zero on it, then a nonlinear system on the momentum and energy
has to be solved with a Picard algorithm. The resolution of this nonlinear system
can be prepared to the low Mach number regimes by reformulating it: inserting the

n+1

expression of ¢ into the energy equation and using the state equation, yields

n+1

Y L\ (kg q)
y—1 p"
hn—l—l n n 1
o (B (- aey (120 gy,
p P €

Then, one recovers the discretization of the pressure wave equation into the fluid
and the resulting scheme reads

qn+1,e:}cp — qn — AtV - (pnun ® un)’ (2.37&)
En+1,exp =FE"_ AtV - (k? u”)’ (237b)
pn—f—l — pn — AtV - qn’ (237C)
c hn+1
Y= P
hn+1
— eALV - (,;n gt ) , (2.37d)
gt = grtlenp AtEVp”H, (2.37¢)
€
+1
gl _ grtlean _ Apg . <hn+1qz+1> _ (2.37f)
p
(2.37g)
where
’un+1|2 ,ypn-H
e e T o

Note that, (2.37d) yields to an elliptic equation for determining p"*!, but it is still
coupled with the momentum equation. In [11], this reformulation is done on the
fully discretized equations (in time and space) leading to a five points discretization
of the second order operator on the pressure into (2.37d). To avoid checkerboard
effects a non standard discretization of the enthalpy vp/((y—1) p is introduced and
then a Picard algorithm is used to solve this nonlinear system in terms of p and q.
An unlimited in time order 2 discretization is also proposed and multidimensional
simulations (2D and 3D) are performed. Note that, in [14], such a discretization is
also proposed and extended to the Navier-Stokes system but the proposed lineariza-
tion yields an all speed scheme such that the asymptotic consistency is obtained up
to an order At term.
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Here, we propose and study an all Mach number IMEX finite volume scheme also
based on the flux splitting (2.24) but we prefer to discretize the previous refor-
mulated semi-discrete equation instead of reformulating the full discrete one, thus,
eliminating the checkerboard effect problems. Moreover, we propose a lineariza-
tion of this reformulated equation in order to avoid the Picard algorithm for which
the convergence is not always guaranteed during the simulations. The resolution is
therefore uncoupled, since p is calculated first, then p, then g can be calculated and
finally F is updated. We prove the asymptotic consistency on the semi-discretization
as well as its preservation of contact discontinuities. Furthermore, we perform a lin-
ear stability analysis showing that our scheme is linearly L? stable and we propose
a second order in space and time scheme. Then, we use a MOOD process to reduce
the oscillations that are common for second order schemes.

2.3 Owur new Order 1 AP scheme

2.3.1 A linear semi-discretization

Our linear first order all Mach number IMEX semi-discretization consists in replac-
ing in (2.37d), the terms A" and k7*! by their values calculated with the explicit
convected part of the conservative variables. It is given by

qn+1,e:1:p — qn o AtV . (pnun ® un)7 (2.38&)
Ertlerp — pno A4V . (k? u”)7 (2.38b)
Pt =" — AtV - ", (2.38¢)

+1 +1,

gvpi - — APV <hnpn+jzp Vp”“) = el ke
hn—i—l,e:vp 1

— & AtV . <pn+1qn+ ,e:rp) y (238d)
gt = gnthep _ AtEVan, (2.38e)

3

+1 +1 ’anH +1
n _ gmn+lex n

where kL = k.(W') = ¢ |¢|2/(20"), for I € {n,”n+ 1,exp”,n + 1} and the enthalpy
in the pressure equation is defined by

hn+1,eacp _ h(Wn—i—l,ea:p) = (En—i—l,e:vp _ kE(Wn—l—l,ea:p))‘

Note that the scheme is linear and uncoupled since p"t1, p"*t!  ¢"*! and E"*! can
be computed sequentially. Moreover, note that like in [11], we do not use the state
equation for computing E"*! but the conservative equation (2.38f). Indeed, using
the equation of state (2.1d) leads to inconsistent results: in some shock test cases
the intermediate state is not well calculated, see Figure 2.3. We do not obtain the
entropic solution. The same problem was noticed for the nonlinear scheme proposed
in [11].
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Figure 2.3 — State equation versus energy equation : Solution of the Sod shock tube
problem (see Section 2.3.4.1) at tyinq = 0.2 for 200 cells. Results for the Order 1
L? AP scheme using the equation of energy (2.38f) for updating the energy (pink
lines) and using the equation of state (2.1d) for updating the energy (blue dotted
lines).

Let us prove that this semi-discretization is asymptotically consistent and preserves
the contact discontinuities:

Lemma 2.3.1. The semi-discretization (2.38) satisfies Property (iii) of Lemma 2.2.3
and so preserves the contact discontinuities.

Furthermore, assuming impermeability boundary conditions v -v = 0 on 0L, the
semi-discretization (2.38) gives pi™t = (y —1) < E§ > and < Ey*t >=< EJ > for
alln > 0. Additionally, if the initial energy is well-prepared to the low Mach number
regime, more precisely if lim._,o F(z,0) = FEy with Eq constant, the semi-discretiza-
tion (2.38) is asymptotically consistent. The formal low Mach number limit of the
system gives p" Tt = (y — 1) E"* = (y = 1)Ey and V - w1 = 0 for all n > 0.

Proof. If u™(x) =u € R% and p"(x) = p > 0 are constant with E"(z) = p/(y— 1)+
e p™ |u|?/2, then the mass equation gives p"*1 = p" — Atw- Vp™. And we have

qn+1,ezp — pn—l-l,eacp un—i—l,exp _ pn T — AT - vpnﬁ — pn+1 u,

e g
k?+1,exp — 5 pn+1,exp ‘un+1,ezp‘2 _ 5 pn+1 |ﬂ’2,
g
En+1,exp — E™ — At 5 |ﬂ‘2ﬂ . vpn
p € ni=2 €12~ n
= 4= —At= .V
7_1+2PIUI 5 @@ Vp
P

£
] T3 P [l
hn+1,ezp — ’YT)

v-1
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Now, the pressure equation and energy equations lead to

pn+1 — prntlerp _ pntlerp A4y . Lﬁm
v—1 € po— pn-i-l
p /.
= —— AtV
v-l <W—1U>
_ P
v—1
En+1 _ p e ntl |2 A o
=511’ @)? — AtV - (ypu™tt)
P € B
IR T

And so, there exists a solution W"*! such that v"*' = @ and p"t! = p. The
semi-discretization (2.38) preserves the contact discontinuities.

Let us prove the asymptotic consistency. We perform an asymptotic expansion,
assuming that all the quantities f! = fl +¢ fl for l = n, "n+1,exp” or n+ 1, then
we obtain:

-1 hg“’wp n+1
9 : V- vao = 0, (239a)
Vpitt =0, (2.39D)
00 gt = g — ALV - (pRufl @ ul), (2.39¢)
Eyther — g (2.39d)
poh =i — AtV - qf (2.39%)
+1 n
pg YEG
= Ej — AtV <pg+1q3 : (2.39f)
qZ}“ gyt Ath"“, (2.39g)
Bt = Ey - Atng -Vt (2.39h)

where hg“’exp =y E}.
Integrating the pressure equation (2.39f) on € and using the impermeability bound-

ary condition ugH -v =0 on 9N, we get

n+1
o 20— /EO dx—At/mnyo( 2t (@) - v(a)do(z) :/QEg(x) iz

And so, p”+1 (v—1) < Ef > with < Eff > |Q\ Jo E¢(x) dz. Now, integrating

the energy equation on €2 gives < E”+1 >=< Fj >. By induction, we have for
alln >0
ot =(y-1)<E > <EMT>=<E>

Furthermore, assuming the initial energy is well-prepared i.e. Eg = Ej is constant,

B (y

then then pg 1)Ey = (y — 1) Ey. In particular for n = 0, the pressure
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equation writes
L
01 = E) = E) — Aty E)V - 1},
f}/ p—

and so V - u} = 0. On the other side, the energy equation gives for n = 0,

1 1

n+1

n+1 — —_—
By induction on the property ”Ifyo_l = EJ = Ey”, we obtain I;O_l = Eg“ = FEy

andV~ug+1:0for alln > 0. O

Remark 3. For non well-prepared initial conditions, it is possible to recover the
asymptotic consistency modifying the semi-discretization changing in (2.38f) the
term v p"*1/(y — 1) in the flux by h"T1¢®P_ Let us briefly prove it. Performing an
asymptotic expansion on the modified energy equation gives

E"tl = EP — AtV - <7E5L ”+1> (2.40)
0 Pl 40 : -
0

And so by identification with the pressure equation (2.39f):

+1 n
pB‘ ’YEo +1
7_1:E61—Atv-(pn+lq8 ,
0
n+1

by

we have ESLH = Then, ESL'H is constant and integrating (2.40) on €

1
gives Bpt! = Ep = i /Q EQ(x)dz for all n > 1. Therefore, the incompress-

ibility constraint is retrieved for all n > 1 without assuming well-prepared initial
conditions.

However, this version of the semi-discretization leads to a less diffusive scheme in
the L? stable version of the scheme (see next section) and so oscillations appear in
some test cases (see Figure 2.4). These oscillations are diffused for large times and
disappear in the L* version of the scheme. They are the trace of the L instability
of the L? stable version of the scheme which remains L? stable. We will see in the
following that all L versions of the schemes, require an upwinding on the implicit
flux proportional to 1/4/e and therefore does not allow to have an asymptotic ac-
curacy. The L? versions, although showing oscillations, can be interesting for some
test cases. This is why, even if the asymptotic consistency is obtained only for well
prepared initial data, we choose to use the semi-discretisation (2.38).
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Figure 2.4 — Lax problem (see Section 2.3.4.1) for 200 cells. Results for the order 1
L? AP and L® AP schemes associated to the semi-discretization (2.38) (pink and
red curves) and the modified one (blue and cyan curves).

2.3.2 The order 1 schemes

In [29], it has been shown that a centered discretization for the implicit flux terms is
sufficient to ensure an L? AP scheme if the explicit flux terms are discretized with an
upwind discretization like Roe type solvers. The resulting scheme gives consistent
and stable results but can present oscillations which are the signature of the non
L stability. Since the scheme is L? stable, these oscillations do not propagate in
the domain, remain localized and do not increase over time. This problem can be
cured introducing an upwinding in the implicit discrete flux leading to the so-called
L> AP scheme.

2.3.2.1 [? stable discretization in one dimension

First, let us present the L? stable full discretizations in space and time for the
previous semi-discretization (2.38). It is based on the modified Lax-Friedrichs solver
for the explicit flux F and a centered solver for the implicit flux Fj.

We consider a uniform discretization in space and time for clarity, with Ax > 0 and
At > 0 the space and time steps. The fully L? stable discrete version of (2.38) in
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one dimension reads

(}—e>?+1/2 B (}—e)?—ln
Az ’

(]:6/0)?4-1/2 - (‘Fep)?_l/g

Ax ’

e p@+1 ~ At2 <hn+1,exp> p;li-ll _ p;H-l B (thrl,emp) pgb—&-l o ngj—ll
y—17 Az P ) e Ax P )i Az

At hn+1,exp n+1,exp
o n+lexp  _jnt+lerp j+1 n+lexp  7j-—1 n+1,exp
= 5Ej Ekj € e e ,

WL — - At

(2.41a)

Py =pj - At (2.41b)

A +1 —1
A\ pn T Pt
(2.41c)
n+1 n+1,exp p;L-iJ-rll - p;Lirll
g+l _ grttesp Al < v qn+1> B < v qn+1>
! ! 28z \ \ (v — 1) p"t! i1 (y—1)pt! i1
(2.41e)

where the explicit numerical flux (Fe)" = ((Fep)”, (Feq)™s (Fer)™) is given by

L RWR)ERWE
(]:8)]'-1—1/2 = o 9 - — (De)j+1/2(M+1 - Wj ), (241f)

where F, is given by (2.24) and with the explicit viscosity coefficient,

1
(De)?-i—l/Q = 5 max (|u?+1|7 ‘U?’) )

taken as half of the maximum explicit eigenvalues of DF,.
In (2.41c), h/p at the interfaces is computed as the arithmetic average:

(hn-i-l,ezp) 1 h2}+1761p h?illﬁxp
_ S + )
n+1 n+1 n+1

P j+1/2 2 Pj Pjt+1

In the following this scheme is called the Order 1 L? AP scheme.

2.3.2.2 L stable discretization in one dimension

Now, we present the scheme with an upwinding on the implicit fluxes. We first

compute the L2 stable solution anﬂ’m

sipation as done for the explicit numerical flux (F)

given by (2.41) and we add numerical dis-

;L+1/2, thus leading to a modified

scheme for the density, momentum and energy equations.

n+1,L2
n+1 112 At n ntl ntl n n+1 n+1
Wi =1 g += ((Di)j+1/2(Wj+1 = W) = (Di)j_q o (W) = Wi )) ;
prtLL2 Az

’ (2.42)
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where (D)7, /2 1s the implicit viscosity coefficient, taken as half of the maximum
implicit eigenvalue

n ]' n n
(Di)j+1/2 = §max (|>\z( j+1)|7 ’)‘i(Wj )|) )

where

|y u?  c?

stV Tt

Let us note that, to avoid the computational effort of solving a nonlinear system,
the numerical viscosity is applied after the calculation of the L? stable solution and
the implicit viscosity (D;) is chosen to be taken at time n and not n + 1. In the
following, this scheme is called the Order 1 L* stable scheme.

AW

Moreover, it is important to note that the upwinding on p must be applied after the
calculation of the pressure, otherwise the scheme does not preserve exactly contact
discontinuities (see Figure 2.5).

Figure 2.5 — Contact problem (see Section 2.3.4.1) for 200 cells. Results for the
Order 1 L AP schemes associated to the semi-discretization (2.38) (red curve)
and the modified one where the upwinding on the variable p is applied juster after
calculing p"1E* with (2.41D) .

2.3.2.3 Modified nonlinear Order 1 AP scheme ( [11])

In numerical simulations, we compare our scheme to the scheme proposed in [11]
slightly modified. Indeed, in [11]| the reformulated pressure equation is calculated
on the fully discretized scheme giving a discretization of the elliptical term in the
pressure equation spread over 5 cells. Here, we prefer to discretize the reformulated
pressure equation (2.37d) and obtain a discretization of the elliptic term spread over
3 cells. This modification allows for a less diffusive scheme. Furthermore, in [11], the
implicit part of the energy flux v/(y — 1) p/p q is discretized as the product of the
centered approximations of v/(y — 1) p/p and g, here we prefer to use the centered
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approximation of the quantity. This modification improves the convergence of the
Picard algorithm. Then, the resulting nonlinear scheme, called NL Order 1 L? AP
scheme consists in the following

Feolr/a = Fonr
Ax ’

e A2 [ pia -t ! Pyt =it
- 1pj Ax pntl 112 Az pntl io1/2 Ax
—_ (Efb+1,exp - kn-{-l) —Eﬁ (hn+1 qn+1,exp>
J J N prtl i+1/2

<hn+1 1 p) ( b)
— an €T y 2.43

Pyt =pj — At (2.43a)

+1 +1
S = qn—i-l,ewp _ At M (2.43c¢)
J 2eAx .
gl _ prttes _ AL < v q”+1> - (WQ"“> :
j b AL (v — 1) prt1 it (y—1)pntt i1

(2.43d)

We add the upwinding on the implicit part to the NL Order 1 L?> AP scheme
following the same process described in the previous section. We obtain the NL
Order 1 L* AP scheme.

2.3.3 One dimensional linear Fourier stability analysis

In this section, we consider d = 1. We linearize the Euler system (2.1) around a
constant solution W = (p,q, E) such that p > 0 and p = E — ¢/2¢*/p > 0. We
denote by @ = q/p and ¢ = yp/p. The linearized system is given by

oW + Ad,W =0, (2.44)

where A= DF(W) = DF,(W) + DF;(W) with

0 1 0
DEW)=| —u* 2u 0],
—eu? 3eu? 0
(2.45)
0 0 0
DF,(W) = o (1—yu 2
@2 [T c —9 —

The eigenvalues of A are
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We denote by P, the matrix of the eigenvectors of A, then P~'AP = D where D
is the diagonal matrix with the eigenvalues of A on the diagonal. The matrices P
and P~! are defined by

1 1 1
u—i U u—l—i
P = ve o Ve ,
M2C2(M_2)_|_ c M202 MCQ(M+2)+
v—1 1
Ve v-1
L(-M+2) —((-M+1) T
— vy—1
Pl=| (1—p¥+1 -pmz -
Ve -1
Y(y-nM-2) - (y-nM-1)

with M = y/eu/c. We denote by V the coordinates of W in the eigenvectors basis,
then W = PV and 0;V + D 9,V = 0. Since D is diagonal,

1 1
5a%(DV V) = 3 ((DO,V) -V +(D'8,V)-V) = (D,V) - V.
Then, taking the scalar product of this equation with V', we obtain
OV -V +(DV) -V =d||V|3(x,1) + 0:(DV - V) =0,

where || - ||2 is the Euclidean norm of R3. Integrating on the space domain and
assuming periodic boundary conditions, we have

1
o /0 V(. t) + (DV - V)(1,1) — (DV - V)(0.£) = 34| V|| 20.1p (t) = 0.
We recover for all £ > 0,

IVIIz2qo,1p (1) = IVl 220,17 (0)-

Let us note that this result holds only in the eigenvector basis and is not true for
W since the matrix A is not symmetric.

Following this proof, using Fourier analysis, proving the decrease of the L? norm of
the discretized vector V', we prove the L? stability of our Order 1 L? AP (2.41) and
Order 1 L* AP (2.42) schemes. We conclude this section with the same analysis
for the nonlinear AP scheme NL Order 1 L? AP scheme (2.43).

To prove the L? stability of the scheme, we prove the decrease of the L? norm of
the discretized vector V.

2.3.3.1 Linearization of our semi-discretization

We begin, linearizing the semi-discretized system (2.38) around W = (p,q, E) a
constant solution. Then, we set Wk = W + e W* for k =n +1,n, “n+ 1, exp” and

p"tt =P+ ep"tl. Using a Taylor expansion we get
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W+ e WnHhese — T 4 e W™ — At 0, (F.(W )+EDF(W)W”+O(E)).

Neglecting all terms of order greater than €, an omitting the omitting the “checks
we obtain
wrtlesr — wn _ At DF,(W) 9, W™,

and so
pn-l—l,ea:p — pn — At aqu7

qn—‘,—l,ea:p — qn + Atﬂ2a pn — 2Atﬂaan7

EnTLemt — B Ate@® O p™ — At 3— 2 0pq". (2.46)

Now the pressure equation gives

© (P + ep"™) — e At?0, ((H(W) + 0(6)>3x]§”+1) _

-1
- (EJF ¢ EvHLea _ B (W) — ¢ DR(W) Wtbear 4 0(6))
—e At 0, ((H(W) +eDH(W) Wn—l-l,emp) (G + € g e > 7
where o
HW) =, L 22T _ L ap @
p2p° -1 p -1
_ . B ,
o) = (151 553) = (e i 5 )

DE(W) = (—¢/2%%,e7, 0),

Neglecting the error terms and omitting the “checks”, we obtain
=2 72
9 9
pn+1 . c At28§xp"+1 —¢ (EnJrl,exp + l pn+1 _ Eﬂanrl,exp)
v—1 v—1 2
2
— e At ( o qn+1 TP 4 qDH( )a Wn+1 emp)
/7 —_—
1 € u2 1 1 e 1
—¢ (En+ ,erp 4+ pn-‘r _ Eﬂqn+ ,exp) —EAt amqn—i- ,erp
2 v—1
u ul
— e At <_ — +ve 2) 8xpn+1 + EAt’yEﬂ2 8an+1,ezp _ ,.yﬂawEnJrl exp’
And so,
=2 72
pn+l _ %At28§xpn+l —_ (’Y _ 1) (En+l,exp + ETU pn—i-l _ gﬁqn+1,exp)

72) a:tqn—l-l,exp

73
— At (—c2u—|—fy( -1) 2>833p —At (@ —~v(y—1)eu
— Aty (y — 1) ud, Entheer,
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Finally, for the energy equation, we obtain
n+1 n-+1,exp A 62 ) n+1 A 62
E =R"THP 4 At ———— Opp — At
(v-1p " (v-1)

The resulting one dimensional linearized semi-discretized system reads:

8qu+1 _ At Fyf)/_ul 8xpn+1

wrtberr — wn _ At DF,(W) 9, W™, (2.47a)
pn+1 — pn—l—l,exp’ (247b)

2
C
pn+1 o At2 ; agxpn—i—l — ('7 _ 1) (En—f—l,exp + 5@2/2 pn—}—l _ Eﬂqn—&-l,exp)

— At [(—czﬂ +9(y—1)/2e@®) 0pp" ! + (2 — 7 (v — 1) eW®) Dpg™ TP

Fy(y—1) ﬂaxE"“’m} . (2470
At
g+l = gntlear — O,p" (2.47d)
2= 2 a7
En+1 — En—&-l,emp + At ,yc_ul azpn-&—l — At Pyc_ : aan—&—l — At Vv_ul axpn-ﬁ-l.

