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Résumé en francais : Modélisation de
sous-filtre algébrique explicite pour des
méthodes de type DES et extension aux
écoulements a masse volumique variable

1.1 Contexte et objectifs

La prédiction des écoulements turbulents évoluant dans un milieu ou une stratification stable est
présente (gradient de température, concentration) intéresse un grand nombre de domaines pour des
problématiques de streté dans des situations aussi bien naturelles qu’industrielles (conséquences
des éruptions volcaniques, pollution atmosphérique associée aux rejets des cheminées, ...). Dans le
cadre des études de siireté menées par 'TRSN, une problématique importante concerne le risque
de formation d’une atmosphére explosive dans les locaux ot une source d’hydrogéne est présente
(conduit ou capacité) ainsi que dans ’enceinte de confinement en situation accidentelle. Dans la
deuxiéme situation, une quantité importante d’hydrogéne provenant principalement de la réaction
d’oxydation des gaines en zircaloy peut en effet s’accumuler en partie supérieure de ’enceinte sous
I’effet des forces de flottabilité. La persistance d’une couche riche en hydrogéne dans ’enceinte de
confinement est donc 'une des questions majeures dans I’évaluation du risque d’inflammation et
d’explosion.

Dans ces conditions, I'objectif de ce travail est de contribuer & l'amélioration des performances
prédictives des outils CFD dédiés au risque d’explosion, plus particuliérement au risque de forma-
tion d’une atmosphére explosive. Les développements, réalisés dans le code de calcul PPREMICS
(Partially PREMixed Combustion Solver) développé a I'IRSN, s’articulent autour de deux axes
complémentaires. Il s’agit d’'une part d’améliorer les prédictions des approches RANS au travers
d’une fermeture algébrique des tensions de Reynolds et du flux de masse turbulent obtenue & partir
d’une hypothése d’équilibre faible d’'une modélisation au second ordre. La modélisation algébrique
retenue pour les tensions de Reynolds et le flux de masse turbulent est celle proposée par Wallin et
al. |22, 37, 82]. Ce choix a été motivé par la possibilité d’obtenir une solution directe pour le tenseur
d’anisotropie ainsi que pour le flux turbulent adimensionné et de proposer une méthode naturelle
de résolution du couplage dans le cas des écoulements ot les effets de la flottabilité ne peuvent pas
étre négligés. Par ailleurs, 'intérét de cette approche réside également dans sa formulation qui peut
étre étendue aux écoulements avec de forts écarts de masse volumique ot le champ de vitesse n’est
plus a divergence nulle [22].

D’autre part, devant la faible prédictivité des approches RANS observée pour certains écoulements
et des limitations en termes de cotit pour la simulation des grandes échelles, il s’agit de développer
une approche hybride RANS-LES non-zonale de type DES équivalente s’appuyant sur une fermeture
algébrique analogue pour les tensions et le flux de masse de sous-filtre.



Résumé en francais : Modélisation de sous-filtre algébrique explicite pour des méthodes de type
DES et extension aux écoulements a masse volumique variable

Les problématiques de stireté mentionnées précédemment correspondent & une classe d’écoulements
turbulents & masse volumique variable sans effet de compressibilité. On se limite dans ce travail
dans un premier temps a des écoulements sans variation de masse volumique puis, dans le cas d’'une
stratification stable, a des écoulements avec de faibles écarts de masse volumique pour lesquels
I’approximation de Boussinesq est justifiée.

1.2 Modélisation RANS et fermeture algébrique des flux turbulents

Les fermetures algébriques s’appuyant sur une hypothése d’équilibre faible d’'une modélisation au
second ordre des flux turbulents (tensions de Reynolds et flux turbulent d’un scalaire passif ou
actif) constituent une alternative attractive vis-a-vis des modeéles au premier ordre basés sur une
fermeture de type loi de gradient et des modéles au second ordre pour lesquels les flux sont solutions
d’une équation de transport. Il s’agit d’améliorer les prédictions des modéles au premier ordre avec
des performances proches de celles d’'une modélisation au second ordre, tout du moins lorsque
I’hypothése d’équilibre faible n’est pas mise en défaut, tout en conservant la robustesse des modéles
a viscosité turbulente. On peut signaler dés a présent que cette alternative est particuliérement
attractive dans un contexte hybride RANS/LES étant donné le surcoit engendré la résolution
d’équations de transport pour chaque composante du flux de sous-filtre.

1.2.1 Ecoulements incompressibles

L’hypothése d’équilibre faible [59], initialement proposée pour les tensions de Reynolds, revient a
négliger le transport et la diffusion du tenseur d’anisotropie a défini par

!,/
U U

k

a —=

- %5 (1.1)

Afin d’obtenir une relation algébrique pour les tensions de Reynolds, la premiére étape consiste a
écrire le modéle au second ordre pour les tensions de Reynolds en fonction du tenseur d’anisotropie

!,/ !,/

3 ? (P-—e)+P—e+1I (1.2)

ou D, P, II et € désignent respectivement les termes de diffusion, production, redistribution et de
dissipation des tensions de Reynolds. Les quantités scalaires D, P et € correspondent a la demi-
trace des tenseurs et correspondent respectivement aux termes de diffusion, production et dissipation
d’énergie cinétique turbulente. L’hypothése d’équilibre faible revient a négliger le membre de gauche
de ’équation précédente et conduit donc a la relation algébrique suivante

/o

k

(P—e)=P+1II —¢ (1.3)

En adoptant I’hypothése classique d’isotropie de la dissipation, on peut montrer que la plupart
des modéles proposés pour le terme de redistribution permettent d’écrire la relation algébrique



1.2.1. Ecoulements incompressibles xi

précédente sous la forme

<01—1+7§>a: 88+7CQ+1(GQ—Qa)

15 11
5 — 962 2
T <aS + Sa — 3aS’6> (1.4)

ou S et £2 désignent respectivement les tenseurs de cisaillement et de rotation moyens adimensionnés
par une échelle caractéristique de temps de la turbulence 7 = k/e

T ou; 8@- _T o; B 8@

En supposant connu le ratio P /e, une solution algébrique explicite pour a peut étre obtenue a partir
de la méthode directe proposée par Grigoriev et Lazeroms [28]. Afin de simplifier les développements,
on adopte ici la valeur ¢; = 5/9 et on peut montrer que le tenseur d’anisotropie s’écrit sous la forme
initialement proposée par Wallin and Johansson [82] obtenue & partir de la projection du tenseur
d’anisotropie dans une base tensorielle. Dans le cas bidimensionnel, la relation algébrique s’écrit

a = (1S + B(S92 - 128) (1.6)

Les coefficients /31 et 4 sont fonction du ratio P/e = —tr{aS} pour lequel une solution analy-
tique peut étre obtenue dans le cas bidimensionnel en résolvant 1’équation non-linéaire obtenue en
substituant a par son expression dans la définition du ratio. Dans le cas tridimensionnel, il n’est
plus possible d’obtenir une solution analytique pour le ratio P /e et on adopte généralement en pre-
miére approximation la solution obtenue dans le cas bidimensionnel afin de conserver une relation
explicite.

Si la modélisation algébrique fournit une fermeture pour le tenseur d’anisotropie, elle nécessite égale-
ment comme les modéles de viscosité turbulente une fermeture pour ’énergie cinétique turbulente
k et I'échelle de temps 7. Ces deux échelles caractéristiques de la turbulence sont déterminées ici a
partir d'un modéle & deux équations de transport pour k et w = ¢/(8*k), le modéle k-w BSL [44]

dk . 0 k. Ok
dv W, o2, 0 k\Ow _ 1 Ok Ow
dt  k P = fu”+ 0x; [(V+wa)8xj] +201 Fl)”“)?wamj oz (1.8)

Nous avons adopté ici la méthodologie proposée par Wilcox [86] consistant & ne pas modifier la
modélisation initiale des flux de diffusion permettant ainsi de conserver les constantes de calibration
du modéle contrairement aux développements proposés par Hellsten [23].