(2.47¢)

2.3.3.2 L? Stability of our Order 1 L?> AP scheme

Discretizing the linearized semi-discretized system (2.47) with the Order 1 L? AP
scheme, we obtain:

n+1,exp n At Ti7 ]n+1 B W]n—l U n n n
W, =W - X DFe(W)f—i( Jr—2WE W) )
(2.48a)
p;‘Jrl = p}l+1,exp, (248b)
2 A2
+1 ¢ At +1 41 +1\ n+1,exp
T A Wi 20 ) = (- D E)
t P = o
+(y—1)e <ﬂ2/2p}”‘1 — aﬂqr.”“l’ewp)—A— (= +v(y—1)/2e0°) %ﬂ
T
1l,exp n+1,exp n+1,exp n+1,exp
At ¢t =g At E; —- B
— (P =y (-1 ew?) LH =y -pa e =
Ax 2 Ax 2
(2.48¢)
+1 +1
n+1 _  n+lexp At p?Jrl _pg}*l 2.48d
G =% CeAz 2 ’ (2.484)
+1 +1 +1 +1 +1 +1
pntl — pntlexp + At EQHP?H _p?—l _ &2 q?+1 — q?—l _WP?H _p;'l—l
J J (v—1) Az 2 2 2 '
(2.48¢)

where F, is given by (2.24). We assume periodic boundary conditions. We prove
the following result
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Lemma 2.3.2 (L? Stability of our Order 1 L? AP scheme). Let Wy € L*(]0,1[)
and Ax > 0 and At > 0 the space and time steps satisfying the C.F.L. condition

v [u] At = Az.

We denote by VV]Q =1/Ax féff) Az Wolz) dz, by (W) the solution of (2.48) and

PV™z) =W"(x) =W} =PV if v €](j — 1) Az, j Az[ where P is the matriz of
the eigenvectors of DF(W). We set M. = \/zu/c.
Then, for all M. €]0,25[ and all v € [1,10], there exists C > 0 depending on v, T,

¢ and € such that for alln >0
V™I z2qoap < C IVl E2qo1p-

Proof. We assume @ > 0 for clarity. The same proof can be done for w < 0.
For | = n+1, n+1,exp or n, we define on [0, 1] W(z) = W]l ifxe[(j—1) Az, jAx|
for j=1,---,L =1/Az. Then,

1
Wha) =Y Wk)e* ™ with W'(k) = / Whz)e 2k 4y,
keZ 0

and W'=Y, , W'(k). Then, (2.48a) reads

W"(x + Az) — W"(x — Ax)
2

+ag (W@ +Az) = 2W" (@) + W"(z — Az))

wrtlesr () = W (z) — a DF,

where a = % and DF, is given by (2.45).
Taking the Fourier transform of the resulting equation, we get

WP (k) = By, (k)W (),
where
Bi (k)= (1—au(l—cosp))ls—iasinp DFy,

with ¢ = 27k Ax.

Now, we can move into the eigenvector basis. Denoting by V¥ = P~1 W* for k = n,
“n +1,exp” or 'n+ 1 yields V¥ = P~1W*. Multiplying W"t1e#(k) by P71, we
obtain

P—an-l—l,emp(k) — Vn-l—l,ezp(k) — P—l B,Z(k‘) PVn(k)
= B(k) V" (k),

where
Bé(k)=P !B (k)P =(1—at(l—cosy)) I3 —iasinpA,,
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with

ol

(2.49)

%‘mw‘g‘

A, =P 'DEP=| u-— %

_u
2

o g o
|
+

gl

The Eigenvalues of B¢(k) are given by
A =1-—au(l—-cosy),
d=XA3=1—au(l—cosy)—iausinep.
We have,
MP=1—-aa(l—-cosyp)(2—au(l—-cosy)),
Mosl? =1—2a@(1—cosep) (1 —an).

In order to have the spectral radius of B¢(k), noted r(B€¢(k)), lower than one, we
need

at(l—cosp)(2—au(l —cosy)) >0 < (2—au(l —cosyp)) >0,
and,
2au(l—cosp)(l—au) >0 < (1—amw) >0,
where 0 < (1 — cosp) < 2.
Then, r(B¢(k)) is lower than 1 under the C.F.L. condition ua < 1, that is

u At < Az.

Note that p"t1 = pntlezr. Now, the Fourier transforms of Egs. (2.48¢), (2.48d)
and (2.48e) give

=2
(1+2a2 % (1 — cos ) p (k)
—2

~1ew
= <('Y -1) % —iausing <_02 4 W))ﬁN-S-Lemp(k)

—((v=Deu+iasing (¢ —v(y—1)eu®)) ¢t (k)
+(y—1) (1 —iausinpy) E"THeP(k),
(jn+1(k) — dnJrl,exp(k) . g iSiIlgD AnJrl(k)’
9
2 2 -
En—i—l k :En+l,e$p k - CU 1 € 1 YU pi k
(k) (k) + aising ’7_1,0 7_1(1 77_1]9 (k) |,

fnt1 A 1
= BT (k) 4 aising 1 ot
/‘)/ J—

2 —
RPN c n+1,exp k) — _C
ad sin <71q (k) <

2

oising YU\ i1
+ P k:>
G F5o)
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We note that p"*1(k) given by the first equation only depends on the variables
prberp (k) gntherp (k) and E"H1eP(k). So inserting the expression of p"*1(k) into
the equations for ¢"*!(k) and E"1(k), yields

ﬁn+1(k) pAnJrl,e:Ep(k)
W (k) = | ¢ (k) | = By(k) | ¢V (k) | = By, (k) B, (k) W™(K). (2.50)
En+1<k) En+1,emp(k)
1 0 0
where B! (k) is of the form Bi (k) = [ co1 co2 o3

€31 €32 €33
By multipliying (2.50) by P~!, we move into the eigenvector basis and have
Vn+1(k) _ P—quz'U(k,)Wn—&-l,emp(k)

= P! B, (k)P V"hem (k)

= B(k) B¢(k) V"(k), (2.51)
where we used V"t1e?(k) = Be(k) V™(k) and we noted B(k) = P~'Bi (k)P.
Let us note that, we also have B*(k)B¢(k) = P~'B! (k)P P~ B¢ (k)P = P~ B! (k) BS (k) P.
Thanks to the software Maple (we refer to Appendix A for all the calculations ob-

tained with the software), we see that the resulting matrix B‘(k)B¢(k) is of the
form

' di 0 di3
B'(k)B°(k) = | doa1 1+ au(cosp —1) —iau sing dog
d31 0 d33

Therefore, the characteristic polynomial of B(k)B¢(k) reads

din — X di3
d31 dsg — M|

det(B'(k) B¢(k) — A I3) = (1 + ati(cos ¢ — 1) —ia@ sing — \)
One eigenvalue is directly given by
AM=1—au(l—cosp+ising),
and we rewrite
det(B'(k) B¢(k) — A I3) = (1 — a@ (1 — cos ¢ + isin p) — X) Q*(N),
where Q%()) is a second order polynomial given by
Q'(A) = X +a; A+ b,

with a; and b; complex coefficients. We refer to equation (51) in Appendix A for
there explicit expressions obtained with the software Maple. There expression is
given in terms of four variables:

cfl = am, M:Mazfg, v, ¢ =2rkAx.
c
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Then, setting cfl = 1/, such that,
yau=1,
the coefficients a; and b; are expressed in terms of M., v and ¢. We denote by

)\2(M5790a’7)a )\3(M€7§077)7

the roots of Q°. Hence, the eigenvalues of Bi(k) B¢(k) are A\; = 1 — au(1l — cos ¢ +
ising), A2 and A\3. We always have |A;| < 1 since, as shown for the eigenvalues
of A, au < 1 implies |\1| < 1 and here we have au = 1/v < 1.

We plot on Figure 2.6, the maximum modulus of the roots of Q' as a function of
M. €]0,25] and v € [1,10]

f(MEa'V) = maX( max |>‘2(M€7<p77)|7 max |)‘3(M€v$0>7)|)'
pel0,2 7| pe(0,2 |

Figure 2.6 — Stability of our Order 1 L? AP scheme (Lemma 2.3.2): Maximum
modulus of the roots of Q°.

As we can see on the figure, the maximum value of |A2| and |Az| is one. This proves
that, under the C.F.L. condition yuAt < Az, for all M, €]0,25], all ¢ € [0,27]
and all v € [1,10], the spectral radius of B;(k) B.(k), denoted by r¢(B;(k) Be(k)),
is lower than 1.

Since there exists at least one norm matrix || - || in R™ (depending on B;(k) Be(k)),
such that || B;(k) Be(k)|| < r(Bi(k) Be(k)), we obtain

[V E)| < 1B:() B[V ()] < [V (R)) < -+ < [VO(R))).

But, all norms are equivalent in finite dimension then, there exists C; > 0 and
C5 > 0 depending on @, ¢ and € such that for all n > 0,

CL V™ (R)llz < IV (k)] < Co |V (K)ll2-
where || - ||2 is the Euclidean norm. And so,

LIV (R)ll2 < IV (R)]| < VORI < Co [VO(R) 2,
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Furthermore, using Plancherel’s theorem, we have that

IV Begony = SV E2 = S 1V ()3

keZ keZ
Therefore, noting C' = Cy/Cy > 0 we prove that for all n > 0

IV™r2g01p < CIIVO Nl 2g0,1p-
OJ

Remark 4. Note that, this C.F.L. seems to be optimal, indeed for larger values of the
C.F.L, i.e [u| At/Az = C" with C" > 1/, there exists v such that the spectral radius
is bigger than 1. In Figure 2.7 we show that for ¢/ = 1, the maximum modulus
of the roots of Q' are greater than 1 from approximately v = 2.5. However, for
v < 2.5, it is sufficient to assume |u| At/Az = 1.

Figure 2.7 — Maximum modulus of the roots of Q' for ¢’ = 1 > 1/, i.e., under
the C.F.L. condition [u| At = Az instead of |u| At = Az/~.

Remark 5. Also note that, for higher values of =, this condition is not sufficient.
Indeed, in Figure 2.8), we plotted under the C.F.L. condition |[u| At = Ax/~, the
maximum modulus of the roots of Q' for all M. €]0,25], all ¢ € [0,27] and all
v € [1,15]. The maximum modulus of the roots of Q' are greater than 1 from
approximately v = 11.

2.3.3.3 L? Stability of our Order 1 L>* AP scheme

Let us now perform the stability analysis of the Order 1 L°° AP scheme. The Order
1 L*° AP scheme on the linearized system consists in the following

n+l |)"L|At
Wj 2 Az (

where W]" T1L2 §s given by the Order 1 L? AP scheme (2.48) and where ); is the
maximum implicit eigenvalue associated to the implicit flux F;

" |ﬂ|+ /ﬂz+62 a 1+ 1+ 1
S| = — —_— — = U - —
’ 2 4 € 2 4 M2)’

+1 +1 +1Y) _ +1,L2
W]n-‘rl —2 W]n + an—l ) - ‘/V;‘1 ’ (2.52)

)
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Figure 2.8 — Maximum modulus of the roots of Q* for higher values of v under the
C.F.L. condition |u| At = Az/~.

with M, = \/eu/e.

We assume periodic boundary conditions and prove the following result:

Lemma 2.3.3 (L? Stability of our Order 1 L AP scheme). Let Wy € L%(]0, 1])
and Ax > 0 and At > 0 the space and time steps satisfying the C.F.L. condition

|u| At = Ax.

We denote by VV0 =1/Ax féAf) Az Wolz) dz, by (W}) the solution of (2.52) and

PV™z)=W"(x ) Wi =PV] ifx €](j — 1) Az, j Az[ where P is the matriz of
the eigenvectors of DF(W) We set M. = \/eu/e.

Then, for all M, €]0,25] and all v € [1,5], there exists C > 0 depending on v, @, ¢
and € such that for allmn >0

V™"l r2goap < C IV lz2qoap-
Proof. We assume uw > 0 for clarity. The same proof can be done for w < 0. We

proceed like in the proof of the previous Lemma. We take the Fourier transform
of (2.52). Noting ¢ = 2rkAz, we obtain

j AZ i 1IN AT —ip YImn
(14 N )Tk — 2 e e gy - Ll o cmie i vy
= (14 || (1 —cosg)) Wﬁ*l(k)
(1 + a|ul (1/2 + \/W) (1- cosqb)) Vi/;lﬂ(k;) _ an—l—l,L?(k)‘

By multiplying the resulting equation by P~!, we pass into the eigenvector basis of
DF and using the coordinates of W (2.51), we obtain

P BPY™ (k) = BV (k) = Bi(k) B (k) V"(k),

where § = (1+au (1/2—1— \/W) (1 —cosg )
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Then, using the results of the proof of the previous Lemma, we obtain

det (; B(k) B¢(k) — A13> = /313 det (B'(k) B¢(k) — BAI3)
= 513 (1—a@ (1 —cosp+ising) — BA) Q'(BN)

B <1—au(1—cosgp+ising0)
a g

- A) Q'

where @Z()\) = ng A,
We set

u At = Az,

and we denote by Ao (M;, ¢,7) and A3(M,, ¢, ) the roots of @Z As for the previous
proof, we plot on Figure 2.9 the maximum modulus of the roots of Q" that is

f(MEa’V) = max( nlax |X2(M€v 9077)|7 max |X3(M€v 907’7)|)7
pel0,2 7] pel0,2 7|

as a function of M, €]0,25] and ~ € [1,5].

Figure 2.9 — Stability of our Order 1 L> AP scheme (Lemma 2.3.3): Maximum
modulus of the roots of Q'.

This proves that under the C.F.L. condition tAt < Az, for all M. €]0,25], all
¢ € [0,27] and all v € [1, 5], the spectral radius of 1/ B;(k) Be(k) is lower than 1.
We conclude like in the proof of Lemma 2.3.2. O

Remark 6. Note that for higher values of «, this condition is not sufficient (see
Figure 2.10). Nevertheless, stability can be recovered under the C.F.L. condition
1.7vuAt < Az, for all M, €]0,25], all ¢ € [0,27] and all vy € [1,25].

2.3.3.4 L? Stability of the NL Order 1 L? AP scheme ([11])

We conclude with the linear stability analysis of the nonlinear scheme, we prove that
the NL Order 1 L? AP scheme is L? stable. The scheme on the linearized system
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(a) C.F.L. condition |u| At = Ax (b) C.F.L. condition 1.7v|u| At = Ax

Figure 2.10 — Maximum modulus of the roots of @Z for higher values of ~.

with periodic boundary conditions, is given by

wrtt —wr W, —wr )
J J DFe Jj+1 7—1 .
A TPEW TR 2 Az

(W —2wp+ W)
1 1
n+l _ W]n_Jrl

W
+ DF;(W) -+ =1

A =0, (2.53)

for j=1,--- L =1/Azx with Wg = W and W7, = W[

Lemma 2.3.4 (Stability of the NL Order 1 L? AP scheme). Let Wy € L*(]0,1])
and Az > 0 and At > 0 the space and time steps satisfying the C.F.L. condition

[u] At = Ax.

We denote by VV]O =1/Ax féff) Az Wo(x) dz and by (W) the solution of (2.53)
and PV™(z) = W"(z) = W' = PV ifx €](j —1) Az, j Az[ where P is the matriz
of the eigenvectors of DF(W'). We set M. = \/eu/ec.

Then, for all M. €]0,25], there exists C > 0 depending on u, ¢ and € such that for
alln >0

V™I z2qo1p < C IVl E2qo1p-

Proof. We assume w > 0 for clarity. The same proof can be done for u < 0.

We proceed like in the proof of the previous lemmas, we take the Fourier transform
of (2.53) and move into the eigenvector basis of DF by multiplying the resulting
equation by P~!. We obtain

Vi) =B; '

)

(k)Vn-l—l,e:rp(k) — E
where

Ez(k) = I3 + aisingoAi,
Be(k) = (1 —au (1l —cosy))Id — aising A,



60 Chapter 2. Full Euler equations

with ¢ = 27k Az, A, = P"1DF,P given by (2.49) and

A; =P 'DF,P = *UT% 0 iufﬁ (2.54)
o0 I+t

The matrix B.(k) is the same as in the proof of Lemma 2.3.2, its eigenvalues are

At =1—au(l—cosyp),

A2 =Aeg =1 —at(l —cosyp) —iamusing.

And0<au<1l = |Ag|<1lfori=1,2,3.
Those of B;(k) are

)\i1:1+i<sing0au/2—a|sincp| 02/\/§+u2/4>,

iz =1,

/\¢3:1+i<sin<pau/2+04]sincp\ 02/\/§+u2/4>.
Now we set

au =1,

and a quite long calculus using the software Maple (see Appendix B for more details
on the calculations) yields

det(B; (k) Bo(k) — A I3) = (cosp — i sing — \) Pa()\),

where

P(\) =N A+ d;,

and setting M. = /e /¢ the coefficients ¢; and d; are given by

o2 2 cos p + sin? ¢ — i sin o (1 — cos @)
' y M2 + sin? o + i sin ¢ M2

)

M2 (sin? ¢ cos ¢ + cos? p — i sing cos (1 — cosg))
(M2 + sin? o + i sin o M2)2

d; =

M2 (sin? ¢ cos? ¢ — i sin® ¢ cos )
(M2 + sin? ¢ + i sin ¢ M2)?

We denote A\ = cosy — i sing and by Ao(Mc, ) and A3(M, @) the roots of P.
We have |[A1] = 1 and we plot on Figure 2.11, on the left: the maximum modulus
|[A2(M., @)| and |A3(Mc, )|, that is

max(\)\g(Mg, 90)|7 |>\3(M€7 90)‘)
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Figure 2.11 — Stability of the NL Order 1 L? AP scheme (Lemma 2.3.4): Maximum
modulus of the roots of Ps.

as a function of ¢ € [0,27] and M, €]0,25]. On the right: the maximum modulus
of the roots of P as a function of M. €]0, 25]

g(M;) := max( max [Aa(Me, )|, max [A3(Mc,¢)|)
pEe[0,2 7] pel0,27[

This proves that for all M. €]0,25] and all ¢ € [0,27], the spectral radius of
B, (k) Be(k), denoted by r(B; ' (k) Be(k)), is lower than 1. We conclude like in the

1
proof of Lemma 2.3.2.
Note that when sin ¢ = 0, P, reduces in P2(\) = A2 — 2 cos ¢ + cos? ¢ and

det(?i_l(k) Be(k) = M3) = (cosp — A) (A2 —2 cosp + cos® ) .

And we have \; = Ao = A3 = cosy. Moreover, B;(k) = (Ig + oz2isin90Ai>: Id
and so

det(B; ' (k) Be(k) — A I3) = det(B.(k) — \Id).
Therefore, the eigenvalues are those of Be(k) which when au = 1 and sin ¢ = 0, are
well given by Ae1 = Aea = Aez = cos . ]

2.3.4 Numerical results for order 1 schemes

In this part, we present several numerical test cases which show the good behavior of
our new order 1 linear AP scheme (2.41), (2.42). We compare it to the nonlinear AP
scheme (2.43) inspired by [11]. If not mentioned, the reference solution is computed
using an order one explicit scheme with the Rusanov solver on a refined grid (N =
3000). For all test cases the space domain is set to 2 = [0, 1] and we choose v = 1.4.
If not mentioned € = 1.