Les performances du modéle ont été évaluées sur des cas classiques de la littérature de ’écoulement
turbulent pleinement développé entre deux plaques planes puis dans une conduite & section carrée.
Les résultats obtenus dans le premier cas sont quasi-identiques aux résultats obtenus a partir du
méme modéle pour k et w et une fermeture de type loi de gradient pour les tensions de Reynolds.
En revanche, les résultats obtenus dans le deuxiéme cas révélent clairement la supériorité d’une
modélisation algébrique puisque dans ce cas un écoulement secondaire dii & ’anisotropie des ten-
sions de Reynolds est prédit par le modéle algébrique contrairement & son homologue basé sur une
fermeture de type loi de gradient.
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FIGURE 1.1. Profils de vitesse moyenne dans le cas du canal plan turbulent
Re, = 550 (gauche) et de la conduite & section carrée Re, = 600 (droite) pour
deux valeurs de la constante cs.

1.2.2 Extension au cas des écoulements a4 masse volumique variable

La modélisation algébrique des flux turbulents dans le cas des écoulements & masse volumique
variable s’appuie sur la méme méthodologie que celle adoptée précédemment pour les tensions de
Reynolds dans le cas ou les effets de flottabilité sont négligés. L’hypothése d’équilibre faible pour
les tensions de Reynolds est complétée ici par une hypothése d’équilibre faible pour le flux turbulent
adimensionné du scalaire défini par

uh 6’
L i 1.9
&i ,—kke ( )
ou 0 désigne le scalaire responsable des effets de flottabilité (concentration, température) et kg sa
demi-variance. L’hypothése d’équilibre faible pour les tensions de Reynolds et le flux turbulent
adimensionné du scalaire conduit ainsi aux relations algébriques suivantes

~

u;uj

A (P—e+G) =Pij + 1;; — €i; + Gij (1.10)
ulf (P —c+ Py —
u; ( Z g+ ekg 69) =Py; + Ilp; — €g; + Goi (1.11)

ou Dy;, Pyi, Ily; et c9; désignent respectivement les termes de diffusion, production, redistribution
et de dissipation du flux turbulent associé au scalaire et ot G et Gy; désignent les termes de pro-
duction/destruction par les effets de flottabilité. Comme précédemment, en adoptant 1’hypothése
classique d’isotropie des dissipations, on peut montrer que la plupart des modéles proposés pour les
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FIGURE 1.2. Ecoulement secondaire prédit par le modéle algébrique dans un
quadrant de la section droite de la conduite & section carrée.

termes de redistribution conduisent aux relations algébriques suivantes

8 Teo + 1
Naj 1—55@' 21—1 (@i 25 — S2ikar;)
5 —9c¢ 2
T 2 <aik5kj + Sikak; — gakmsmkéij)
2
—(1—¢y) (Fiﬁj +T'& — ng*fk(Sij> (1.12)
No&i = — ((1 — co2 — cp3)Sir. + (1 — co2 + co3)2i1) &k
2
— (1 —cpq) <aik + 55”“) Or—(2— ng)Fi (1.13)

ol les vecteurs ©; et I'; sont définis par

| k 00 ko
@Z =T k_gaxz N Fz =T E’Begz (114)

Dans les relations algébriques précédentes, les coefficients N et Ny sont donnés par

N =c — 1+PT+Q
=c1 — 1 — apmSkm — &k (1.15)
1 /P 1 /P
No = cg1 + co55kOk + (Lg—lJr— (—0 —1))
2 € T \ €9
1/P+¢G 1 1
= Cy1 -+ 5 (T —-1- Z) + (005 — 5) fk@k (116)

Afin de simplifier les développements, on adopte ici les valeurs co = 5/9 et cp5 = 1/2. Néanmoins,
les développements proposés dans ce travail ne se restreignent pas a ce choix particulier de valeurs.