2.3.4.1 Classical Riemann problems: The Sod, Lax and Contact prob-
lems

The initial data of the classical Riemann problems is given by

wy, = (pr,ur,pr) if z <y,
(p,u,p)(0, ) = .
wr = (pr,ur,pr) otherwise,
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where the initial left and right states values, wy, and wg respectively, are summarized
in Table 2.1. For these test cases Dirichlet conditions are imposed at the boundaries.

Name Lfinal Ld P v P

1 1
Sod 0.2 0.5 Z; 0195 8 01
Lax 0.14 0.5 Z; 8::45 (1)'698 32?13
Contact 0.3 0.5 vafz ? 1 18

Table 2.1 — Initial data for the Sod and Contact problems

The Sod problem, represents a benchmarks in gas dynamics [78]. Its solution consists
of a left-moving rarefaction fan, an intermediate contact discontinuity and a right-
moving shock wave, see Figure 2.12. The Mach number, M? = u? p/(yp), ranges
from 0 to 1. Sinceat t =0orxz =1, M =0 and at z = 0.5, M =~ 0.9. We can
see that our new simpler scheme gives similar results to the NL AP scheme. The
linearization of the nonlinear system does not alter the results.

Figure 2.12 — Sod problem for 200 cells. Comparison of our order 1 AP scheme (solid
lines) with the NL AP scheme (dashed lines) for both L? and L> discretizations.

The solution of the Lax problem also consists of a rarefaction wave, an intermediate
contact discontinuity and a shock wave. This test case is more complex compared to
the previous one due to the discontinuity in the initial velocity which is not present
in the Sod problem. The results are again very similar with a slightly more diffusive
behavior for our scheme (see the density profile).

The Contact problem is constituted of a right-moving contact discontinuity on the
density with constant velocity and pressure see Figure 2.14. The exact solution is
given by:

plz,t) = p(xr —t,0), wu(x,t)=wu(x,0) and p(z,t)=p(z,0).

It is a particular incompressible solution and is used to test numerically the preser-
vation of the contact discontinuities which is the property (ii7) of Lemma 2.2.3. We
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Figure 2.13 — Lax problem for 200 cells. Comparison of our order 1 AP scheme (solid
lines) with the NL AP scheme (dashed lines) for both L? and L* discretizations.

can see that all schemes preserved the contact discontinuity showing again that the
exact resolution of the nonlinear problem is not necessary.

Figure 2.14 — Contact problem for 500 cells. Comparison of our order 1 AP scheme
(solid lines) with the NL AP scheme (dashed lines) for both L? and L> discretiza-
tions.

Note that the implicit upwinding, necessary to obtain the L stability property,
introduces numerical diffusion as it is expected but does not appear to be necessary
in these test cases. We will see in the next test case that without this upwinding,
non-physical oscillations may appear.

2.3.4.2 Several interacting Riemann problems

The initial data is given by

1— % if z € [0,0.2],
1 if 7 € [0.2,0.3)],
p(0,2) =1, w(0,2) =4 1+ g it z €]0.3,0.7], p(0,2) =1, (2.55)
1 if z € [0.7,0.8],
1— g if 2 €]0.8, 1],
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The system is supplemented with periodic boundary conditions. The results are
given for different values of the Mach number: ¢ = 1, ¢ = 107! and ¢ = 1072
respectively in Figures 2.15, 2.16 and 2.17. In each corresponding regime we observe
oscillations on the density profile when using the L? discretization for both our linear
AP schemes and also for the NL AP schemes. When using the L°° discretizations,
these oscillations are significantly reduced. Note that we have also applied this
upwinding to the NL AP scheme, the results are similar to those for our new linear
scheme. This illustrates the need to add the upwinding on the L? discretization.
Therefore, for the rest of the paper we will keep only the L> AP scheme called
Order 1 AP scheme.

Figure 2.15 — Several interacting Riemann problems experiment. Comparison of our
order 1 L>® AP scheme against our order 1 L? AP scheme and the nonlinear (NL)
scheme. € =1, tfin = 0.04 with 200 cells.

Figure 2.16 — Several interacting Riemann problems experiment. Comparison of our
order 1 L> AP scheme against our order 1 L? AP scheme and the nonlinear (NL)
scheme. Results for e = 1071, tfinal = 0.03 with 500 cells.

In Figure 2.19, in order to show the asymptotic stability of our scheme, we compare
the time steps of our L> AP scheme against the classical explicit one. On the left
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Figure 2.17 — Several interacting Riemann problems experiment. Comparison of our
order 1 L> AP scheme against our order 1 L? AP scheme and the nonlinear (N L)
scheme. Results for € = 1072, tfinal = 0.015 with 1000 cells.

Figure 2.18 — Several interacting Riemann problems experiment. Comparison of our
order 1 L>® AP scheme against our order 1 L? AP scheme and the nonlinear (N L)
scheme. Results for e = 1074, tfinal = 0.006 with 3500 cells.

picture for ¢ = 1, we can see that the time steps have the same order of magnitude.
On the contrary, on the right picture for ¢ = 1072, we observe that the time steps
of the AP scheme are around 1/4/¢ = 10 times bigger than the ones required by
an explicit method. This shows that the AP scheme can employ time steps which
are independent of £ while time steps of explicit schemes remain close to the Mach
number value.
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(a) € = 1, final time ¢4;,,q; = 0.04 for 200 (b) ¢ = 1072, final time tfinat = 0.015
cells for 1000 cells

Figure 2.19 — Several interacting Riemann problems experiment. Comparison of the
time step sizes At as a function of time between the classical and the AP scheme

for different values of «.
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2.4 Low oscillating order 2 AP scheme

In this section, we extend our new linear AP scheme to second order accuracy in time
and space. Like in [29, 11|, this extension is based on an Implict-Explicit (IMEX)
Runge-Kutta approach [80, 66, 31, 9]. In particular, we make use of the second order
Ascher, Ruuth and Spiteri [80] scheme denoted in the sequel by ARS(2,2,2) which
have been shown in [61] to be the better choice for order 2 discretizations. We recall
that implicit methods of order higher than one for hyperbolic problems cannot be
TVD nor L™ stable for unconstrained time steps [40] and this situation does not
change when IMEX methods are employed [29]. To bypass this limitation, we use
the same approach as in [29] for the isentropic Euler equations. The idea consists in
blending together first and second order implicit time-space discretizations giving
rise to an accurate but order 1 AP scheme which guarantees the preservation of the
L stability and TVD property and, to use the order 2 scheme as often as possible
by setting up a MOOD (Multidimensional Optimal Order Detection) method [20].
We detail in the next sections the different steps of the scheme.

2.4.1 Order 2 AP semi-discretization in time

First, let us present the order 2 semi-discretization in time. The Butcher tableaux
of the ARS(2,2,2) discretization are given in Table 2.2 where f = 1 — 1/2/2 and
a=1-1/(28). Remarking that « = 5 — 1 and 1 — o = 2 — 3, the following order

= 0]0 0 0 - 00 o0 0

= £

= BB 0 0 = B0 B8 0

éﬁ ljla 1-a O E 110 1-8 p
o 1-a 0 [0 1-8 B

Table 2.2 — Butcher tableaux for the ARS(2,2,2) time discretization. Left panel:
explicit tableau. Right panel: implicit tableau.

2 in time scheme is obtained:

w + BV - E(W") + BV - F(W*) =0,
n+1 _ n
% + V- FW*) + (1= B)V - (F(W*) — F.(W™)

+ BV - (F;(W"T) — F,(W*)) = 0.

Following the reformulation and linearization used for the order 1 AP scheme, we
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obtain
q*,eacp — qn o 5Atv . (pnun ® un)7 (256&)
E*P = E" — BALY - (k7 u™), (2.56b)
p"=p" — BALV - ¢", (2.56¢)
h*erp R*erp
S ]3* . IBQAtQV . ( . Vp*> _ g(E*,exp . k*,eazp) _ EﬂAtV . < . q*,ea:p ) ’
v—1 p p
(2.56d)
1
¢ =" — ALV, (2.56¢)
"
E* = B — BALV - (q* ) , 2.56f
(v—=1Lp* (2.561)
where "™ — ~ (E*€aP _ k;_(J*ea),
pn—i-l,exp
wrtherr — [ gntbeap | — W — At[(B— 1)V - F(W™) + (2= B)V - F.(W*)
En—i—l,exp
+ (1= BV KW,  (257a)
pn+1 — pn+1,e:vp (257b)
c hn+1,ea}p

n+1 2 2 n+1

—c (En+1,emp _ k,n+1,emp) — eBALV - M n+1,exp (2.57¢c)
= pn+1 q ’ ’
At
qn+1 _ qn—i-l,exp - B vpn-i-l, (257d)
13
Entl _ prtlesp _ BALY - L—H n+1 (2.57¢)
N (=Dt ) |

with Antlerr — v (E”‘FLCHCP _ k.g(wnﬁ—Lexp)).

2.4.2 Order 2 space discretization in one dimension

In order to extend the space accuracy to second order, we use classically the MUSCL
technique [54] and so a piecewise linear reconstruction of W' given by

Wi(z) = Wi + o] (x — x5)

i
. . J
limiter:

where o' is a limited slope and is computed for each component using a minmod

ag-‘ = minmod

Wi Wy W W
Ax ’ Azx
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where the limiter is defined as
1 a ifla|l <|bl,ab>0,
minmod(a,b) = §(sign(a) + sign(b)) min(|a|, [b])) =< b if |b| < |al|,ab >0,
0 otherwise.

This piecewise linear reconstruction is used for defining the numerical flux at the
interfaces using the notations introduced for the order 1 AP scheme

n FeWiy ) + Fe(W5,) n " n
(]:e)j+1/2 = I+ 9 It (De)j+1/2( Jj+1,— Wj,+)v (2-58>

where (D,)"

j1/2 = 9 max (|Uﬁ+|, |U?+1’_|) and where

Wi, =Wr <xj + A;) W+ % o,
In the momentum and energy equations the implicit flux F; is discretized with a
centered solver which ensures second order accuracy in space so no reconstruction is
needed. Moreover, we note that the discretization of the flux operator V - (ZV;D)
is also second order accurate. Indeed, its discreatization in one dimension reads: !

1 Yit1 — i i — 1/%1)

1 1
s <2(¢i+1 + @) —F—— e 5(@ + hi—1) AL (2.59)

where we set ¢ = ﬁ, v =pand fr = f(zg) for f = ¢, and k € {i,i+ 1, — 1}.
P

Using a Taylor expansion in terms of f(z;) for f(x;y1) and f(z;—1), we have:

2 3
Flris) = Jwe) + Aol (ai) + D02, [ (ai) + 5008, () + O(AaY), (2.60)
Az Az

flaic1) = fl@) — Awdy f(xi) + %%f(a: ) = =5 Oieaf (i) + O(Az?). (2.61)
And so,

i i A Agz?
w +Z:L‘ w - aﬂ/)l + i :mcq/)l + iag:mqvbz + O(AIE3),
. 22
%szl = Oetpi — —- w’ xxazwl + O(Ax )s
1 2
5 (¢i+1 + ¢z) bi + xd’z ag%xd)z + O(Axg)a
1 Ax 2
5 (i + Pim1) = i — —-0ui + aﬁx@- + O(Az?).
Then, injecting those expressions into (2.59) gives

1 /1 i " i — Vi
D(0: (90:0)); = 5~ (2<¢m + o) P S0+ ¢H>wAffl>

= R (B00:0:0:6; + Axdll, i + O(Ac?))
= 0, (9021)) (z5) + O(Az?).
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The space accuracy with an upwind discretization of the implicit flux could also be
increased. In that case, it would require a linear reconstruction of the fluxes

"
(y—="1)p

in the momentum and energy equations of (2.56)-(2.57). In our discretization, the

1
-ply; and
€

pressures p* and p"T! are not defined as a function of the conservative variables
(not defined with the state equation) since they are given respectively by (2.56d)
when computing W* and by (2.57c) for W"*!. Therefore, the definition of the
implicit numerical flux by using a piecewise linear reconstruction on the conservative
variables (p, ¢, E') as done for the explicit part in (2.58) is not possible here. We also
started to investigate a linear reconstruction on the primitive variables to compute

124 — IPL hut did not have time to go further in

¥—1p y—1

the implicit fluxes % ply and i
that direction.

In this work, we propose to use a linear reconstruction only when adding numerical
dissipation on the conservative variables. Moreover, numerical tests intend to show
that adding implicit diffusion only at the end of the second step is sufficient (see
Figure 2.20). As done for the Order 1 L™ stable scheme, we compute the L? stable
solution I/VnJrl 12 with (2.56)-(2.57), (2.58) and then add numerical dissipation on
the conservatlve variables:

pn+1,L2
j BAL _
Wf’l‘f'l — ”'H'LLQ D Wn+1 W"n—&-l
! éjnﬂ,m iy <( i1 (Wiki- gt ))
J
BAt n Tn
= (D (W = W5L)) (2:62)

where the implicit viscosity coefficient

(D)oo = 5 max (AW L OV (2.63)

with |\ (W)| = % + \/“742 + % and where like in [29]

Ax
n+1 n+1 o™
W =W £ — 5 95
Let us also remark that in this case, we impose explicit slopes for W ]”Il in order to

avoid the nonlinearity arising from an implicit reconstruction of Wj”H.

2.4.3 The accurate TVD AP scheme

It is well known that a second order discretization in space introduces oscillations
which can be eliminated by using limiters such as the minmod limiter. The same
problem occurs with time discretization. Indeed, using this second order discretiza-
tion in time with an order 1 discretization in space leads to numerical oscillations.
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Figure 2.20 — Approximation of the physical variables p (top), u (bottom left) and p
(bottom right) for a shock tube test case when & = 10~% (see Section 2.4.5.1 for its
description). Comparison of the Order 2 AP schemes against a reference solution for
various choices on the implicit upwinding. Results for 702 AP Di=0": no implicit
upwinding added (green curve), for 702 AP Di#0 (+Step*)”: implicit upwinding
added at the end of the first step, i.e, after computing W* and at the end of second
step (cyan curve) and for 702 AP Di#0": implicit upwinding added only at the end
of the second step (red dashed curve). The cyan and red curves overlap intending to
show that adding numerical viscosity only at the end of the second step (red dashed
curve) is sufficient.

On Figure 2.21, we can see that the Order 2 AP scheme gives more accurate results
than the Order 1 AP scheme but we can also remark that when the Mach number
decreases oscillations appear. In [29], it has been proved for the following linear
advection equation

Ci

NG

Oy w + o0y w + Oy w =0, (2.64)

where ¢, > 0 and ¢; > 0, that these oscillations are the result of the loss of the
L stability and TVD (total variation diminishing) properties of the second order
semi-discretisation. Let us recall that a scheme is L stable when for all n > 0,

0 oo < oo = mase ]
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Figure 2.21 — Approximations of the pressure for a shock tube test case (see Sec-
tion 2.4.5.1 for its description) for different Mach numbers. Comparison of the
first-order AP scheme (blue dotted line) and of the second-order in time AP scheme
(red dashed line) against a reference solution (black solid line) for different values
of e: for ¢ = 1 (top left), for ¢ = 1072 (top right) and for ¢ = 10~* (bottom). An
order 1 space discretization is used for the AP schemes.

and TVD when

N
TV < TV (") = 3 ful; - wf,
j=1

where w} = w(x;,t"). In [29], the equation (2.64) was discretized with an upwind
scheme in space and similarly to the Euler equations, the slow scale was discretized
explicitly and the fast scale (where we note a dependency in 1/4/¢) implicitly. The

full discretization of the order one scheme used reads

At At ¢

1 _ i
’U);l —w;‘—ﬂce(w?—w;‘_l) — E%(w
For the second-order time discretization, an ARS(2,2,2) scheme was used. Unfortu-
nately, for the IMEX second order discretization in time the L stability and TVD

properties can be recovered only if the time steps are of the order of that of the

i), (2.65)

explicit semi-discretization and so constrained by the Mach number. It has been
shown in [40] that there does not exist TVD implicit Runge-Kutta schemes with
unconstrained time steps of order higher than one for an hyperbolic equation and
this situation does not change when IMEX methods are employed [29].
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To tackle this problem and obtain a L™ stable and TVD numerical semi-discretization
more accurate than the Order 1 AP scheme, we introduce a convex combination be-
tween the order 1 and order 2 schemes, as proposed in [29] for the isentropic Euler
equations:

Wn-H — (1 _ 9)Wn+1701 + 9Wn+1702, (2.66)

where W10 is given by the Order 1 AP scheme (2.38), W"102 by the second-
order AP one (2.56)-(2.57) and 6 € [0,1]. We aim to choose the largest possible
value of 6 to be as accurate as possible while ensuring the TVD property. We
set 0 to % = V2 — 1 =~ 0.4142 since in [29], it has been proved that this value
is the largest possible value to ensure the TVD property in the case of the linear
advection equation (2.64). It was shown for w101 computed with (2.65) and an
upwind scheme with the ARS(2,2,2) second-order time-discretization for computing
w™ 102 Finally, we obtain the following scheme referred as the TVD AP scheme

W* —Wwn

BV (W) + BV B(WY) =0, (2.67a)

W +(1=0406(8—-1)V-F(W") +06(2—B)V - F.(W*)

+0(1 =BV -F(W*)+ (1 —0+03)V - -FE(W"1)=0. (2.67b)

The space discretization is the same as for the Order 2 AP scheme where the explicit
flux F¢ is given by (2.58) and the implicit flux is discretized with a centered solver.
The upwinding on the implicit part is also added at the end of the second step. As
done for the Order 1 L™ stable scheme, we compute the L? stable solution WLz

j
with (2.67), (2.58) and then add numerical dissipation on the conservative variables:

77,+1,L2
. % At n n n
wrtt = | ¢ T2 1 -0+ 95)?1, ((Di)j+1/2(Wj++11 - W H))
ET.L+1’L2

J

At n " n
—(1-0+ eﬁ)?x ((Di)jq/Q(”j,—H - ”jj11)> , (2.68)
where anH’Lz is computed with (2.67), (2.58) and

n 1 n n
(Di)it1)0 = 5 max (I (W) (W)

In the following, this scheme is referred as the TVD AP scheme and defined by (2.67)
in time and (2.58), (2.68) in space. Note that this scheme is more accurate than the
Order 1 AP scheme but is still of order 1. We will see in Section 2.4.5, how we can

bypass this limitation.

Remark 7. Our first choice was to perform a reconstruction on the conservative
variables when adding the implicit upwinding with (2.68) as done for the Order 2
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AP scheme with (2.62) (see Section 2.4.2 for more details). But, numerical tests
showed that with this choice, spurious oscillations around shocks are not always
eliminated. On Figure 2.22, we compare the results given on the density for the
shock tube problem (see Section 2.4.5.1) with various values of the Mach number
when: dissipation is added with reconstruction ("TVD AP Di#0 (W+/-)”, blue
curve) and when dissipation is added with (2.68) ("TVD AP Di#0”, red dashed
curve). We see that we obtain more accurate results with the reconstruction for
e =1 and 1072 but for ¢ = 10~ oscillations are present with this choice. Therefore,
in order to ensure the TVD property we choose to add the upwinding with (2.68).

Figure 2.22 — Approximations of the density for a shock tube test case (see Sec-
tion 2.4.5.1 for its description) for different values of e: for ¢ = 1 (top left), for
e = 1072 (top right) and for ¢ = 10~% (bottom). Comparison of the TVD AP
schemes against a reference solution when: the upwinding is added at the end of the
second step with a linear reconstruction on the conservative variables as done for
the Order 2 AP scheme (blue curve) and when the upwinding is added at the end of
the second step with (2.68) (red dashed curve). The results are more accurate with
the reconstruction procedure but for € = 10~ spurious oscillations around shocks
are not completely eliminated and thus, the TVD proprety is lost in this case.

2.4.4 Numerical results

In this part, we present several numerical test cases which show the behavior of our
AP schemes. We resume here, for eaech scheme, the corresponding discretization
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used:
— The Order 1 AP scheme is given by the full discretization (2.41), (2.42).
— The Order 2 AP scheme is given by the semi-discretization (2.56), (2.57)
and the space discretization (2.58), (2.62).
— The TVD AP scheme is given by the semi-discretization (2.67) and the
space discretization (2.58), (2.68).
In each presented test case we compare the Order 1 AP scheme (blue dotted line),
the TVD AP scheme (red line) and the Order 2 AP scheme (green line) against a
reference solution that is, if not mentioned, computed using an order one explicit
scheme with the Rusanov solver on a refined grid (N = 3000). For all test cases the
space domain is set to 2 = [0, 1] and we choose v = 1.4. If not mentioned ¢ = 1.