Comme précédemment, en suivant la méthodologie proposée par Grigoriev et Lazeroms [28], on
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montre que 'on peut obtenir une relation algébrique explicite pour a;; et & si on suppose que le
ratio (P + G)/e est connu. Dans le cas o les effets de flottabilité peuvent étre négligés, c’est-a-dire
I'; = 0, les développements proposés sont formellement équivalents au modéle proposé par Wikstréom
et al. [85] pour le cas du scalaire passif. Dans le cas du scalaire actif, on propose de résoudre le
couplage entre a;; et {; de maniere itérative a partir de la relation

Nn =C1 — 1-— akm(Nn—l)Skm - gk(Nn—l)Fk: (117)

En pratique, la premiére itération est initialisée avec la solution analytique obtenue dans le cas bidi-
mensionnel sans effets de flottabilité et les configurations étudiées révélent qu’'une solution convergée
est rapidement atteinte aprés trois itérations. L’intérét de cette stratégie de résolution est triple :
(i) elle n’est pas restreinte & un choix particulier des constantes du modéles, (7i) elle conduit a une
solution consistante pour le ratio (P + G)/e dans les cas bi- et tridimensionnels et (iii) elle peut
étre étendue a des écoulements oul la vitesse n’est plus nécessairement a divergence nulle (écarts de
masse volumique importants, ...) [22].

La mise en oeuvre de la fermeture algébrique s’appuie comme précédemment sur le modéle k-w BSL
en adoptant la méthodologie proposée par Wilcox [86] pour la modélisation des flux de diffusion
pour k et w. On adopte la méme méthodologie pour I’équation de transport de la demi-variance du
scalaire, c’est-a-dire

— =Py —ep+ — (/i—i-i*)i

dky P 1k Ok
dt 0z [ Oky W (%sj] (1.18)

La dissipation gy est estimée ici en adoptant I’hypothése classique sur la donnée du rapport des
échelles de temps caractéristiques thermique et dynamique r, = 79/7. Dans ce travail, la valeur
classique 7, = 0.55 a été retenue.

Les performances du modeéle ont dans un premier temps été estimées dans le cas du scalaire passif
sur le cas de I’écoulement turbulent pleinement développé entre deux plaques planes. Les résultats
obtenus illustrent la supériorité d’une modélisation algébrique devant une modélisation de type loi
de gradient puisque dans ce cas, méme si elle reste sous-estimée, la composante longitudinale du flux
turbulent du scalaire passif n’est pas identiquement nulle. Cette sous-estimation, particuliérement
marquée en proche paroi, est principalement le résultat d’absence d’une modélisation spécifique en
proche paroi, tant d’un point de vue des variances k et kg que I'anisotropie des flux. Ce premier
cas a également permis d’estimer la validité de la correction proposée pour prendre en compte les
termes de diffusion dans la région centrale du canal ou I'hypothése d’équilibre faible est mis en
défaut.

Dans un deuxiéme temps, les performances du modéle dans le cas ou les effets de flottabilité ne
peuvent plus étre négligés ont été estimées sur la méme configuration dans le cas de stratifications
stables. Si les résultats obtenus ne montrent pas clairement l'intérét de la correction pour prendre
en compte les termes de diffusion en raison d’une laminarisation de I’écoulement au centre du canal
[37], la méthode de couplage proposée s’est avérée robuste et les effets de la stratification sont
qualitativement bien reproduits. La méthodologie et les résultats encourageants obtenus restent
& étendre & d’autres types de configuration, en particulier des configurations de type convection
naturelle avec une modélisation dédiée en proche paroi (pondération elliptique, ... ).
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FIGURE 1.3. Profils du scalaire passif (haut), de la composante normale aux
parois (bas-gauche) et longitudinale (bas-droite) du flux turbulent.

1.3 Modélisation hybride RANS/LES et fermeture algébrique des
tensions de sous-filtre et du flux de masse de sous-filtre

Les approches hybrides RANS/LES constituent une alternative a la LES, moins gourmande en
termes de cotlit de calcul. En effet, elles permettent une coupure spectrale a des échelles plus
grandes que celles de la zone inertielle du spectre turbulent.

Nous nous focalisons ici sur les méthodes non-zonales, & transition continue. Il en existe pléthore,
dont le principe global est de s’appuyer sur un modéle RANS, auquel on apporte une modification
pour faire intervenir la coupure spectrale associée au maillage, afin de réduire la viscosité turbulente.
Cette modification sera appelée ci-aprés “fonction d’hybridation”. Ceci afin de permettre au terme
convectif des équations du mouvement, de transporter les fluctuations de grande échelle.
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FIGURE 1.4. Profils de vitesse moyenne (haut-gauche), de température
moyenne (haut-droite) et rapport production sur dissipation pour trois nom-
bres de Richardson.