On Figure 2.23, we see that with the constructed TVD AP scheme we are able as
expected to obtain a more accurate first order scheme that ensures the TVD (Total
variation diminishing) property. The scheme is less accurate than the Order 2 AP
scheme but does not show any oscillation even as the Mach number decreases.

Figure 2.23 — Approximations of the pressure for a shock tube test case (see Sec-
tion 2.4.5.1 for its description) for different Mach numbers: Comparison of the first-
order AP scheme (blue dotted line), the second-order AP scheme (green line) and
of the TVD AP scheme (red line) against a reference solution (black solid line) for
different values of e: for € = 1 (top left), for e = 1072 (top right) and for e = 10~*
(bottom).
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Classical Riemann problems: The Sod, Lax and Contact (stiff) problems

Here we validate the behavior of the TVD and Order 2 AP schemes for the Riemann
problems introduced in Section 2.3.4.1. The initial data of the classical Riemann
problems is given by

wr, = (pr,ur,pr) if z <y,
(p,u,p)(0, ) = .
wgr = (pr,uRr,pr) otherwise.

The initial left and right states values, wy, and wg respectively, are summarized in
Table 2.3. For all tests Dirichlet conditions are imposed at the boundaries.

The results are shown for the Lax and Sod problem and for a stiff contact problem.
On the stiff contact problem, the difference between the left and right initial states
for the density is of order 10°.

Name L final T4 P () p
Sod 0.2 0-5 Z; (1).125 8 (1).1
Lax 0.14 0.5 Z; 8:;145 (1)'698 22??
1 1 10°
Stiff contact 0.5 0.25 Z; 0%)10 . 185

Table 2.3 — Initial data for the Sod, Lax and Contact (stiff) problems

Figure 2.24 — Sod problem for 200 cells: Comparison of the first-order AP scheme
(blue line), the second-order AP scheme (green line) and the TVD AP scheme (red
line) against the reference solution (black solid line).

The 2D isentropic vortex : Numerical convergence

The isentropic vortex problem was initially introduced by [46] to test the accuracy
of numerical methods since the analytical solution is regular and known. It corre-
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Figure 2.25 — Lax problem for 200 cells: Comparison of the first-order AP scheme
(blue line), the second-order AP scheme (green line) and the TVD AP scheme (red
line) against the reference solution (black solid line).

Figure 2.26 — Contact problem (stiff) for 500 cells: Comparison of the first-order
AP scheme (blue line), the second-order AP scheme (green line) and the TVD AP
scheme (red line) against the reference solution (black solid line).

sponds to a flow characterized by (poo, Uco, Voos Poo) = (1,1,1,1) to which we add
an isentropic vortex given by perturbations in (u,v) and the temperature 7' = p/p
but no perturbation in the entropy S = p/p”:

d 1—r2 ( Yy — 1>d2 1— 2
= — — j— T
(du, ov) 5 € (—y,x), oT = v e

, 05 =0,

where r = \/m and the vortex strength d = 5. The initial data is given by
(p,u,v,p)(0,2,Y) = (Poo + 9P, Uoo + OU, Voo + IV, Poo + ID), (2.69)

where the perturbations for the density and pressure read

bp=1+0T)Y0"D —1 and &p=(1+0T)/0"H 1.

The domain is set to @ = [-5,5]? and periodic boundary conditions are used.
The exact solution of this problem with the above initial data is the initial vortex
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convected with the mean velocity, i.e.,
W&’E(ta z, y) = WO(I' - Uoot, y— Uoot)

For details on the space discretization of the AP schemes in dimension two, see
Section 3.2.4.

To assess the numerical order of accuracy, we compute the relative L? errors on the
density for several uniform meshes:

— . )2
"l _ Y Zu Pl et

€r2 =
HprHp \/Zi,j ‘pe;v(tnax%yj)P

The L? errors are computed at tfinag = 1 and shown in logarithmic scale as a
function of the number of cells on Figure 2.28 on the right. We get the right orders
for each of the schemes. Note that the TVD AP scheme is of order 1 but with an
error always lower than the first order schemes, which confirms that the accuracy
has been increased.

Figure 2.27 — Isentropic vortex (Section 2.4.4): Left panels: Density (top) and
pressure (bottom) profiles. Right panels: velocity in 2 direction (top) and velocity
in y direction (bottom). Surface plots for the unlimited Order 2 AP scheme with
128 x 128 grid points.
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Figure 2.28 — Isentropic vortex (Section 2.4.4): Logscale of the L? norm of the
density error at time ¢ ;4 = 1 for the Order 1 and Order 2 unlimited AP (squares)
and explicit schemes (triangles) and for the TVD AP scheme (dots) as a function
of the number of cells.

2.4.5 Mood procedure

Since we observed that in many situations the full second order AP scheme can be
employed without formation of spurious oscillations and since the TVD AP scheme
is only first-order accurate we aim in constructing an optimized AP scheme using
the MOOD technique [33], [34] (Multidimensional Optimal Order Detection).

It consists in using at each time step the second-order oscillatory discretization (2.56)-
(2.57) whenever possible, i.e., when no oscillations appear. Instead, if the numerical
solution presents oscillations, we discard it and we replace it by the limited TVD AP
scheme (2.67) the most accurate order 1 scheme. The procedure can be summarized
by the following algorithm:

Algorithm 1. 1. Compute a candidate solution W"*+192 using the second order
AP scheme (2.56)-(2.57), (2.58);

2. Detect in each cells if this candidate presents spurious oscillations applying
the local detection criteria (see bellow);

3. Ifin a cell j, spurious oscillations are detected then compute the solution with
the TVD AP scheme (2.67), (2.58), (2.68), Wn*! = Wn+LTVD - Otherwise,
if for all cells the local detection criteria is satisfied, set W"+! = Jyn+1.02
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We refer to this algorithm as the AP-MOOD scheme for the Euler equations.

Detection criterion : Discrete maximum principle on u and p

The detection of these oscillations is a difficult problem. Many different detection
criteria can be found in the literature such as the positivity of the density, a max-
imum principle on the physical quantities, on the conservative variables... Note
that the maximum principle on physical or conservative quantities is not a property
satisfied at the continuous level.

Here we prefer to choose a criterion based on a property verified by the continuous
problem. It is known that at a continuous level and for a Riemann problem at
least u or p satisfy the maximum principle. We propose to use this property for
detecting spurious oscillations. We introduce a local detection criterion which relies
on testing whether both u and p break the maximum principle at the same time.
For each cell j, we calculate the following bounds:

(Umm)? min(uj Uj_1,U ?—H)v (“max)?—max( j— 17“;7“3—5—1)

n

(pmz'n)j = Hlin(pj_l,pj 7p;‘l+1)’ (pma:r)] = max(p] 1, D5 ’p]+1)

We detect a loss of the maximum principle on v and p simultaneously on a given
cell jel,...,Niffor f=pand u:

f;‘“ <m}; — tol or f;‘“ > M7 ; + tol, (2.70)
where mf] (fmm)], ij (fma:p)J and

man(fJO)
min; (f9)

The tolerance parameter p;,; allows us to relax the discrete maximum principle. It

tol = it — =L 2E (max(f7) = min(f7)).

must be chosen such as not to activate the procedure too much in order to be as
close as possible to the second-order solution, but so as to activate it enough to
significantly reduce the oscillations. The best choice for ;. is case-dependent and
therefore its value is different for each test case. With this choice, we observe that
oscillations are reduced and the accuracy of this AP-MOOD scheme is better than
the one of the TVD AP scheme, see figures in Section 2.4.5.1.

Other considered detection criteria

- Global criterion

We have also considered a global detection criterion as proposed in [29] for the
isentropic case, this means that we detect a loss of the maximum principle on v and
p simultaneously if for f = p and u:

< m’ — tol or f”Jrl > My + tol, (2.71)
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where

ml = mjln(fj") and My = mjax(fj”)

We have replaced ( j‘}mn);1 and ( fmax)? by (fmin)"™ and (fmaz)"™ This method is less
costly and the tolerance piz; is less test case sensitive but in some cases, oscillations
are not detected even diminishing p;0;. We can observe it for the Shock tube problem
(see Section 2.4.5.1 for the test case description). In Figure 2.29, we compare for the
velocity profile the results given using our local detection criterion (red line on the
left), and using the global criterion (magenta line on the right). For each value of ¢,
we use the same number of cells and final times as in Section 2.4.5.1. We observe
that the oscillations on the intermediate state are not well-captured when using the
global criterion. Actually, they are at most detected only for the first two iterations
even though we have set uy; = 0 (i.e. the maximum principle on v and p is not
relaxed). On the other hand, with the local criterion we have fixed py; = 1.4 x 107!
and we obtain much better results (red line on the left figures).

- Local correction procedure

We also considered a local correction that is, we have changed Step 3 of Algorithm 1
by

3. If in a cell j, spurious oscillations are detected, we set I/V;”r]L = VV;IH’TVD

where W7V is computed with the TVD AP scheme (2.67), (2.58), (2.68),

otherwise set an+l = an+1,02.

In this case, the results are not satisfactory, with sometimes higher oscillations
appearing in neighboring cells. We can observe it on Figure 2.30 where we obtain
good results for ¢ = 1072 (top right) and & = 1073 (top left) but not for ¢ = 10~*
(bottom).

2.4.5.1 Results for the shock tube problem

We consider a Riemann problem with the following initial data:

1 if x < 0.5,
p(0,2) =1, u(0,2)=1, p(0,m)={ = °° (2.72)
1 otherwise.

Periodic boundary conditions are prescribed. In Figures 2.31, we compare the results
given by the four schemes in several regimes corresponding to different values of the
Mach number: ¢ = 1, ¢ = 1072, ¢ = 1073 and ¢ = 107%. We observe that the
Order 1 AP scheme is very diffusive while the Order 2 scheme better approximates
the solution but presents oscillations increasing as the Mach number decreases. The
TVD AP scheme shows almost no oscillation as the Mach number decreases. In
red, we show the results of our AP-MOOD scheme which reduces significantly the
oscillations produced by the Order 2 AP scheme and gives results as accurate as the
Order 2 AP scheme.
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2.4.5.2 Results for the Several interacting Riemann problems test case

We propose to also test the developed AP-MOOD scheme for the severe test case
“Several interacting Riemann problems” introduced in Section (2.3.4.2). We remind
the initial data below

1— g if 2 € [0,0.2],
1 if 7 € [0.2,0.3],
p(0,2) = 1, w(0,2) = 1+ % if 7 €]0.3,0.7], p(0,2) = 1. (2.73)
1 if z € [0.7,0.8],
| 1- % if 2 €)0.8, 1],

In Figure 2.32, we show the physical variable profiles for decreasing values of e:
e =10"2, e =10"3 and ¢ = 10~*. The tolerance in the detection criterion (2.70)
is set to pyo; = 5 x 1072, With this choice, we observe that the oscillations on the
velocity and pressure are well captured by the AP-MOOD procedure.

2.5 Conclusion

In this chapter, we have developed and studied a new linear AP IMEX scheme for
the compressible Euler system in the low Mach number limit. We have shown that
the chosen flux splitting has good properties for all regimes from compressible to
incompressible. We have proved that our resulting AP scheme is asymptotically con-
sistent, it degenerates into a consistent discretization of the incompressible system
when the Mach number is sufficiently small. We have performed a Fourier stabil-
ity analysis showing that our scheme is linearly L? stable under a C.F.L. condition
independent of the Mach number. Furthermore, we have constructed an accurate
TVD first order scheme and using a MOOD process, we preserve the low oscillatory
properties of the order one scheme to the second order scheme. One dimensional
and two dimensional numerical experiments supported the proposed analysis. In the
future, we aim in focusing on local domain decomposition techniques using this AP
scheme, the classical scheme for the compressible Euler equations and the classical
scheme for the incompressible Euler equations.
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Figure 2.29 — Comparison of the local detection criterion (2.70) (red line on the left)
and the global one (2.71) (magenta line on the right) against the reference solution
(black solid line). Velocity profile for the shock tube problem (2.72) where & = 1072
(top), € = 1073 (middle) and ¢ = 10~* (bottom).



84 Chapter 2. Full Euler equations

Figure 2.30 — Results when applying a local procedure: replacing Step 3 of Algo-
rithm 1 (magenta line). Velocity profile for the shock tube problem (2.72) where
e = 1072 (top left), e = 1073 (top right) and & = 10~* (bottom).
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(a) Shock tube problem for e = 1072 at ¢ fjnq = 0.03 for 500 cells.

(b) Shock tube problem for e = 1072 at 0 = 0.01 for 1000 cells.

(c) Shock tube problem for e = 107% at ;0 = 0.0035 for 2000 cells.

(d) Shock tube problem for e = 1075 at ¢ ;0 = 0.0011 for 5000 cells.

Figure 2.31 — Shock tube problem (2.72): Comparison of the first-order AP scheme
(black line), the second-order AP scheme (green line), the TVD AP scheme (blue
line) and of the AP MOOD scheme fixing the tolerance piso = 1.4 x 107! (red line)
against the reference solution (black solid line).
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(a) Results for e = 1072 at ¢ i = 0.015 for 1000 cells.

(b) Results for ¢ = 1072 at ttinat = 0.01 for 2000 cells.

(c) Results for ¢ = 1074 at ¢ ina = 0.006 for 3500 cells.

Figure 2.32 — Several interacting Riemann problems (2.73): Comparison of the first-
order AP scheme (black line), the second-order AP scheme (green line), the TVD AP
scheme (blue line) and of the AP-MOOD scheme fixing the tolerance iz = 5x 1072
(red line) against the reference solution (black solid line).
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Extension to the Navier-Stokes
equations and two dimensional
numerical tests

The content of this chapter is the subject of an article in preparation in collaboration
with Marie-Héléne Vignal.
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3.1 Introduction

We consider the modeling of a compressible fluid described by the Navier-Stokes
equations and we are interested in numerical methods valid in all Mach regimes.
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Let Q € R? (d = 1, 2 or 3) be an open bounded domain, the Navier-Stokes equations
in rescaled variables are given by

Bip+V-q=0, (3.1a)
dq+ V- (‘“ﬁ’q> —l—éVp:V-U, (3.1b)
OE+V - ((E—I—p) Z) — V- (az> +V - (AVT), (3.1¢c)

with p > 0 the density of the fluid, ¢ = pU its momentum, U its velocity field, F its
total energy, p its pressure given by an equation of state, here that of perfect gases:

2
po_ P cld

- .1d
Lo (3.14)

with v = ¢, /¢, > 1 the ratio of specific heats.

The rescaled parameter ¢ is related to the Mach number

2
_U_e
= 5 = s
CO ’)/

MZ

with 0(2) = po/po- Uo, po and py being the typical values of the velocities, pressure
and density in the fluid.

On the right hand side of the system, the diffusion terms are reported. We have in
the momentum equation the viscous stress tensor related to the derivatives of the
velocity field U and given by

o=pun(VU+(VU)") - ;u (V-U)I, (3.2)

with I the identity matrix and u the dynamical viscosity coefficient. While in the
energy equation there are the viscous work oq/p and the conductive heat flux AVT
where T' is the fluid temperature and A is the given thermal conductivity coefficient.
Finally, for a perfect gas the temperature is given by the relation

p = RpT, (3.3)

with R = ¢, — ¢, the specific gas constant.

Remark 8. We have different relations between the parameters of the fluid mainly
v = ¢p/c, with ¢, the specific heat at constant pressure and ¢, the specific heat
at constant volume. Moreover, since R = ¢, — ¢, with ¢, > ¢, > 0, it gives the
relations ¢, = R/(y—1) and ¢, = yR/(y—1). At last, sometimes the fluid can also
be caracterized by the Prandtl number defined as the ratio of momentum diffusivity
to thermal diffusivity, Pr = pc,/A = pye, /A
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The previous system can be rewritten in compact form as
oW +V-FW)=V -GW,VW), (3.4)
where W = (p, q, E') is the vector of conserved variables,

q
1
FW) = | pU@U+ —pld | .
(E+p)U

is the inviscid flux for the Euler equations and

0
G(W, VW) = o ,
coU + A\VT

is the diffusion flux.

In low Mach number regimes, the typical sound speed in the fluid, ¢y, is very large
compared to the typical speed of the fluid itself, Uy, and so ¢ is very small. In such
situations, if an explicit scheme is used, the time step must satisfy a severe C.F.L.
(Courant-Friedrichs-Levy) stability condition due to the acoustic waves. Indeed, for
d = 1, the eigenvalues of the Jacobian matrix, DF (W), are given by

C Cc

\ﬁ’ 2 u, 3 u + \/ga

with u the fluid velocity and ¢? = vp/p.
For d = 1, the diffusion flux may be rewritten with the help of the diffusion matrix
D(W) as G(W,0,W) = D(W)9,W (see |41]). Using the relation ’\(WTTD = %, the

diffusion matrix reads

)\1:u—

0 0 0
A 4
D(W) = 3p 3p" :

and its eigenvalues are

Av :07 >‘I/ = a5
1 2= 3,

Then, the C.F.L. condition ensuring the stability of explicit schemes, for the time
and space steps At and Ax is given by

At < ! (3.5)

dp N\
max <|u + \C[\) max <3’u, )
€ + 2 p C'Up
Ax Ax?
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Then, for a given space step Az, the time step At is of order v/ and tends to 0 with .
This constraint is still present even when the diffusive part is implicit. Furthermore,
even if this constraint is satisfied, it is well known (see [43], [42] or [27]) that explicit
schemes suffer from a consistency problem in the limit ¢ — 0. Indeed, they are not
capable to capture the right asymptotic regime. A possible way to bypass these
limitations is to use when ¢ is sufficiently small, the limit model obtained as the low
Mach number limit of the compressible Navier-Stokes equations (3.1). Let us recall
the formal low Mach number limit in the next section.

3.1.1 Low Mach number limit of the Navier-Stokes equations

The rigorous low Mach number limit of the isentropic Navier-Stokes equations has
been well investigated in the last years [23, 28, 58, 71|. The non-isentropic case is
more complicated and results in the case of the Euler equations can be found in [60,
1, 59]. For the rigorous low Mach number limit for the non-isentropic compressible
Navier-Stokes equations one can refer to [2] for the whole space domain and [35]
on a bounded domain. Here, we recall how to recover formally the limit model.
We denote by (p°, ¢¢, E¢,p®, T¢) the solution of (3.1) and assume that it converges
towards (p°,q°, E°, p, T°) when ¢ tends to 0. In order to pass to the limit we
consider the slip boundary condition

U -n=0,

and the Neumann boundary condition

ors

0
on ’

on 0f) where n is the unit normal to 002 outward to 2. Inserting the asymptotic
expansion of (p®,¢°, E¢,p®,T¢), we get:

et vl =0, (3.6a)
2 9’ +V-¢" =0, (3.6b)
0 0

0q° +V - (q f}iq >—|—Vp1:V-UO, (3.6¢)

0

q
HE’ +V - ((EO +p%) po) =V-(AVTY), (3.6d)

0 P’
E" = .

ot (3.6¢)

where p!(z,t) = lim._,o 2 (p°(x,t) — p°) is the order one correction of the pressure
and

0¥ = p (VU? + (VU")T) — gﬂ (V.U 1,
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with U° = ¢"/p°. Since Vp°(x,t) = 0, p°(x,t) = p°(¢) then for all x € Q and ¢ > 0

B ~ ()
E%x,t) = E%(t) = g

Integrating now (3.6d) on [0,7] x © we obtain,
/Q (Eo(t) — EO(;U,O)) dor + /0 </ (EO(t) + p°(t) ) u®(z, t) - v(x) do’(a;)) dt

—A/ (/dgag; ))da()>dt:(). (3.7)

Using the boundary conditions we obtain for all ¢ > 0,

Q| EY(t) / E%(x,0)dz = 0.
And so,
1
E't)=FE"= — / E%(x,0) dx
2 Ja
0
Thereafter, having constant energy and pressure and 70 = ﬂ’ we obtain from the

energy equation (3.6d):

0 1
(E0+p°)v-U0=Jflv-U0=p°v-(w(>>,

YV - UO—(7—1)V-<]A%V<:0>>.