L’avantage de ces méthodes, est qu’outre la modification évoquée ci-dessus pour tenir compte de la
coupure spectrale, le modéle de fermeture turbulente est formellement identique & sa version RANS.
Les grandeurs transportées par le modéle de fermeture (par exemple énergie cinétique turbulente,
dissipation...) changent alors quelque peu de sens physique, pour devenir des grandeurs de sous-
filtre.

1.3.1 DES équivalente

Notre choix se tourne vers la DES équivalente, qui constitue un compromis entre la robustesse de
la DES et la justification théorique du PITM. Pour rappel, le principe de la DES est de modifier
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le terme puits (dissipation) de ’équation de transport de I’énergie cinétique turbulente, pour le
rendre sensible & la coupure spectrale : De son coté, la théorie du PITM a été développée dans
I’espace spectral et, dans le cas d’une fermeture de type k — ¢, c’est le ceefficient C.o de I’équation
de transport de la dissipation, qui est rendu sensible & la coupure : via le ratio d’énergie r, qui
est le rapport de I'énergie cinétique turbulente modélisée sur ’énergie cinétique turbulente totale :
r = kn/k, et qui est une fonction (subjective) de la coupure spectrale, qui vaut théoriquement 1 a
la limite RANS et 0 & la limite DNS.

Friess et al. [14] ont établi un critére d’équivalence statistique entre la DES et le PITM, aboutissant
sur la méthode hybride RANS/LES appelée DES équivalente. En bref, il s’agit d’'une DES pour

laquelle on emploie non pas explicitement la taille de maille, mais le ratio d’énergie r :

Dk,
Dt

(Tktot)
P

32
= production + diffusion — max (1; W(r)w> €s (1.19)

avec

W(r) =1+ <gj - 1) (1 - 1"051/052) (1.20)

Dans la présente thése, le modéle de fermeture k — w BSL de Menter [46] est étendu au contexte
hybride. La fonction d’hybridation v apparaissant dans I’équation (1.19) est alors le fruit d’une
pondération entre les fonctions ¥ de chacune des branches k — e et k — w.

1.3.2 Fermeture algébrique en contexte hybride RANS/LES
Cas général

En contexte hybride RANS/LES, se pose la question de I’applicabilité de 1’hypothése d’équilibre
faible sur la turbulence de sous-filtre.

Récemmment, Marstorp et al. [41] ont développé un modeéle anisotrope de sous-maille, pour la LES,
en s’inspirant des travaux en RANS de Wallin et Johansson [82], aboutissant & une approche nommée
“explicit algebraic subgrid scale model (EASSM)”, donnant des résultats prometteurs, notamment
sur I’écoulement en conduite & section carrée.

Aussi, si hypothése d’équilibre faible est une approximation raisonnable & la fois & la limite RANS,
et en LES, on peut alors présumer par interpolation qu’elle est acceptable entre ces deux limites,
bien que cela mériterait d’étre démontré. C’est en tout cas I’hypothése implicitement faite dans les
travaux de Weatheritt et al. [83] et de Weinmann et al. [84].

Cette hypothése, associée & celle supposant 'identité formelle entre modéle RANS et fermeture de
sous-filtre, permet d’exploiter les résultats présentés en section 1.2.1, avec les nuances suivantes :

e les quantités moyennées du type ¢ sont remplacées par leurs équivalentes filtrées 5,

e les variables des modéles de fermeture turbulente (par exemple k) sont remplacées par leur
équivalent de sous-filtre (par exemple k).