Finally, the low Mach number limit system [2| reads

and so,

o’ +V-q" =0, (3.8a)
0 0

0iq° +V - (q Sf’)q > + VP =V o, (3.8b)

V-U'=(y-1)V Av (L (3.8¢)

7 - 7 R ,00 9 .

0 p’ 1 0

E° = :/E x,0)dx. 3.8d
1 fo Y 350

Let us remark that unlike for the full Euler equations, we do not have the incom-
pressibility constraint V - U® = 0. This is due to the combined effects of large
temperature variations and thermal conduction. Note that neglecting the heat con-
duction effects, i.e., setting A = 0, we do obtain the Navier-Stokes incompressible
model. Moreover, neglecting also the viscous forces, i.e., setting p = 0, the low Mach
number limit for the compressible Euler equations is recovered (see Section 2.1.1).
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3.1.2 Asymptotic preserving schemes

First, let us clarify that the rescaled Navier-Stokes system (3.1) is used for the
analysis. But, in practice, simulations are performed on the non rescaled Navier-
Stokes system (1.7). In the rescaled system, our parameter ¢ is constant. In practice,
it is like if we considered € not constant and varying in space and time.

The limit model (3.8) does no longer depend on the Mach number and so is no
more constrained by the small values of €. But, it can be used only where ¢ is
sufficiently small. Where ¢ takes on order one or intermediate values, the Navier-
Stokes equations (3.1) must be used. Then, two models must be used which leads
to other difficulties like the detection of the interface between the two models, the
reconnection at the interface... (see Section 2.1.3 for more details). A solution can
be to construct an asymptotic preserving scheme which is consistent with the limit
and free of the constraints related to the Mach number £. Such schemes have been
developed in the literature, see |25, 24, 26, 44, 75, 64, 9, 30, 10, 29| for the isentropic
Euler system, [63, 21, 65, 37, 16, 30, 11] for the full Euler system or [25, 21, 32,
37, 76, 14, 12| for the full Navier-Stokes system. They permit to avoid the time
step limitations, the schemes are said to be asymptotically stable. And, they lead
to consistent approximations of the limit incompressible model when the low Mach
number goes to zero, this corresponds to the asymptotic consistency property. In
practice, one strategy among others for constructing asymptotic preserving schemes
is using IMEX methods [80, 66]. The flux F' is split into two parts,

F=F +F.

The first part F, will be treated explicitly while the second one, F;, implicitly. The
choice of the decomposition F' = F, + F; must be well chosen in order to obtain
asymptotic stability, asymptotic consistency and with a reasonable computational
cost. In Chapter 2, we defined, for the full Euler equations, criteria in order to
choose correctly the right flux decomposition respecting the above properties. For
the Navier-Stokes equations, we propose to use the same decomposition of F' for the
hyperbolic part, the one introduced by E.F. Toro and M.E. Vazquez-Cendén in [38]
(see Chapter 2). With this choice, in dimension 1 the eigenvalues of the Jacobian
matrix related to F, are given by A\ = A2 = wu the fluid velocity and A3 = 0.
Moreover, in the case of viscous flows, the time step must obey a quadratic restriction
proportional to Az?/max(u, \), and this condition on the maximum time step can
become rather severe for large values of y or A\. To also overcome those restrictions,
we propose to treat implicitly the diffusion flux. Since G contains only linear terms
we consider that this choice of treatment adds a reasonable computational cost and
allows us to use larger time steps in strongly viscous regimes as well. Then, for the
chosen flux decomposition, the C.F.L. condition of such IMEX scheme is given by

Ax
At < —.
|ul
In the next section, we present the proposed order 1 IMEX scheme based on a finite
volume discretization in space. Following the same strategy as for the full Euler
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equations, the system is reformulated to solve a nonlinear equation on the pres-
sure for which a linearization is proposed. This choice allows to avoid the use of
an iterative method for solving it and the resolution is therefore uncoupled. Then,
the asymptotic consistency is proved on the semi-discretization. Furthermore, we
propose a second-order extension using an IMEX Runge-Kutta approach in time.
Then, we show the good behavior of the order 2 scheme on a variety of two dimen-
sional numerical tests involving non-viscous fluids, viscous fluids, fluids in presence
of heat conduction. They take into account fluids in the compressible and low Mach
number regimes.

3.2 Order 1 AP scheme

3.2.1 Semi-discretization in time
3.2.1.1 Order 1 discretization

For clarity, we consider a uniform discretization in time denoting by At the time
step. Using for F' the flux decomposition proposed in [38] and treating the diffusion
flux implicitly we rewrite the system in a conservative system form

WnJrl —Wn
At

where the explicit and implicit inviscid fluxes are given by

+V-E(W"+ V. EW") =v.Gq (W viwrt!) | (3.9a)

pU 0
FW)=|pUeU |, REW)=|2L],
ke U hU

with k. = k(W) = ep|U|?/2 the kinetic energy and h = h(W) = «(E — k.) the
specific enthalpy and where the implicit diffusion flux is given by

0 0
G(W, VW) = o = 2
eoU+AVT 50U+V(p>
R \p
Then, we have
Pt = p — AtV - (p"U™), (3.10a)
1
¢ =" = AV (p" UM @ UT) = AtV + ARV -0 (3.10b)

EMTL = BT — AtV - (KPU™) — AtV - (RPTIUTY) 4 e AtV - (o TIU™H

n+1
4 At (p ) (3.10¢)

R pn-i-l

(3.10d)
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where k7! = k (W"H1) and A7 = h(WnH).
Inserting the momentum equation (3.10b) into the implicit inviscid flux for the
energy equation (3.10c), expressing E"*! with the state equation we have

n+1 n+1 n+1,exp hn—H n+1,exp At n+41 n+1
p 4 k0L = prtberr _ A4y . Pl U - VP AV o

n+1 A\ n+1
+ ALY - (a”“q > +22A (p ) . (3.11)

where WnH1etp is the explicit convected part of the conservative variables,

n+1,ex
p p

Wn+1,€$p — qn+1>ezp = W’I’L — Atv . Fe(Wn)
En-i—l,ea:p

o — ALY - (p"U™)
=1 ¢"—AtV-(p"U"@U™) |. (3.12)

E" — AtV - (K2U™)
"+1 to the left hand side and multiplying by &, one ob-

tains the discretization of an elliptic equation for determining the unknown pressure
n+1.

Then, by passing the terms p

p
hn+1 AL\ n+1
= - P - ACY <pn+1 Vp”“) _ A 7oA <i”+1> = —ek"tl 4 eprthery
— AtV - (hw (g"THeP 4 AtV - o™ ) + 2 AtV - <0"+1qn+1> (3.13)
pn+1 pn-i-l ' :

The equation on the unknown pressure is highly nonlinear, it is completely coupled
with the momentum equation. Within the framework of finite volume schemes on
collocated grids, the scheme proposed in [11], for the full Euler case, i.e., for A = p =
0, consists in solving (3.13) with the use of a Picard algorithm. In [14], a linearization
of the kinetic term k. is proposed for the state equation and the enthalpy h is
treated explicitly resulting on a linear version for the pressure equation (3.13). The
algorithm is also extended to the Navier-Stokes model discretizing the diffusive
terms explicitly. In [12], following the strategy proposed in [11], it is extended to
the Navier-Stokes equations considering as here, the diffusion flux term implicit.
The nonlinear pressure equation (3.13) is solved using two Picard iterates. A first
loop is used to update the viscous terms and then in a second loop the new viscous
values are used to solve the pressure equation. Here, we propose a linearization
of the reformulated pressure equation (3.13) in order to simplify the scheme and
reduce the computational cost. Following the same strategy as for the full Euler
equations (see Section 2.3) for the inviscid part, the quantities h"*! and k?*! are
approximated in the pressure equation by their explicit convected values k21" =
ke (Wntherpy and pntberr = p(Wnthezr)  We propose to also approximate in the
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pressure equation the implicit viscous terms by their explicit convected values setting

n+1 n+1,exp
0_n+1 — O_(WnJrl,ea:p)’ <0Z> — <O_(Wn+17erp)qpn+l) . (314)

We will see that the C.F.L. condition is not impacted by this strategy. Doing

"+l After expressing in the energy

so, we obtain an elliptic linear equation for p
equation the temperature with the state equation T = p/(Rp), the resulting semi-

discretization reads

qn-l-l,ea:p — qn — AtV - (ann ® Un> , (315&)

Ertlerp — pno A4V . (]{;? U”)’ (3.15b)

P =t — ALV - (p"U™), (3.15¢)
€ n+1 2 thrl,exp n+1 €At)\ pn+1 _ n+1,ex

hn—l—l,exp

R R NAE ( (qmHhem + AtV - gt hemr) )

pn—|—1
n+1,exp

+ 2 ALV - <O’n+1’empqpn+1> , (3.15d)

1
¢ — AtV o = gntherr _ A2t (3.15¢)
€
Bl = prlesr _ppy . (P e + AtV - o"“—an
= (v — 1)pn+id P!
At pn+1
+ A <pn+1 . (3.15¢)

The scheme consists in computing sequentially p"*! with (3.15¢) that is given ex-
plicitly, p"*! with (3.15d) solving a linear system, ¢"*! with (3.15¢) solving again
a linear system. Then ¢"*! is calculated to update E™*! explicitly with (3.15f).
Note that to compute ¢"t! we need to solve a linear system since the viscous forces
are taken implicitly. Moreover, the momentum equations are coupled through o”*+1,
so they are not solved independently. This implicit treatment allows us to have a

condition on the time step At that is not constrained.

3.2.1.2 Asymptotic consistency

Lemma 3.2.1. Assuming the boundary conditions Un = 0 and 0T /0n = 0 on
99, the semi-discretization (3.15) gives pi™' = (y — 1) < E > +O(At?) and
< Eg“ >=< E§ > for all n > 0. Furthermore, if the initial energy is well-
prepared to the low Mach number regime, more precisely if lime_o E(z,0) = Eg

with Eg constant, the semi-discretization (3.15) is asymptotically consistent up to
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order O(At). The formal low Mach number limit of the system gives for alln >0

Vg™t =0,

n+1
Bl = % + O(AL%) = By + O(A2),

. A 1
WUET = (- DHA (ng> + O(AY).

Where for all functions f, fo = lime_q f.

Proof. Let us prove the asymptotic consistency. Reformulating the pressure equa-
tion (3.15d), we obtain

+1
€ n+1 __ n+1,exp n+1,exp eALA pn
~— 1p = _€k€ +€E +TA W
hn+1,e:1:p

— AtV - < (¢"* + AtV - (o7 leap 0_n+1))>

pn+1

+ E2AV - (Un-i-l,eafpcm)) (3.16)
pn+1 ' :

Then, we perform an asymptotic expansion, assuming that all quantities f! = f(l] +
efl with I =n, (n+ 1,exp), n + 1 we obtain:

n+1,exp
5_1 . V- %Vpawl = 0, (317&)
Po
Vpptt =0, (3.17b)
eh: gt = gf — ALV - (iU @ U, (3.17¢)
EyThe — g (3.17d)
po = pf — AtV - (pgUg) (3.17¢)
pyt! ., Atappt! 1 n prntl
i Ef + ——5—A e — AtV - (yEg USH) (3.17f)
En
— A*V - (Znﬁv : (gg“’exp - ag“)) , (3.17g)
0
qg+1 — qg-&-l,e:cp _ Atvp?—&-l + AtV . 0-8"‘17 (3.17h)
n+1 n+1
ntl _ m YPo nt1 , AtApg 1 .

where A{THP = lim. 0y (E”+ Lewp k?“’e‘””) =y Ep.
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Integrating the pressure equation (3.17g) on €2 we obtain:

05+ ()
oo On(z)
_m/ymmmﬂmm@@m
oN
Eg (z) 1
—AtQ/ 720 V- (op ™ — o0t - n(z) do(z),
89p8+1()( (0 0 )) () ()
where we recall that T = p0™! /(Rpa ™).

n+1
/2 /% )z + AtA do(z)

And so, using the boundary conditions U.n = 0 and o = 0, we get:
n+1 At? ,)/En( )
= Ey( (V : (Unﬂ’exp - 0"+1>)'n(:z) do(x).
v—1 |9 / ol 2 Jaq pgt(2) ‘ °

Moreover, integrating the energy equation (3.17i) on 2 gives
< Byt >=< E} >,
with < Ef >=1/|Q] [, Eg(x) dx for all n > 0.

By induction, we have for all n > 0,

pn+1

0—1 =< E) > +C, A2, < EV*'>=<E) >

/'Y —

where C,, is a constant arising from the approximation of the viscous terms in the
pressure equation. For all n > 0, it is given by

=y A ) s

Furthermore, assuming the initial energy well-prepared, i.e., Eg = E is constant,
then,

n+1
Po

v—1
Therefore, for n = 0 the energy equation (3.171) gives:

= EY + C,At? = Eg + C, A%

! At
By = B - 829 + ;w(ﬁ)
0

_ — At\p} 1
= Bo— AtVEoV - Ut — Ay OV - UL + =220 A () :

And since the pressure equation (3.17g) reads for n = 0:

1 1

Do — AtAp; 1 — 1
Al ) —-—AvE)V - U

’Y — 1 + R pg_) ’Y 0 0

— Ay B,V - (pllv ( Lep aé)) _

0
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We get,

1 — 1
El= 20 L APYENV - <1v : (ag’”p - 05)) — Aty OV - Uy
-1 Po
1
S -+ O At?

= Eo + (C1 + C) AL,

— 1
where O] = v EoV- (1V . (Jé’exp — aé)) — Aty C’lv'U(}. Let us note that if p = 0,
Po

then C; = C] = 0 and so, E} = p}/(y —1).

By induction, for all n > 0,

n+1
Er = % +O(AL?) = By + O(A?).

Thereafter, the energy equation (3.17i) yields

v — 1 R p8+1

and thus, we recover up to an order At term, a discretization of the divergence
equation for the velocity field in the limit model (3.8):

AV - UM = (v - 1)V - (;v (pglﬂ» + O(At).

- L n+1 AL\ n+1 1
Eo+ O(A2) = By + O(A2) — AP0y ot 4 =200 A < ) :

This ends the proof and shows that our scheme is asymptotitcally consistent with
the limit model up to O(At) assuming E{ = Ej. O

Remark 9. Let us note that considering an inviscid fluid, i.e., setting pu = 0, we
recover exactly a discretization of the limit model: for all n > 0,

n+1
p n Enl
Lo =BT =,
A 1
AV UM = (v -1V - (v ()) .
0 R P8+1

3.2.2 Full discretization in one dimension

The discretization of the space domain follows the usual finite volume framework.
The explicit flux F¢ is discretized with a Rusanov-type solver (3.24) and the implicit
fluxes F; and G are discretized with a centered solver. The resulting scheme gives
consistent and stable results but can present oscillations which are the signature
of the non L° stability. In Section 3.2.2.2, based on the results obtained for the
Euler equations (see Section 2.3.4), we also propose a discretization where we add
an upwinding on the implicit flux F; in order to eliminate the oscillations.

For simplicity, we start by presenting the space discretizations in one dimension.
Then we will present them in two dimensions omitting some details when the gen-
eralization is easily extended from the discretization of the one-dimensional setting.
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3.2.2.1 Order 1 L? discretization

Let us first recall the semi-discretization (3.15) in one dimension:

anrl,exp pn o At&v (pnun)
Wn-i—l,ezp — qn+1,e:pp — qn _ At&x (pn(un)2) , (3.18)
Entlesp E" — At 9, (k™ u™)
pn+1 — pn+1,e:pp (319)
€ n+1 2 hn+1,ea:p n+1 eALA 2 pn+1 n+1,ex
Pt — A%, (@Cp - 02, = —ekntlesp
v - 1 anrl R anrl
hn+1,exp
+ 6Exn—i—l,ezp _ eAt&E < i (qn+1,eacp + Atamo_n—‘rl,eacp) >
p
+ 2 Atd, <a"+1v@qun+w> (3.20)
pn—i-l ’
1
¢ = At 0" = g = At—0,p" (3.21)
gt =g g, (P ) g, (or 4
- "\ =Dt ’ prtt
AL\ pn+1
+ ?aﬁgc <an : (3.22)

Now, we consider a uniform discretization in space and denote by Az > 0 the space
step. The fully L? stable discrete version reads

(Feisaye = (Fe)ia

Wit — i — At (3.23a)

J Axr )
Pyt = piher, (3.23D)
e AR (e g eyt
N — 177 Ax P ) s Ax ) Ax

n+lerp n+1,exp
_ eAtA 82 pn+1 . En—i—l,ewp N (Uu)j+1/2 (UU)j_l/g B kn—i-l,exp
R \"w i) T Ao j
n+1,exp n+lerp  _n+lexp
_ At hj ntleap | A, 003/2 /2
2Ax p?j_rll AR Ax
h'r}—l—l,exp < J@+1,emp _ 0-7,1"_1’6“7
j—1 n+1,exp At j—1/2 j—3/2 > 3.93
o +1 951 + ) ( : C)
Pit J Az
n+1 n+1 n+1 n+1

nt ATt T T2 ntteap AP Py

§ 3.23d
4 Ax J € 2Ax ’ ( )
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n+1 n+1
g+t e ap T Wiz~ OWit
J J A.fL'
(), - () )22 (50,
2Az \ \ (y — 1)pnt! i (v— 1)) R \% 1)),

(3.23e)

The explicit numerical flux (F.)" = ((Fep)™; (Feq)", (Fer)™) is the Rusanov solver
and given by

n Fe( i )+F€(Wn) n n n
(Fofiape = = L — (Do) (Wt — W), (3.24)

with (De)?ﬂ/2
plicit eigenvalue of the Jacobian matrix associated to (FZ)™:

the explicit viscosity coefficient, taken as half of the maximum ex-

1
(Pe)ji12 = 5 max (s [ug]) -

Concerning the second order derivatives for the pressure (3.23¢c) and energy (3.23¢)
equations, we set

<pn+1> L <pn+1> N <pn+1)
82 pn+1 B pn-‘rl it pn-‘rl i pn+1 i1
TT pn+1 i - Ax2 :

In (3.23c), (2 is computed as the arithmetic average:
PJj+1/2

<hn+1,exp> 1 h?j@—&-l,emp h;@ill,ezp
- — + .
n-+1 n+1 n+1

P gz 2\ P Pl

We are left with computing the viscous terms o0, 1/o and (ou);11/2. Let us note

that in one dimension the viscous stress tensor is simply given by o = %,u@xu and
discretized by

_47“(5 ) _ i —uy (ou) _
Oj+1/2 = 3 aW)jt1/2 = 3 Ar OU)j+1/2 = Oj5+41/2Uj+1/25
1 . NP
where w; /9 = §(uj + uj41). The discretization is now complete and we refer to

this scheme as the Order 1 L2 AP scheme.

3.2.2.2 Order 1 implicit upwinding

As mentionned before, choosing a centered discretization for the implicit inviscid flux
F; leads to an L? stable scheme (see Section 2.3.4 for more details). In some cases,
we may want to add some stabilization to reduce appearing spurious oscillations.
Adding numerical dissipation on the implicit inviscid flux, we are able to construct
an order 1 L* stable scheme [29]. For that, we compute the L? stable solution
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VV;»]H’L2 given by (3.23) and we add an upwinding as done for the explicit numerical
flux (]:e);? 1) thus leading to a modified scheme for the density, momentum and
energy equations.
n+1,L2
Wn+1 _ p%-‘rl,LQ At DAL Wn-‘rl W’VH—I D" Wn—H Wn+1
i = an+1 Lo + Az ( Z)j+1/2( j+1 Ty ) —( l)jfl/Z( i Wi )) -
B
(3.25a)
where (D,)? +1/2 1s the implicit viscosity coefficient, taken as half of the maximum
implicit eigenvalue
1
(D) 112 = 5 max (W)l (W) (3.25b)
where
|y u? 2
AW =+ + =

As already mentioned in Chapter 2, the upwinding must be applied after the com-
putation of all conservative variables. Moreover, it is important to note that the
viscosity coefficient (D;) depends on the scaling parameter €. It is inversely pro-
portional to the Mach number and may lead to excessive diffusion in the low Mach
number regime, see Section 3.4.4 for illustration. Therefore, the proposed stabiliza-
tion technique is used only if needed, depending on the problem to solve. We refer
to the modified scheme (3.23)-(3.25) as the Order 1 L* AP scheme. In Figure 3.1,
we compare the density profiles for a 2D Riemman problem (see Section 3.4.1 for its
description) computed with the Order 1 L? scheme (left) against the Order 1 L™
scheme (right). As expected, with an upwinding on the implicit flux we are able to
eliminate the oscillations appearing when a centered discretization for the implicit
part is chosen. However, the solution is also more diffused and it shows the need to
extend the schemes to a higher order of accuracy.

3.2.3 Asymptotic stability : C.F.L. condition on the time step

For the full Euler equations, when we set p = A = 0, we conducted a one-dimensional
linear Fourier stability analysis of the presented scheme (see Section 2.3). It proved
on the linearized system that our Order 1 L? AP scheme (3.23), (3.24) is stable
under the C.F.L. condition YAt = |u|Az. Furthermore, when adding the implicit
upwinding on the implicit inviscid part (see Section 3.25), our Order 1 L>* AP
scheme (3.23)-(3.25) is stable under the C.F.L. condition At = |u|Az. Then, both
discretizations are asymptotically stable. The time step restriction does not depend
on the Mach number and is only related to the fluid velocity.

Moreover, we show numerically that the situation does not change in case of viscous
flows. In Figure 3.2, we compare the time step sizes At between different schemes for
the first problem of Stokes (see Section 3.4.5 for its description) for which e = 1075.
On the left figure, we compare the time step sizes between the explicit scheme and



Chapter 3. Extension to the Navier-Stokes equations and two
102 dimensional numerical tests

Figure 3.1 — 2D Riemann problem (see Section 3.4.1 for its description): Density
isolines with the Order 1 L? AP scheme (top) and the Order 1 L AP scheme
(bottom).

the Order 1 AP schemes. We observe that the time steps of the Order 1 L? AP
scheme with an explicit discretization of the viscous terms are around 1//¢ = 103
times bigger than the ones required by the fully explicit scheme. With an implicit
discretization of the viscous terms, the time steps sizes of our Order 1 L? and L
AP schemes are even bigger. This shows that the AP schemes can employ time step
sizes independently of the Mach number regime. On the right figure, we observe the
advantages of an implicit discretization of the viscous terms in the case of highly
viscous flows.

3.2.4 [? discretization in two dimensions

Let us consider a uniform space discretization where we denote by Ax and Ay the
space steps respectively in x and y direction. A cell is labeled by the indices i, j, 4
and j for respectively the « and y directions. We denote by W; ; = (pij, ¢, Fi j)
the conservative variables. The momentum is defined by ¢;,; = (pU);,; = (pu, pv), ;
where u and v are the velocities in the z and y direction respectively. Then, the
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Figure 3.2 — Time step sizes At as a function of time for the first problem of Stokes
(see Section sec:stokes for its description): Left panel: Comparison of the Order 1 AP
schemes against the explicit scheme for ¢ = 1076 and p = 1072. Right panel:
Comparison of the Order 1 L? AP scheme against the Order 1 L? AP scheme with
an explicit discretization of the viscous terms for ¢ = 1076 and with g = 1072
and p = 1073,

fully discrete scheme reads

ﬁ-@-l,exp
Z’J
Wﬁ;rl,emp — qzj-ll,erp — W[’Lj — At (v . Fe(Wn))Z-J ’ (3.26&)
n—+1l,ex
@, i
Pyt =pi v, (3.26b)
e e Lear SABA [t
71)?;_1 - At?v . (vanﬂ-l) o A <pn+1 _ EEZL}I—I,eacp
o P i B P ’

n+1,exp
_ n+1,exp 2 . n-+1,exp q
akm + e AtV <O’ )
Z?]

hn—i—l,exp
— AtV - ( i (¢"TP  ALV - o) ) , (3.26¢)
P ij
pn+1 _ pn+1
i+1,5 i—1,5
At A
+1 n+1 n+1,exp T
¢t = ALV, =g - = T o | (3.26d)
" R 26 | Pt —Pija
Ay
n+1 n+1
ErHl = ErTLe Ay (7” gt > + ALV - <a"+1q )
1, 1, (,-Y _ 1)pn+1 i pn+1 ij
At pntl
+ ?A (p”“ y . (3.26¢)

The discretization of the explicit fluxes and of the viscous terms is discussed bellow.
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3.2.4.1 Discretization of W;Lfl’exp , the explicit convected part of the con-
servative variables

Let us first consider the discretization of the explicit convected part of the conser-
vative variables. The discretization reads

(]:g)?ﬂ/zj B (’Fg>?—l/2,j X (‘Féy)Zj—i-lﬂ B (Ig)Zj—1/2>

1,J

n+lexp n _
Wij = Wis—Aat ( Az Ay

(3.27)

For the explicit numerical fluxes (FZ)"™ = ((pu)™, (pu®)", (puv)™, (k-u)"™) we consider
a Rusanov solver. The fluxes are given by

n FeWiy,) +FEWi ;) o n n
(Fe )i+1/2,j = oz 5 TL00 (De)i+1/2,j( i+l Wi,j)? (3.28)

where (Dg)?ﬂ/m

explicit eigenvalue of the Jacobian matrix associated to (FZ)":

the explicit viscosity coefficient, is taken as half of the maximum

1
( tf)?—i—l/Q,j = g max (|U?+1,j ) ’U?JD :

Likewise, in the y direction the explicit fluxes (F¢)™ = ((pv)™, (puwv)™, (pv?)™, (k-v)™)
are given by

FEWii) + FE(WlLy)

(FE)ija1y0 = 5 — (DY) j1 Wil = Wi5),  (3.29)
where (DY )Z"j 12 the explicit viscosity coefficient, is taken as half of the maximum

explicit eigenvalue of the Jacobian matrix associated to (F¢)™:

1
(Dg)?,jﬂ/z D) max (‘U;fj—&-l‘v ’Uz'rfj’) .
Let us note that the upwinding depends only on the fluid velocity.

In the next section, we present the discretization of the viscous terms.

3.2.4.2 Discretization of the viscous stress tensor and viscous forces

Let us remember that the viscous stress tensor is defined by
2
o=pun(VU+ (VU)') - Sp(V-U),

_ [(Ozu Oyu _ [Oru+ 0y 0
where VU = <(9xv 8yv> and (V-U)I = < 0 8xu—|—0yv>' And so,

L (48111 —20yv  30yu + 333611)

== (3.30)
3 \30yu +30,v 40,v — 20,u
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Moreover, the term V - o in the pressure equation (3.26¢) and the momentum equa-
tions (3.26d) is given by:

Voo=pAU+ZV(V-U)=7= . (3.31)
3 3 \302,v 4402, v + 02, u

In order to compute the viscous term (V - O’)L ;j» we need the velocity derivatives at

the interfaces. They are discretized with a centered solver by

Witlj — Uiy Wikl 41 — Uitlj—1 + Uil — Uij—1

VU L Az 4Ay
i+1/2,j Viglj — Vij  Vitlg+l — Viglg—1 FVigp1 — Vig-1 |7
Ax 4Ay
Uit 1,41 = Ui—1j41 + Uig1j — Uimlj  Uijpl — Ui
d B 4Ax Ay
and. - VUijry2 = Vit 141 — Vimlj+l + Viglj —Vimlj  Vig+l —Vij |’
4Ax Ay

where the discretization of 9, fj /2 ; for f = u, v is obtained as follows

1
Oy f)it1/25 = 5 (Oyf)it1,5 + (Oyf)ij)
_ 1 Uit 1,541 — Uit1,j—1 I Ujj+1 — Ujj—1
2 2Ay 2Ay
_ Wil T Ui g1 Uil — Ui
4Ay '

Thus, the discretization of the second order derivatives 0, f and 97, f with (3.32)
is given by:

(3a:f)z‘+1/2,j - (8wf)i—1/2,j _ fiv1y — 2fij + fiv1

2 J—
(02:1),, = N 26 |
and
(@2,f). . = Oy fijirz = Oef)ij1y2 _ figr — 2fi5 + fige
vyt )i Ay A ‘
Furthermore, the discretization of the crossed derivatives (653C f)ij — (6§y f)ij

reads:

(8xf)i,j+1/2 - (azf)i,j—l/Q

2 _
(8yxf)7;,j - Ay
I N N e Bl e s I N e el W
2Ay 2Ax 2Ax ’
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Then, the fully discretized momentum equations (3.26d) read

4 1 4
(PU)Z]’ +HA75< Q(Q‘FTyg)ug _3ALE’2( Z’_l’j—i_u?_l’j)_TyQ(u?,j-l-l_'_qu—l)
1
+1 +1 +1 +1
a M(U?“JH 01 T U U?Jrl,j—l))
+1 +1
_ (puyniem _ APEL Py
“ € 2Ax ’
4
+1 1 . » . »
1
A +1 +1 +1
~ Tamaay (M it i - )
+1 +1
_ (poyrriesn _ AtPLn Pl
" € 2Ay '

(3.33)

Additionally, to compute the term V - (O’q) in the pressure equation (3.26¢) and
P/ij

in the energy equation (3.26e), the discretization of 0;1 /9 ; and o; 41/ is given
by (3.32) and the velocities at the interfaces are defined as the arithmetic average
with

Ui+ + Uig) - (3.34)

DN |

1
Uiti/2 = 5 Uit +Uij) - Uigiaz =

We will skip the full discretization of the remaining terms since it can be easily
derived from the one-dimensional case. We present in the next section, the order 2
extension of the proposed schemes.

3.3 Order 2 AP scheme

3.3.1 Semi-discretization in time

Let us first present the order 2 semi-discretization in time. Using the ARS(2,2,2) [80],
the following order 2 semi-discretization in time scheme is obtained

W*A;twn + BV F(W") + BV - Fy(W*) = BV - G(W*, VW), (3.35a)
WTH—l _ Wn
0y TB-DV-EWh+(2-5)V - E(WT) (3.35)

+(1=B) V- FE(W*) + 5V - F(W")
=(1-B8)V-GW*,VW*) 4+ V- GW" L, v, (3.35¢)

with B =1—1/V2.

Following the reformulation used for the order 1 AP scheme for each step, we have
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Step 1:
WP = W™ — BALV - F.(W™), (3.36a)
p* = p=r, (3.36Db)
*,eTP *
€ p* _ 52At2v ) <h _ Vp*> _ 55AtAA <p*> _ E(E*,ezp _ k*,ezp)
v—1 P R p
h*-exp *,ET *,ET 2 *,EL q* P
— eBALV - T(q’ P+ BALV - 0%P) | + e BALV - | 0P —
g — BALV - o* = ¢g~%P ﬁAt Vp*, 6d)
* A
E* = EXP _ BAIV - <7p*q* ) + eBALY - ( > + MA <p>
(v—1p p* p*
(33
Step 2:

Wn+1 eTp _ WM — At ((6 _ 1)v . F@(W”) 4 (2 _ 6) (V . Fe(W*)))
+ALH(A =) (V- FE(W?) = GW7)) . (3.37a)
gl — pntlecp (3.37b)

1l,exp n+1
3 11 2 A 42 ht +1 eBAIN \ (p _ 41,
T e v-( e V) = A (P ) = emren

hn-l—l,eacp

o Ekn+1,emp o 5BAtV . < (anrl,ea:p 4 /BAtV . 0_n+1,exp) )

2 n+1,exp anrl,e:rp
+ e“BALV - | o"THEP I ——— ||

anrl

pn—i-l
(3.37¢)
At
_ BAtV . O,n+1 — qn+1,exp _ %Vpn+17 (337d)
n+41 BAtA pn+1
En+1 — En+1,exp — BA . L n+1 FEA ) )
BALV = D)t q + 7 P (3.37¢)

where k! = k(W) bt = h(W') = v(E'—k!) and o' = o(W?) for | =“x, exp”“n + 1, exp”.

3.3.2 Order 2 space discretization in one dimension
3.3.2.1 Second order space accuracy for the explicit flux F,

In order to extend the space accuracy to second order, we classically use the MUSCL
technique [54] and so a piecewise linear reconstruction of Wit

Wi(z) =W +aj(x — z5), (3.38)

where a;? is a limited slope and is computed for each component using a minmod
limiter:
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J

-y Wy
Ax ’ Ax

o = minmod (

where the limiter is defined as

1 a if|a|l <|bl,ab >0,
minmod(a,b) = §(sign(a) + sign(b)) min(|al, [b])) =< b if |b] <lal,ab >0,
0 otherwise.

It picks out the flattest slope when they have the same sign.
This piecewise linear reconstruction is used for defining the explicit numerical flux
at the interfaces. Using the notations introduced for the Order 1 AP scheme

n Fe( TL+1 —) + Fe(Wn+) n n n
(]:e)j+1/2 = : 72Agg = - (De)j+1/2( j+l,— Wj,+)7 <3'39)

where (De)?ﬂ/2 = 1 max <|u?+|, |u?+1’7|> and

n on Az n | Az

o

20
3.3.2.2 Second order space accuracy for the remaining terms

In the momentum (3.15¢) and in the energy equations (3.15f) the implicit flux Fj is
discretized with a centered solver which ensures second order accuracy in space so

no reconstruction is needed. Indeed, using a Taylor expansion in terms of 1(z;) for
Y(xi41) and ¥ (x;—1), we have:

Ax Az

2

Y(@iv1) = (2;) + Axdptp(zi) + T@im(m + T@imwm) +0(Az?), (3.40)

Ax? Az3

Dlai1) = () — Dbl + SR, 0(w) — S 0(a) + O(BaY). (3.41)
Then, substracting (3.41) to (3.40) and dividing by 2Ax yields
%(w‘) _ Vi1 — i
ox 2Ax
where ¢, = ¥ (xy) for k=14 1,7 — 1 and we set ¢ = p and ¢ = (Wziq)pq.

Moreover, the viscous term 0,0 (x;) = 8x(%“8xu)(azj) = %’Léﬁmu(xj) is discretized
by

+ O(Az?),

dpuip — 2ui + ui—y
3 Az? '
Adding (3.40) and (3.41), dividing by Az? and rearranging the terms gives:

>y Yit1 — 2 + i
gt =T Rt

O(Az?),

with ¢y, = () for k =i+ 1,4,i — 1. And so, setting ¢ = v and ¢ = (%) shows

that the discretizations of (0,0); and (8§x (%)) ~are second order accurate.
J
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Next, we show that the discretization of the following flux operators

(o (), (62,

h
are also second order accurate. Setting for the first flux term ¢ = —, ¢ = p and for
P

the second one ¢ = u and ¢ = %“u, there discretization reads

1 Yig1 — i i — %1)

1 1
Ar <2(¢z’+1 + @) —F—— Az - 5(@ + ¢i—1) Ar (3.42)

with ¥y, = 1 (xg) and ¢, = ¢(x) for k =i+ 1,4, — 1. Using the Taylor expansions
for ¥;4+1 (3.40) and v;—1 (3.41) and in terms of ¢; for ¢;+1 and ¢;—1 we have:

%zm%_x%+é§ %+éimmﬁ0mﬁ%
%;?1:1%_A%%%+&ﬂ&Wﬁomﬁ%
%W@'HW&:@ B0+ A "1+ O(Aa),
3 (64 6i0) =6 - Ax Oui + 283x<z>i+omx3>.

Then, injecting those expressions into (3.42) gives,

1 1 i P i — Wi—
D(8: (60:9)); = <2(¢i+1 T ¢2)¢ zx b (it ¢“)wAfl>

= (MaDudu0n + Axd?bidn + O(AaY)
= 0, (¢0,1) (z5) + O(Az?).

This, concludes the extension to second order accuracy in space.

3.3.2.3 Order 2 implicit upwinding

For the Order 2 AP scheme, it is sufficient to add numerical diffusion on the implicit
flux F; only at the end of the second step. Adding it in both steps would imply a
higher computational cost for similar results. As done for the Order 1 AP scheme,
we compute the L? stable solution VV”Jrl L2 with (3.36)-(3.37), (3.39) and then add
numerical dissipation on the conservatlve variables:

n+1,L2
J
1 1,12 5At 1 =41
an+ =4 A:L‘ ((D )J+1/2(W]n-i‘+1— Wani )>
En+l,L2

J
 BA

ALL’ ((D )] 1/2(W”+1 an——i_ll,-i,-)) (343)
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where (Di), |, = 1/2 max (yAZ-(WJgL,)y, yAZ-(W;.}+)y) and W71 = Wit + 4zgn,
Let us note that, as mentioned in Section 2.4, IMEX methods of order higher than
one for hyperbolic problems cannot be TVD nor L stable for unconstrained time
steps |40, 29]. Thus, the scheme given by (3.36), (3.37) in time and (3.39), (3.43) in
space, is still L? stable but the oscillations are reduced thanks to the upwinding on

the implicit part. We now refer to this scheme as the Order 2 L%t AP scheme.

3.3.2.4 Some details for the extension to the two-dimensional case

For the explicit operators the reconstruction procedure is simply carried out dimen-
sion by dimension where the linear polynomial writes

Wiyfj(xa y) = Wzn] + agm (x —@45) + QZM (Y — i), (3.44)
and the limited slope oy, . = minmod( Wi“’Aj;Wi’j , Wi ;Vgi’l’j). The slope in y

direction is computed in the same manner.
Concerning the implicit viscous stress tensor, we also prove the second order accu-
racy of the crossed derivatives. Indeed, their discretization reads:

L (it1+1 — Yi-15+1 n Yit1,j-1 — Yi-1,j-1
2Ay 2Ax 2Azx

Conducting a Taylor expansion in terms of ¢(z;,y;) up to order four on the variables
Y(@iv1, Yj+1) and (@i-1,y;j41) we have:

V(i1 Yj+1) = V(@4,Y5) + Out(xs, yj) Az + Oytp (x4, ;) Ay
1 1
+ iagxw(xi, y;)Az? + iagyw(a;i, Y ) AY? + 02,0 (i, y5) Ax Ay

(3.45)

(3.46)

1 1 1
+ gagxxw(xlv yj)Axg + gagyyw(xia yj)(Ay)3 + §a§xyw(x27 yj)Al.ZAy

1
+ iajyxw(q;i, yj)AxAy2 + O(Az?) + O(Ay?h),

1 1

1 1 1
+ 633:,:33%/)(% y;)(—Az)® + gai’yyw(wi, yj)Ay® + §3§zy¢($ia y;) Az Ay

(3.47)

1
+ 502y ¥ (@i y;) (- Az) Ay* + O(Azh) + O(AyY).
And so:
Vit1,j41 — Yic1j41 = 2000 (i, y;) Az — 202,00 (i, ;) Az Ay
1 3 3 3 2 4 4 (348)
+ g@xmw(:ci, yi)Az® + 0y (i, y;) Az Ay® + O(Az”) + O(AyY),

Similarly,
Yit1,j-1 — Yic1j-1 = 2000 (xi,y;) Az — 202, (x5, ;) Az Ay

1 (3.49)
+ gagmw(xi, y)) Az + 03, (i, y;) AxAy® + O(Az') + O(AyY).
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And thus, adding (3.48) and (3.49) and dividing by 4AyAx we get

1 (g1 — Yic1jr1 . Yig1-1 — Yic1,j-1
8§x¢($iayj): < 11,5+ 1—1,9+ + i+1,5 1—1,

2Ay 2Ax 2Azx
O(Azx?) + Ay?)
AyAzx '

(3.50)

Using the same arguments as for the one-dimensional case, second order accuracy
is also guaranteed for the discretization of the remaining terms.