En effet, la fonction d’hybridation n’intervient que dans I’équation de transport de 1’échelle carac-
téristique de temps de la turbulence de sous-filtre 7.
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Cas avec scalaire

Lorsqu’un scalaire est transporté, en modélisation RANS il faut transporter sa demi-variance. En
hybride RANS/LES, c’est sa demi-variance de sous-filtre qui est transportée :

kgs = 00" . (1.21)

Comme en dynamique pure, il faut insérer une fonction d’hybridation dans I’équation de transport
de kgys. Ceci souléve la question d’un ratio d’énergie pour la turbulence scalaire. Or cela reviendrait
a construire des échelles supplémentaires de sous-filtre, ce qui alourdirait le modeéle. Par souci de
simplicité, nous utilisons donc le méme ratio d’énergie r qu’en dynamique.

En outre, similairement & ce qui est fait en RANS (voir section 1.2.2), on détermine la dissipation
scalaire de sous-filtre ey, via le rapport des échelles de temps caractéristiques scalaire et dynamique
(de sous-filtre), dont la valeur est discutée ci-dessous.

La fonction d’hybridation 1y pour le scalaire, est un peu plus complexe & construire que son ho-
mologue dynamique. En effet, en dynamique, on construit aisément une échelle de longueur (et de
temps) & partir de ks et 5. Mais selon la nature du scalaire 6, il peut étre dimensionnellement
impossible de construire une échelle de longueur a partir de kys et €95. Par contre, il est toujours
possible de construire une échelle de temps. On peut alors s’appuyer sur les travaux de Tran et
al. [76] en dynamique :

t
Yy = max <1; 6.5 ) : (1.22)
to,LES
avec k ]{;
0s TKg, tot
tos = —25 and torpg = —2tt 1.23
° €0s W(T)Ee,tot ( )

On fait ’hypothése heuristique que le coefficient ¥(r) utilisé en dynamique, peut étre utilisé en
turbulence. En utilisant le rapport des échelles de temps scalaire et dynamique r, et sa valeur
de sous-filtre 7.4, on peut définir tps et tyrps & partir des variables turbulentes dynamique (en
supposant €yt & £5):

TS kS
1p = max <1; %Tk‘t tW(r)) . (1.24)

Le rapport de sous-filtre des échelles de temps 7, g peut par exemple étre défini comme dans les
travaux de Jimenez et al. (2015) [30] en LES :

rrs & Pr (1.25)

ou a l'aide d’une pondération entre r, et ’expression ci-dessus, faisant intervenir le ratio d’énergie
r.
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Chapter 1

Introduction and Preliminaries

In this chapter, the need of using Computational Fluid Dynamics (CFD) tools for safety studies
dealing with hydrogen hazard related problems is presented. This is followed by an introduction
to the various levels of turbulence modeling present in the literature. The underlying principle of
DNS, RANS, LES and Hybrid RANS/LES methods along with their advantages and weaknesses are
briefly discussed. We then conclude by the structure of the proposed work that is interested in the
development of hybrid methods for the P°PREMICS CFD software developed at IRSN.

1.1 Hydrogen hazard and the need of reliable CFD tools

As an energy carrier for many increasingly application-based processes, hydrogen is likely to gain
prominence especially if it facilitates the reduction of greenhouse gas emissions given that renewable
primary energy sources are employed to produce hydrogen in the first place. The safety issues
associated with hydrogen applications thus have to be investigated and fully understood for a safe
transition to their usage in public sector. The nature of hydrogen based reactions in industrial
applications where hydrogen may be present directly or indirectly as a product of a preceding
reaction, and subsequent methods to control its accumulation and prevention of return to critically
are studied with interest by the scientific community (e.g. [4, 72]). Of pertinent interest is the
maintenance of the local concentration levels of hydrogen well below its flammable limit which if
not paid specific attention to, might lead to unforeseen disasters.

The 1983 Stockholm hydrogen accident [80] in central Stockholm, Sweden is a major example of
an explosion incident where hydrogen was involved. The accidental release of approximately 13.5
kg of hydrogen from a rack of 18 interconnected industrial pressure vessels being transported by
a delivery truck led to an explosion. Similarly, the hazards associated with hydrogen gas leakage
within a building, for instance as in a vehicle parked in a residential garage, would lead to the
mixing of the leaked unignited hydrogen with indoor air forming a lammable mixture which might
cause an explosion [1]. A recent reminder of the potential consequences of the release and ignition
of hydrogen during severe accident conditions in a nuclear power plant is the Fukushima Daiichi
accident [5]. During the course of this severe accident, chemical reactions between the fuel cladding,
in this case the Zirconium alloy and water generated large quantities of hydrogen, which from the
containment escaped into reactor’s primary containment vessel and then further into the reactor
building where it mixed with air. This subsequently raised a combustion hazard and ultimately led
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to a series of explosions, damaging the reactor containment and leading to the release of radioactive
materials into the reactor building and eventually to the environment.