3.4 Two dimensional numerical results for the Euler and
Navier-Stokes equations

In this part, we present several numerical test cases which show the good behavior
of our AP schemes. Results are shown depending on the numerical test, for the
Order 2 L? and L?%% AP schemes where we recall that in the L% AP scheme
we applied an implicit upwinding (see Section 3.3.2.3) to reduce the appearing os-
cillations. We give below their corresponding discretization:
— The Order 2 L? AP scheme is given by the discretization (3.36), (3.37) in
time and (3.39) in space.
— The Order 2 L**'® AP scheme is given by the discretization (3.36), (3.37)
in time and (3.39), (3.43) in space.
The numerical test cases chosen are in two dimensions and involve the Full Euler
equations or the Navier-Stokes equations in both compressible and incompressible
regimes. Here is the list of the 2D numerical tests with their respective description:

1. A 2D Riemann problem (Section 3.4.1): A classical benchmark for two
dimensional gas dynamics. It assesses the correct performance of the scheme
for the full Euler equations in presence of contact discontinuities and shock
waves. The simulations are run with the Order 2 L? and L?5'% AP schemes.

2. An Explosion problem (Section 3.4.2): An axi-symmetric flow is consid-
ered, for which a reference solution can be easily computed. The solution
exhibits a contact discontinuity, a rarefaction wave, and a shock wave. The
simulations are run considering the Euler equations with the Order 2 L?
and L>*t% AP schemes and considering the Navier-Stokes equations (u # 0
and A = 0) with the Order 2 L? AP scheme and the same scheme but with
an explicit discretization of the viscous terms.

3. The Gresho vortex vortex problem (Section 3.4.3): A known station-
ary solution of both incompressible and compressible Euler equations. We
illustrate the asymptotic properties of our Order 2 L? AP scheme in the in-
compressible regime for various small values of the Mach number. We also
present the evolution of the kinetic energy for the Order 2 L? AP scheme
when an unlimited slope is used instead of the minmod limiter.
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4. Smooth Gresho vortex: numerical convergence (Section 3.4.4): Nu-
merical convergence tests are run for the Fuler equations on the Smooth
Gresho vortex problem. The correct convergence rates are observed for the
Order 2 L? and L%t AP schemes independently of independently of the
Mach number regime. Moreover, as expected the errors do not depend on
the Mach number for the Order 2 L? scheme whereas this not the case for
the Order 2 L?*'% scheme.

5. First problem of Stokes (Section 3.4.5): An incompressible viscous fluid
(with 4 # 0 and A = 0) is considered for which an analytical solution is
known. Simulations are run with the Order 2 L? AP scheme for various
values of the viscosity coefficient.

6. Double shear layer: Incompressible solution (Section 3.4.6): This test
case is used to validate the asymptotic consistency of the Order 2 L? AP
scheme for well-prepared initial data. The vorticty contours plots are shown
at different times for the full Euler system and for the Navier-Stokes system

(n#0and A = 0).

7. Heat conduction (Section 3.4.7): This test case is a simple test in which
convection is created mainly by heat conduction (1 # 0 and A # 0). Results
are shown for both Order 2 AP schemes.

8. Lid-driven cavity flow: steady state incompressible solution (Sec-
tion 3.4.8): This test case consists of a square cavity filled with a viscous
fluid (@ # 0 and A = 0) in an incompressible regime. The top moving wall
brings the fluid into motion and a steady state is reached. Depending on the
Reynolds number (inversely proportional to the viscosity coefficient), we can
observe the formation of vortices. Results are given for various values of the
Reynolds number with the Order 2 L? AP scheme and compare the results
given by the Order 2 L% AP scheme for a high Reynolds number.

If not mentioned, the specific gas constant R is set to 1 (¢, = 2.5), the adiabatic
constant v to 1.4 and the time step size is given by

1
A" =C (3.51)

7y max; j |u?J| N 7y max; j |vf]] )

Ax Ay

where the constant C' = 0.45.

3.4.1 2D Riemann problem

We consider a two-dimensional Riemann problem introduced in [72]. We set @ =
[—0.5,0.5]? and transmissive boundary conditions (W /dn = 0). The initial data
consists in four constant states defined in four quadrants. The initial constant states
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are the following

1,0.726,0,1)  ifz<0,y>0,

(
(0.5313,0,0,0.4) ifax >0,y >0,
(
(

(p,u,v,p)(0,2,y) = (3.52)

0.8,0,0,1) ifz<0,y<0,
1,0,0.726,1)  ifz >0,y <0.

We set ¢ = 1, u = A = 0 and the final time is t.,q = 0.25.

This configuration is referred to as 2DR98 “configuration F”in [72] and “configuration
1271in [53]. For polytropic gas we can find between 15 and 19 different configurations
such that, with constant initial states in each quadrant, a single elementary wave
appears at each interface. The chosen configuration is constituted of two shocks
moving respectively towards the right and top of the domain and two steady contact
discontinuities in the bottom left part of the domain. The physical Mach number
ranges between 0 and 1.14 in all the domain and for all times.

In Figure 3.4, we display the density contour plots and isolines at the final time
computed with the Order 2 L2 AP scheme (top) and the Order 2 L>*!* AP scheme
(bottom). They are in good agreement with the reference solutions [72] and [53] (see
Figure 3.3). With both schemes the contact discontinuities are preserved and do
not move with time. Furthermore, the interface computed with the L? AP scheme
(when no implicit diffusion is added) is much sharper. However, looking at the
isolines we see that the L? AP presents some spurious oscillations (top right) that
do not appear when the stabilization procedure is applied (bottom right).

Figure 3.3 — 2D Riemann problem (Section 3.4.1): Density isolines. Reference solu-
tion “configuration 12” in |53|.

In Figure 3.5, we present on the top left, the Mach number distribution calculated
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Figure 3.4 — 2D Riemann problem (Section 3.4.1): Density contour plots (left)
and density isolines (right). Top panels: Order 2 L? AP scheme, bottom panels:
Order 2 L>%t® AP scheme.

at each point by
Ul vu?+0?
M=ye—=—F——. 3.53
Ve =5 (3.53)
ep
We also confirm that the velocities (bottom) have stayed constant along the contact
discontinuities.
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Figure 3.5 — 2D Riemann problem (Section 3.4.1): Physical Mach number (top left),
pressure (top right), u velocity (bottom left) and v velocity (bottom right) contour
plots at time t = 0.25 with the Order 2 L? AP scheme for 400 x 400 points.
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3.4.2 Explosion problem

We consider the explosion problem proposed by [78] where we set = [—1,1]? and
Dirichlet boundary conditions given by the initial condition (3.54) during all the
simulation. Initially the fluid is at rest, with a higher density and pressure at the
center of the domain, inside the circle of radius 0.4 and centered in (0,0). The initial
states are given by

o= { B oy T wosn-00, a5y
where r = /22 +y2, e =1, A = 0, teng = 0.25 and different values of p. In the
inviscid case, when pu = 0, since the flow is axi-symmetric, the reference solution
can be computed solving a one-dimensional inhomogeneous system (see Chapter 17
in [78| for more details). We solve it using an order two explicit scheme with a
Rusanov-type solver on a refined grid (N = 5000).

In Figure 3.6, we display the results for the Order 2 L? and L*%t% AP schemes
on a 100 x 100 grid for the inviscid case. On the top left, we show the physical
Mach number distribution for the Order 2 L? AP scheme calculated at each point
by (3.53). The other three are one-dimensional radial cuts along the x-axis for
respectively the density, u velocity and pressure at time ¢ = 0.25 for both schemes.
We see that both schemes are able to correctly catch the shock front going towards
the outside (z = 0.8), the contact discontinuity (around x = 0.6) and rarefecation
wave propagating towards the origin. Around the shock, the L? scheme presents

L?5%b gcheme. Since

some oscillations and they are only slightly reduced by the
the stabilization proposed is not sufficient for this problem, a solution would be to
apply the MOOD procedure proposed in Section 2.4.5.

In Figure 3.7, we validate the correct implicit treatment of the viscous part. We
compare the results given by the Order 2 L? AP scheme (squares) against the
Order 2 L? AP scheme but with an explicit discretization of the viscous part
(crosses). Results are displayed for = 1072 and 1073, Looking at the profiles,
we observe that in both cases we obtain the same results independently of the
discretization. Moreover, Table 3.1 illustrates the advantage on the time step size of
treating implicitly the viscous part. For u = 1072, the implicit discretization allows

a time step that is 5.6 times bigger than with an explicit treatment.
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Figure 3.6 — Explosion problem (Section 3.4.2): Comparison of the Order 2 L2
and L?5% AP schemes with the reference solution for the Euler equations on a 100 x
100 grid. Top left: Mach number distribution (with the L? scheme). Others: one-
dimensional radial cuts along the x-axis for respectively the density (top right),
the component u of the velocity (bottom left) and the pressure (bottom right) at
time t = 0.25.

Number of times steps
Scheme pw=0 p=10"3 =102
Order 2 L? AP 73 69 58
Order 2 L? AP
(visc. exp) 73 96 330

Table 3.1 — Explosion problem (Section 3.4.2): Number of time steps for various
viscous regimes on a 101 x 101 grid. Comparison between an implicit and explicit
discretization of the viscous flux for the Order 2 L? AP scheme.
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Figure 3.7 — Explosion problem (Section 3.4.2): u velocity (top left) , v velocity (top
right) and pressure (bottom) one-dimensional cuts at time ¢ = 0.25 and 100 x 100
points. Comparison between an implicit and explicit discretization of the viscous
flux for the Order 2 L? AP scheme.
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3.4.3 Gresho vortex: AP properties

We solve the Gresho vortex problem that is a known stationary solution of both
incompressible and compressible Euler equations. Here we consider the modified
setup [62] used to check the ability of the numerical scheme to handle low Mach
number flows. The solution, written in polar coordinates, reads

or 0<7r<0.2
ug(r) = 25 0.2<r<04,
0 r > 0.4,
po + 12.572 0<r<0.2
p(r) = po + 12.5r2 +4[1 — 5r — In(0.2) + In(r)] 0.2 <7 < 0.4,
po — 2+ 4in(2) r > 0.4,
p(r) = 1, (3.55)

where u4(r) is the angular velocity, r = y/(z — 0.5)2 + (y — 0.5)2 is the radius on
the computational domain © = [0, 1] x [0, 1] and

p
YM?
is expressed in terms of the Mach number. The density is constant (p = 1) and the
divergence free velocity field can be obtained from ug as

po = (3.56)

(u,v) = ug.(—sin(¢), cos(¢) ) with ¢ = arctan (i : 3}2) .
At last, we set e = 1, p = A = 0 and periodic boundary conditions.
In Figure 3.8, we show the physical Mach number distribution with the the Or-
der 2 L? AP scheme for different values of M after a full turn of the vortex
at t = 0.4m. We see that our scheme is able to preserve the initial distribution (first
subfigure) independently of the Mach number regime unlike classical discretizations
for which the dissipation is related to M.
To further check the asymptotic accuracy of our scheme we show in Figure 3.9
the ratio between the kinetic energy at each time step k(¢) and the initial kinetic
energy k(0) for the Mach numbers M = 107!,1072,102 and two grid resolu-
tions 40 x 40 and 80 x 80. The results are given for the Order 2 L? AP scheme
with no limiter in space (left) and with the minmod limiter (right). We see in the
graphs that for a same grid resolution the lines for the different Mach numbers are
overlapping which shows that the loss of kinetic energy is independent of the chosen
Mach regime. Comparing the two subfigures we see that the loss is mostly due to the
limiter in space, 0.9825 (unlimited) against 0.92 (limited) for the coarser grid. The
Order 2 unlimited scheme consists in replacing in the linear reconstruction (3.38)
the limited slopes o . and ay, S by

_1 H—lj Wzny LW W
Oz 2 Az ’ (3.57)
1 7]+1 Wz”] L Wi = Wi '
yl ) Ay '
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Figure 3.8 — Gresho vortex (Section 3.4.3): Initial Mach number distribution
for M = 107! (top left) and at time T' = 0.47 with the Order 2 L? AP scheme
and 80 x 80 points for M = 10~! (top right), M = 10~2 (bottom left) and M = 1073
(bottom right).

In Figure 3.10, we focus on the pressure profile in the x and y direction and compare
it against the initial condition. We can see that, even for M = 1073, our scheme is
able to capture the pressure perturbations and does not show any oscillation. It is
worth mentioning that even on a coarser grid, (Figure 3.11), the initial distribution
is maintained (left figure). Let us note that when using the limiter minmod, it is
important to correctly initialize the data (here it is correctly initialized choosing
an odd number of cells). If not, the calculated slopes may not preserve the circu-
lar symmetry of the problem and disrupt the initial solution (middle figure). As
illustrated on the right subfigure, this is not the case for an unlimited slope (3.57).
In Figure 3.12, the contour plots show that the density (left) remains constant
except for some oscillations around r» = 0.4. The middle and right subfigures are
the velocity distribution in = and y direction respectively.
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Figure 3.9 — Gresho vortex (Section 3.4.3): Evolution of the kinetic energy with the
Order 2 L? AP scheme for the Mach numbers M = 107,1072,1073 and N x N
points. Left: Order 2 unlimited AP scheme, Right: Order 2 limited AP scheme.

(a) M =101 (b) M =102

(c) M =1073

Figure 3.10 — Gresho vortex (Section 3.4.3): Pressure profile in the z and y
direction at time T = 0.47 against the initial profile for the Mach numbers
M =10"110"2,103.
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(a) limited, N = 41 (b) limited, N = 40

(c) unlimited, N = 40

Figure 3.11 — Gresho vortex (Section 3.4.3): Pressure profile in the x and y direction
at time T = 0.47 against the initial profile for the Mach number M = 1072, Left
and middle panels: Limited scheme with 41 x 41 versus 40 x 40 points. Right panel:
Unlimited scheme with 40 x 40 points.
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Figure 3.12 — Gresho vortex (Section 3.4.3): Density (top) and velocity (left: u,
right: v) contours at time 7' = 0.47 for the Mach number M = 10~3 with 80 x 80
points.
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3.4.4 Smooth Gresho vortex: numerical convergence

In order to validate the second order accuracy of our scheme we propose to consider
a smooth version of the Gresho vortex introduced by [77]. A smoothed velocity
profile is proposed with an angular velocity that this time is twice continuously
differentiable. Then, the pressure profile is calculated with this new velocity in
order to get a stationary vortex. The solution, written in polar coordinates, reads

75r2 — 25013 0<r<0.2,
up(r) = —4 + 60r — 225r% +250r° 0.2 <r < 0.4,
0 r > 0.4,
2
po + 1406.57* — 75007° + (10416 + g)rﬁ 0<r<0.2,
p(r) = po + pa(r) 0.2 <7 <04,
po + p2(r) r > 0.4,
p(r) = 1, (3.58)

where u4(r) is the angular velocity, r = v/(z — 0.5)2 + (y — 0.5)2 is the radius on
the computational domain Q = [0, 1] x [0, 1],

_p
YM?

DPo

and

2
po(r) = 65.8843399322788 — 4807 + 270072 — (9666 + 5)1“3 + 20156.25r
2
—225007° + (10416 + g)rﬁ + 16in(r). (3.59)

We set e =1, p = A = 0 and periodic boundary conditions everywhere.

To assess the numerical order of accuracy, we compute the L' errors for several
uniform meshes. The error L1, for a variable w is computed as the ratio between
the error of the scheme at the final time 7" and the exact solution (here the initial
configuration):

\w(:c,y,T) - w(l’ay, 0)|L1 Zi,j ’wl,](T) - UJZJ(O)‘
L1, = = . (3.60)
lw(z,y,0)|L1 i [wi g (0)]

We present in Table 3.2 for each conservative variable w and various Mach regimes,
the errors L1,, and convergence rates for the Order 2 L? AP scheme. The solution
is smooth so, for the computation there is no limiter in space, the unlimited slope
is given by (3.57).
The errors for the density and momentum are as expected independent of the Mach
number regime and the desired convergence rates are reached with a small drop

on the density. The errors for the energy are very small and they reach for the
lowest Mach number regimes the tolerance of the linear solver used for the pressure
equation.
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M N L1, EOC, Ll, EOC, Ll, EOC, Llgp EOCg
20 5.592e-02 - 144801 - 144801 -  2.163e-04 -

40 1.637e-02 1.77 1.637e-02 226 3.029¢-02 2.26 5.620e-05 1.95
80 4.072¢-03 2.00 4.739e-03 2.68 4.739¢-03 2.68 1.932¢-05 1.54
160 1.028¢-03 1.99 8.882-04 242 8882e-04 242 7.671e-06 1.33
20 5.586e-02 - 1.45le-01 -  1.45le0l -  8.704e-06 -

40 1.636e-02 1.77 2.986e-02 2.28 2.986e-02 2.28 1.106e-06 2.98
80 4.074e-03 2.01 4.831¢-03 2.63 4.831e-03 2.63 1.279e-07 3.11
160 1.026e-03 1.99 8.759¢-04 246 8.759¢-04 246 2.145¢-08 2.58
20 558802 - 1.45le-01 -  145le-01 - 957906 -

5 40 1.637e-02 1.77 2.988¢-02 228 2.988¢-02 228 3.986e-07 4.59
80 4.075¢-03 2.01 4.823¢-03 2.63 4.823¢-03 2.63 8.008¢-08 2.32
160 1.026e-03 1.99 8.759¢-04 2.46 8.759¢-04 246 1.118¢-08 2.84

1071

10~

Table 3.2 — Smooth Gresho vortex (Section 3.4.4): Convergence table at 7' = 0.4x
and N x N points for the Order 2 L? AP scheme. Errors given for the Mach numbers
M =10"1,10"? and 1073.

Let us now compare the L' error plots of the Order 2 L? AP scheme and the
Order 2 L?%t% AP scheme. The second one being the scheme where we added an
upwinding on the implicit part related to the Mach number (3.43) to reduce the
oscillations.

In Figures 3.13-3.15, we show the results for the density and momentums in the z and
y direction. In each case, the Order 2 scheme with no stabilization (left), reaches
the expected converge rates and the errors do not depend on the Mach number
regime, the error lines are overlapping. When we add the stabilization (right), we
observe that the expected convergence rates are finally reached for finer meshes
independently of the asymptotic regime. Moreover, the accuracy of the scheme
depends on the Mach number which is consistent since the upwinding is higher as
the Mach number decreases. In particular, from Figure 3.14 we have that for 320 x
320 points, taking M; = 1071 and M3 = 1073 the ratio L1,,(M;)/L1,,(M3) =
O(Mg/Ml) = 0(1072)

Concerning the error plots for the energy and pressure in Figure 3.16, the error
becomes very small and reaches the tolerance of the solver used for the pressure
equation. For these variables, the errors for the Order 2 L? AP scheme also depend
on the Mach number regimes.



Chapter 3. Extension to the Navier-Stokes equations and two
126 dimensional numerical tests

Figure 3.13 — Smooth Gresho vortex (Section 3.4.4): L! errors for p. Order 2 L2
AP scheme (left) versus Order 2 L?5/% AP scheme (right).

Figure 3.14 — Smooth Gresho vortex (Section 3.4.4): L' errors for pu. Order 2 L?
AP scheme (left) and Order 2 L*%!a® AP scheme (right).

Figure 3.15 — Smooth Gresho vortex (Section 3.4.4): L' errors for pv. Order 2 L2
AP scheme (left) and Order 2 L*5!a® AP scheme (right).
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Figure 3.16 — Smooth Gresho vortex (Section 3.4.4): L' errors for E and p. Order
2 L? AP scheme (left) and Order 2 L?5/% AP scheme (right).
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3.4.5 First problem of Stokes

We simulate a test problem for which an analytical solution is known. In Stokes’s
first problem [74] we consider an incompressible viscous fluid in a semi-infinite plate.
The fluid is at rest and then suddenly a constant velocity is set at y = 0 (see
definition sketch in Figure 3.17). The fluid is brought into motion by the action of
the viscous stress at the bottom. Here we set Q = [0, 1] x [0,2] and the initial data
are given by:

U ify=0,

0 otherwise, v(0,z,y) =0, p(0,z,y)=1.

(3.61)
with U =1, e =10"% and A = 0. For a semi-infinite plate, the exact solution of

the problem is
Y
u(z,y,t)=U|1—erf| —— , 3.62
(=.9.%) < / (2\/W>> (3.62)

p(0,z,y) =1, u(0,z,y) = {

with constant density, pressure and velocity v.

Figure 3.17 — Stokes’ first problem (Section 3.4.5): Definition sketch of the u velocity
at the wall [22].

For the simulations we consider periodic boundary conditions on the x direction
and Dirichlet boundary conditions on the y direction. In particular we set the exact
solution given by (3.62) for the velocity u and the initial condition for the other
variables.

We run the simulations with the Order 2 L? AP scheme until the final time 7" = 30
with 5 x 100 points and for the viscosity coefficients y = 107!, p = 1072 and p =
1073, In Figure 3.18, we show for each coefficient the u velocity contour plot at the
final time (left) and compare our solution against the exact solution at different time
levels (right). We compare it plotting the u velocity versus the wall distance. As
expected, the disturbance caused by the impulsive motion of the boundary diffuses
into the fluid as time progresses and faster when p is bigger.

In Figure 3.19, we present the density, the component of the velocity v and the
pressure profiles for ;= 1072 at the final time 7" = 30 and we compare it with the
incompressible solution. We see that our scheme is able to preserve the constant
states of the limit model for each variable up to a satisfying error precision.
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Figure 3.18 — Stokes’ first problem (Section 3.4.5): Results for the viscosity coef-
ficients 1 = 1073 (top), u# = 1072 (middle) and g = 10! (bottom) with 5 x 100
points. Left: wu-distribution contour plot at T' = 30. Right: Comparison of the u
velocity versus the wall distance against the exact solution at times ¢ = 0.3,1.0, 15
and 30.
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Figure 3.19 — Stokes’ first problem (Section 3.4.5): Density (left) , v velocity (middle)
and pressure (right) profiles for y = 1072 at time ¢ = 30 with 5 x 100 points. The
three variables stay constant across time.
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3.4.6 Double shear layer: Incompressible solution

We consider a test case studied in [7] which consists of a double shear layer in a
periodic domain. It is used to validate the asymptotic consistency of our scheme
since for small values of € we can compare our results with a reference solution
computed solving the incompressible Navier-Stokes equations. We set = [0, 1]?
and periodic boundary conditions everywhere. The initial data are well prepared to
the incompressible regime (divergence free velocity field and constant pressure) and
are given by:
tanh(30(y — 0.25)) if y < 0.5,

p(0,2,y) ’ w0, z,9) { tanh(30(0.75 — y)) otherwise, (3.63)

v(0,2,y) = 0.05sin(27z), p(0,z,y) =1,
where A = 0. The shear layer is initially perturbed by a vertical velocity of small

amplitude. Then, each of the layers will evolve into large vortices and will be thinned
between those rolls. One relevant quantity is the vorticity w

w = 0¥ — Oyu,
which we compute using a second order difference approximation.
Vidl,j —Vi-15  Uig+1l — Uij—1
2Ax 2Ay ’

As a reference solution for the incompressible Euler equations we can take the results
given by |7] for 128 x 128 and 256 x 256 grid points in Figures 1 and 2 respectively at
times ¢ = 0.4,0.8,1.2 and 1.8 (see Figure 3.20 for a snapshot of Figure 2 from [7]).

In Figure 3.21, we show the contour vorticity plots for the full Euler equations,
ie, p =0, at time ¢t = 1.2 for decreasing values of €. We observe that for large

(3.64)

Wi =

values of ¢ the scheme does not capture the incompressible solution while for ¢ =
1072 and 107 the results are in very good agreement. Therefore, for the following
simulations we set € = 1073,

In Figure 3.22, we present the vorticity evolution for the full Euler equations on two
grid resolutions. We see that the main structure of the incompressible solution is
captured. On the coarser grid (top), we observe on the thinned layer between the
rolls the smearing of the solution while by using a finer grid (bottom) the smearing
is significantly minimized.

In Figure 3.23, we present on the finer grid the contour plots of the physical variables
at time ¢ = 1.2 with no viscosity. On the top left corner we see that the initial
constant distribution for the density is maintained except for some local oscillations.
For the pressure (top right corner), the fluctuations on the domain are of order of
the square Mach number, the Mach number varying in the range 0 to 0.0288. At
the bottom, we find the velocity components u (left) and v (right);

We consider now the Navier-Stokes equations where we set the viscosity coeffi-
cient 4 = 2.107%. In Figure 3.24, the fundamental structure of the vorticity field is
relatively similar to the Euler case (see Figure 3.22) with a slightly more diffusive
structure and no smearing even on the coarser grid.
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Figure 3.20 — Double shear layer (Section 3.4.6): Reference solution [7]: Vorticity
contours for the full Euler equations at times ¢ = 0.8 (top left), t = 1.2 (top right)
and t = 1.8 (bottom) on a 256 x 256 grid.
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Figure 3.21 — Double shear layer (Section 3.4.6): Vorticity contours for the full
Euler equations, i.e., y = 0, with the Order 2 L? AP scheme on a 128 x 128 grid at
time ¢t = 1.2 for decreasing values of €.

Figure 3.22 — Double shear layer (Section 3.4.6): Vorticity contours for the full Euler
equations with the Order 2 L? AP scheme setting ¢ = 1072 at times ¢ = 0.8, 1.2,
1.8 and 2.6 on a 128 x 128 (top) and a 256 x 256 grid.
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Figure 3.23 — Double shear layer (Section 3.4.6): Contour plot of the physical vari-
ables p (top left), p top right), u (bottom left) and v bottom right) for the full Euler
equations with the Order 2 L? AP scheme setting ¢ = 1073 at time ¢t = 1.2 on a
256 x 256 grid.
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Figure 3.24 — Double shear layer (Section 3.4.6 ): Vorticity contours with the
Order 2 L? AP scheme for the full Navier-Stokes equations setting ¢ = 1073
and p = 2.107* at times ¢ = 0.8, 1.2, 1.8 and 2.6 on a 128 x 128 (top) and a 256 x 256
grid.
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3.4.7 Heat conduction

In order to validate our scheme in the presence of heat conduction, we consider the
following simple problem initially proposed by [36] in one dimension. Following the
same setting as is [13|, we consider a fluid initially at rest, with a higher density at
the center of the domain, inside the circle of radius 0.2 and centered in (0,0). The
initial states are given by

2 ifr<0.2,

0.5 otherwise, (u,v)(0,z,y) = (0,0), p(0,z,y) =1, (3.65)

p(0,z,y) = {

where r = /22 + 92, e =1, A=1072, u = 1072 and te,qg = 1. We set transmissive
boundary conditions (OW/0n = 0) everywhere.

Figure 3.25, displays one-dimensional cuts of the temperature and heat flux along
the z axis for y = 0. The simulations are run with the Order 2 L? and L*%t®® AP
schemes until ¢ = 1.0. Since we start with a velocity equal to (0,0), we have chosen
a smaller time step until ¢ = 0.01 (related to the eigenvalues of the jacobian matrix
associated to the inviscid flux i.e |U| £ ¢) and then the usual restriction related only
to the fluid velocity U.

Figure 3.25 — Heat conduction (Section 3.4.7): Temperature and heat flux at time
t = 1.0 with the Order 2 L? and L% AP schemes for 101 x 101 points.
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3.4.8 Lid-driven cavity flow: steady state incompressible solution

The following test case is well-known for the Navier-Stokes equations in the low
Mach number regime. We consider a fluid in = [0,1]? with constant density
and pressure and where the velocity is set to zero in all the domain except on the
upper boundary where (u,v) = (1,0). The other three walls are stationary and we
impose a no slip boundary condition (u,v) = (0,0). Then we expect the creation of
a primary vortex at the center of the cavity and secondary vortices on the bottom
corners as the Reynolds number increases (see sketch in Figure 3.26). The initial
data are the following:

0 ify<l,

p0a) =1, w0 ={ ] W02 =0, pl0.z,) =1
(3.66)

with e = 1075, no heat conduction A = 0 and g given by the Reynolds number
R.. The Reynolds number is defined by R, = poUyL/u, where pg = 1, Uy = 1 and

L =1 are respectively the characteristic density, velocity and lenght. Thus, we set

ify =1,

i = 1/R.. Moreover, in order to run the simulations we also impose a condition on
the pressure: dp/dn = 0 on all the walls.

u=1 v=0
—_— ——
moving wall
u=0 u=0 primary
v=0 v=0 vortex
A A secondary
v y Q .— Vvortices \,Q
x> >
u=0 v=0 x

Figure 3.26 — Lid driven cavity flow (Section 3.4.8): Geometry for the problem and
expected vortex formation.

The simulation is run for different Reynolds numbers until a steady state is reached.
For each simulation we show the final Mach number M = /¢|U|/c distribution,
the u velocity contours along with the streamlines. We also compare the v and v
velocity profiles along the lines ¥y = 0 and = = 0 respectively with the reference
solution given in [81] for the incompressible Navier-Stokes equations.

In Figure 3.27, we show the results from top to bottom for R, = 100, R, = 400
and R, = 1000 at times t = 20.0, ¢t = 30.0 and t = 30.0 respectively. On the left
row, we observe the Mach number varying in the range [0,0.0027]. On the middle
row, we see as expected a primary vortex moving towards the cavity center and
the formation of secondary vortices on the bottom corners as the Reynold number
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increases. On the right row, the velocity profiles are in good agreement with the
reference solution [81].

Figure 3.27 — Lid driven cavity flow (Section 3.4.8): Results with the Order 2 L2
AP scheme for various Reynolds numbers R, = 100 (top), Re = 400 (middle) and
Re = 1000 (bottom) on a 100 x 100 grid. Mach number contours (left), u velocity
contours with velocity streamlines (middle) and velocity profiles compared with the
reference solution [81] (right).

In Figure 3.28, we show the contour plots of the density, v velocity and pressure
setting the Reynolds number to R, = 1000. We are again in agreement with the ex-
pected results. For the density we observe again the structure of the primary vortex
and for the pressure some oscillations appear on the top corners. It is interesting to
note that when adding the upwinding on the implicit part, the oscillations vanish
(see Figure 3.29, bottom plot). This is at the cost of having a more diffusive scheme.
We illustrate it showing the velocity streamlines for two grid resolutions. Indeed,



3.4. Two dimensional numerical results for the Euler and Navier-Stokes
equations 139

looking at the two top figures in Figure 3.29, we observe that we do not recover the
structure of the secondary vortices on the coarser grid.

Figure 3.28 — Lid driven cavity flow (Section 3.4.8): Results for Re = 1000 at
t = 30.0 with the Order 2 L? AP scheme on a 100 x 100 mesh. Contours for the
density (top left), v velocity (top right) and pressure (bottom).
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Figure 3.29 — Lid driven cavity flow (Section 3.4.8): Results for Re = 1000 at
t = 30.0 with the Order 2 L?*'%* AP scheme. u velocity contours for 100 x 100
points (top left) versus 200 x 200 points (top right) and pressure contour for 100 x 100
points (bottom).



CHAPTER 4

Conclusion and perspectives

4.1 Conclusion

In this thesis, we have developed and analyzed asymptotic preserving finite volume
schemes for the Euler and Navier-Stokes equations in the low Mach number limit.

We presented in Chapter 1, the difficulties related to the simulation of low Mach
number flows. When the acoustic waves are very fast compared to the fluid velocity,
classical explicit schemes used for compressible fluids fail. They are not able to
capture the correct asymptotic behavior of the flow and their stability is ensured
under a very restrictive condition of type C.F.L. related to the Mach number. We
then presented the interest and principles of asymptotic preserving (AP) schemes
for multiscale models. In our context, they allow us to be consistent with the limit
model when the Mach number tends to zero and stable independently of the Mach
number. The scaling of the Euler and Navier-Stokes equations was also discussed.

Then, we studied and developed in Chapter 2, AP schemes for the full Euler model.
We first studied the continuous system and detailed the formal low Mach number
limit. In the limit, the incompressible Euler model is obtained and its reformula-
tion yields an explicit equation for the pressure. We focused on the construction
of a Finite Volume AP scheme based on IMEX (implicit-explicit) methods where
the flux is split into two parts: one treated explicitly and one treated implicitly.
The goal of this work was first to analyze the asymptotic properties of existing flux
splittings in order to correctly choose the one for developing such schemes. We
studied for some flux splittings, the hyperbolicity of the implicit and explicit flux
operators, a necessary condition for the asymptotic stability, the asymptotic consis-
tency formally passing to the limit in the semi-discretizations and the preservation
of contact discontinuities. For the chosen flux splitting, we proposed a new linear
AP scheme based on the non linear semi-discretization proposed in [11]. In particu-
lar, we proposed a linearization of the pressure equation obtained reformulating the
semi-discretization. We also proved the asymptotic consistency and the preservation
of contact discontinuities of the linear scheme. For the discretization in space, we
used a Rusanov-type solver for the explicity part and a centered solver for the im-
plicit part leading to an L? stable scheme. We also proposed adding an upwinding
in the implicit part as well for obtaining a more stable scheme. Moreover, conduct-
ing a Fourier linear stability analysis we proved the L? stability of both proposed
schemes under a C.F.L. condition related to the fluid velocity and independent of
the Mach number. Additionally, it emphasized that the upwinding on the implicit
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part improved the stability. We compared on a set of numerical tests our order 1
schemes against the nonlinear scheme proposed in [11] and thus showed the good
behavior and robustness of our schemes. In the next section, we proposed an order 2
extension based on a Runge-Kutta IMEX scheme in time and MUSCL techniques
in space. Based on the work [29] for the isentropic Euler equations, we were able to
reduce the spurious oscillations classically observed for high order IMEX schemes.
For that, we relied on a MOOD type procedure based on physical detection crite-
ria and the construction of a TVD AP scheme more precise than the order 1. We
concluded this chapter with numerical tests assessing the increase in accuracy and
low oscillating properties of the proposed optimized scheme and its performance on
a large range of Mach number regimes.

In Chapter 3, we proposed an extension of the constructed AP schemes for the
Navier-Stokes equations allowing us to simulate viscous flows as well. First, we
detailed the formal low Mach number limit in the continuous model. At the limit,
due to the temperature variations we do not recover the incompressible Navier-
Stokes equations. The incompressibility constraint is retrieved only neglecting the
effects of heat conduction. We also mentioned the stability constraints related to the
presence of diffusive terms. In the next section, we presented the semi-discretiztion
proposed that is based on the same flux splitting used in Chapter 2 for the Euler
part ensuring the asymptotic stability and on an implicit treatment of the diffusive
terms allowing us to be efficient also in highly viscous regimes. To obtain a simple
linear scheme, we proposed following the same strategy as for the Euler equations, a
linearization of the the viscous terms in the pressure equation. For the new proposed
scheme the asymptotic consistency was also studied on the semi-discretization. For
the space discretization, a Rusanov-type solver was used for the explicit part and
a centered solver was proposed for the implicit part. We provided details on the
full discretization in two dimensions and in particular on the discretization of the
viscous stress tensor. Afterwards, the scheme was extended to second order accuracy
and a stabilization procedure based on a upwinding of the implicit Euler flux was
proposed. In the last section, we presented a number of two dimensional numerical
tests for a wide range of Mach numbers assessing the good behavior and asymptotic
properties of our order 2 schemes both for the full Euler and the Navier-Stokes
equations.

To conclude, in this thesis we proposed a new simple linear asymptotic preserving
method based on Finite Volume IMEX methods for the Euler and Navier-Stokes
equations. Conducting an analyses of existing works, we were able to choose the
better suited flux splitting for our problem and prove the asymptotic consistency in
the low Mach number limit of the proposed semi-discretization. Moreover, through-
out the choice made for the space discretization based on previous theoretical results
and the L? linear stability analysis conducted for the full Euler case, we proved the
asymptotic stability and robustness of the constructed order 1 schemes. Addition-
ally, our method was extended up to second order accuracy and for the Euler case
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we were able to ensure low oscillatory properties using a correction procedure.

4.2 Perspectives

In future works, we aim to extend and improve the MOOD procedure proposed
for the Euler equations to the Navier-Stokes system. We are also interested in de-
veloping high-order accurate asymptotic methods for the Euler or Navier-Stokes
equations, with a focus on efficient implementation in 3D using parallelization tech-
niques. This will enable us to simulate complex physical phenomena.

Furthermore, we have noticed that in some cases, the upwinding used in the implicit
part of the Euler flux to improve the stability can lead to excessive diffusion. This
issue requires further investigation in order to appropriately choose the diffusion
coefficient depending on the situation.

Finally, we believe that the performance of asymptotic preserving schemes for mul-
tiscale models can be enhanced by employing domain decomposition techniques. By
dividing the computational domain into different regions, each with its own better
suited numerical approach, we can achieve better performance. Indeed, as we have
mentioned in this thesis, the parameter ¢, when it plays the role of the physical
Mach number, can vary in the space-time domain. In regions where ¢ is of order 1,
conventional explicit schemes are less constrained by the stability condition on the
time step, they are more cost-effective and less diffusive compared to asymptotic
preserving schemes. In regions where ¢ is close to 0, discretizing the asymptotic
model seems to be the most appropriate solution. However, in intermediate regions
where a classical discretization becomes expensive and the limit model is not yet
valid, a discretization of the multiscale model with asymptotic preserving schemes
is relevant (see Figure 4.1). The combination of these different approaches using
domain decomposition techniques should result in highly efficient schemes.

Mo
class. scheme

M
class. scheme
Me
AP scheme

Figure 4.1 — Multiscale models and domain decomposition in combination with AP
schemes.
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Analyse et développement de schémas Volumes Finis asymptotiquement préservants
dans la limite bas-Mach pour les équations d’Euler et de Navier-Stokes

Résumé

Dans cette thése, nous développons et étudions des schémas asymptotiquement préservants (AP)
pour les équations d’Euler complet et de Navier-Stokes dans le régime des faibles nombres de Mach.
Pour les écoulements subsoniques, les ondes acoustiques sont trés rapides par rapport a la vitesse
du fluide. D’un point de vue numérique, lorsque le nombre de Mach tend vers zéro, les schémas
classiques explicites présentent deux inconvénients majeurs : ils ne sont pas consistants a la limite
et imposent une contrainte trés restrictive sur le pas de temps pour garantir la stabilité du schéma,
car ils doivent suivre les ondes acoustiques rapides. Nous proposons un nouveau schéma linéaire
asymptotiquement préservant, avec une condition de type C.F.L. indépendante du nombre de Mach,
et asymptotiquement consistent, c’est-a-dire qu’il donne une discrétisation du modéle limite lorsque
le nombre de Mach est suffisamment petit. De plus, pour les équations de Navier-Stokes, nous
choisissons une discrétisation implicite des termes de diffusion, ce qui nous permet d’utiliser de plus
grands pas de temps dans les régimes fortement visqueux aussi. Ce type de schéma a été largement
étudié dans la littérature, en particulier pour le cas isentropique, mais aussi pour le systéme d’Euler
complet ou de Navier-Stokes avec différentes méthodes. Dans ce travail, nous proposons d’abord un
schéma AP d’ordre 1 basé sur une discrétisation IMEX (Implicite-Explicite) en temps et volumes
finis colocalisés en l’espace. Une extension d’ordre 2 est également proposée avec l’utilisation
d’une procédure MOOD pour détecter et réduire les oscillations apparaissant classiquement avec
les schémas d’ordre élevé.

Analysis and development of Finite Volume schemes asymptotically preserving in the
low Mach number limit for the Euler and Navier-Stokes equations

Abstract

In this thesis, we develop and study asymptotic preserving (AP) schemes for the compressible Euler
and Navier-Stokes equations in the low Mach number regime. For subsonic flows, the acoustic
waves are very fast compared to the velocity of the fluid. From a numerical point of view, when
the Mach number tends to zero, classical explicit schemes present two major drawbacks: they
loose comnsistency in the limit and impose a very restrictive constraint on the time step to guaranty
the stability of the scheme since they have to follow the fast acoustic waves. We propose a new
linear asymptotic preserving scheme, with a C.F.L. condition independent of the Mach number,
and asymptotically consistent, that is it degenerates into a consistent discretization of the limit
model when the Mach number is sufficiently small. Moreover, for the Navier-Stokes equations we
choose an implicit discretization of the diffusion terms such that we can use larger time steps in
strongly viscous regimes as well. This type of schemes has been widely studied in the literature, in
particular for the isentropic case but also for the full Euler or Navier-Stokes system with various
methods. In this work, first we propose an AP scheme based on an IMEX (Implicit-Explicit)
discretization in time and cell-centered finite volume in space. A low oscillating second order
extension is also proposed with the use of a MOOD procedure to detect and reduce the oscillation
classically appearing for high-order schemes.