The role of IRSN is to carefully analyze and understand the risk of hydrogen explosion in nuclear
facilities as it poses a potential threat to the reactor (breakdown of safety equipments, failure of
containment) and the environment (diffusion of radioactive materials in the environment) which
can be catastrophic. Fukushima Daiichi nuclear disaster also led to complementary research and
development projects |4, 5| to better understand the phenomena associated with the combustion
hazard and to address issues such as explosion hazard in the venting system, dispersion of the
radioactive particles beyond the primary containment and motivated further work to develop and
validate Computational Fluid Dynamics (CFD) tools [3]|, which are growing into useful analysis
tools for supporting safety management. The safety issues related to the explosion hazards are
usually segregated into three linked yet separate phases

(i) The first phase corresponds to the release and dispersion of the explosive gases leading to a
partially premixed explosive atmosphere from the turbulent mixing of the gases,

(1i) A possible chemical reaction between the gases could lead to an explosion, regarded as the sec-
ond phase. The challenges posed here constitute the understanding of the rate of combustion
and of the flame-front structure along with turbulence coupling,

(#4i) The final phase involve the propagation of the blast wave and its effects on the structural
integrity of the reactor facility.

The P2REMICS (Partially PREMixed Combustion Solver) is an in-house CFD software developed
at IRSN dedicated to the computation of the three phases listed above, the formation of explosive
atmospheres (i), their deflagration or detonation (i) and the subsequent propagation of blast waves
(777). Phase one addressing the release and dispersion of the explosive gases is focused in this work
where turbulence modeling plays a central role as discussed in the next section. As a first step, the
following thesis focuses on slightly variable density flows that reflect most of the phenomena involved
in variable density flows with large density differences and deals with the predictive capability of
hybrid RANS-LES approaches.

1.2 Governing Equations and turbulence modeling approaches

The Navier-Stokes equation, representing the conservation of momentum, governs the motion of
fluids and can be interpreted as Newton’s second law of motion for fluids. For an incompressible
Newtonian fluid, the conservation of momentum for an instantaneous local velocity field, u(x,y, z, t)
is

ou; ou; 1 9p 0?u;

- Va.%'jal'j

gt = .. 1.1
ot +uj8xj p Ox; +f (1.1)

where u; is the i-th component of the velocity vector, p is the fluid pressure, p and v are the density
and the kinematic viscosity of the fluid respectively, and f; is an external bulk force acting on the
fluid, e.g. gravity. The set of Navier-Stokes equations along with the mass-conservation equation
for an incompressible flow

. 8uz

YV - u=

= 0. (1.2)
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form a closed system for the evolution of velocity and pressure, provide the starting point of any
journey into turbulence.

In the present context, the mixing process associated in the release and dispersion of explosive
gases is to be studied and an analytical solution do not exist to properly deal with such complex
phenomena. Further, the governing set of equations can only be solved for very simple cases of
flow in the computational standpoint. Hence, for most of the cases, to predict the evolution of
turbulence flows and the phenomenon attributed to it, one uses CFD tools consisting of turbulence
models. These models are simplified constitutive equations that predict the evolution (depending
on the modeling technique) of certain quantities of turbulent flows. The construction and use of a
model to predict the effects of turbulence is dealt under the subject turbulence modeling. In this
thesis, the first three chapters strictly deal with incompressible flows. Effects of compressibility will
be addressed in Chapter 4.

Before plunging into the mathematics of turbulence, it is worthwhile to discuss some physical aspects
of turbulence. Turbulence is not easy to define but not hard to find examples. The flow of the smoke
arising from a cigarette, the whirl of the milk added to a cup of tea and external flow over vehicles
are some examples of turbulent flows. Also, all flows of practical engineering interest are turbulent.
From these examples, certain common characteristics! of a turbulent flow persists:

E(9)

K, Ky

Energy containing range inertial subrange dissipation range

FIGURE 1.1. The turbulence energy cascade [62]. The large energy containing

eddies, given by lengthscale L break down into smaller eddies down until a

length scale (Kolmogorov microscale, L,) at which point the energy is con-
verted into heat under the effect of molecular viscosity.

(1) Disorder: The flow is never reproducible in detail. Although, averages over a suitably large
space or time may be well defined.

(11) Efficient mixing: It is an essential feature of a turbulent motion. Mixing can either lead to a
complete blending of the fluids in a confined volume (milk + tea) or dilution (smoke arising
from a cigarette).

(#i) Vorticity: Irregularly distributed in 3D.

'Refer [75] for a more detailed explanation on the various characteristics of a turbulent flow.
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The irregular nature of turbulence is characterized by the presence of a continuous spectrum of
scales ranging from largest to smallest length scales. Figure. 1.1 show the various length scales in a
turbulent flow and also the energy cascade. The large-scale vortices of characteristic length L ( in
Figure. 1.1) are created by the flow and influenced by the geometry the flow is engaged with. They
are the energy-containing vortices, which contain the highest part of the turbulent kinetic energy,
described by the Taylor scale.

The Taylor microscale, named after Geoffrey Ingram Taylor, is sometimes called the turbulence
length scale, is a length scale used to characterize a turbulent fluid flow. The Taylor microscale is
the intermediate length scale at which fluid viscosity significantly affects the dynamics of turbulent
eddies in the flow. This length scale is traditionally applied to turbulent flow which can be char-
acterized by a Kolmogorov spectrum of velocity fluctuations. In such a flow, length scales which
are larger than the Taylor microscale are not strongly affected by viscosity. These larger length
scales in the flow are generally referred to as the inertial range. Below the Taylor microscale the
turbulent motions are subject to strong viscous forces and kinetic energy is dissipated into heat.
These shorter length scale motions are generally termed the dissipation range.

These large-scale vortices are broken down into smaller vortices through the process of vortex
stretching. This moves the energy from large-scale vortices to small-scale vortices and further to
smaller-scales. This region corresponds to the inertial range, where vortex stretching can be de-
scribed by inertial effects of the vortex breakup with negligibble viscous effects. The energy cascade
continues until the length-scale is of the order of Kolmogorov microscales (L,;). Although the small
vortices contain low proportion of overall kinetic energy, they contribute to most of dissipation of
the kinetic energy into heat through the action of molecular viscosity. The Kolmogorov microscale
is the smallest relevant scale in turbulence. Due to this nature of turbulence, we say that turbulent
flows are always dissipative.

Direct Numerical Simulation (DNS)

In principle, the governing equations (Eqgs. 1.1-1.2) contains all of the physics of a given turbulent
flow. Unfortunately, no known analytical solution exist in turbulent regime. This is why engineers
need computation codes, in which the problem is discretized and solved numerically. The approach
of solving directly the set of equations of motion with initial and boundary conditions appropriate
to the flow considered without any use of a turbulence model is termed as DNS. The whole range
of scales is solved explicitly.

It is the simplest approach and when it can be applied, it is unrivaled in accuracy and the level
of description achieved. However, it is an exceedingly expensive method for any but simple, low-
speed flows because the range of eddy size broadens in proportion to the Reynolds number, given
by Re®/*. Here, Re = U L/v being the Reynolds number, based on a mean flow velocity U and a
length scale L characteristic of the flow in question (v = p/p is the kinematic viscosity). When per-
forming a numerical simulation, analysis has shown that the number of computational grid points
required increases as Re9/%
performing DNS of turbulent flows with the complete details of different turbulence length scales
(from the largest turbulent structures down to the smallest structures) is beyond reach for industrial
applications which mostly deal with high Reynolds number flows.

and the number of time-steps in proportion to Re3/* [54]. As a result,

1.3 Statistical modeling: Reynolds Averaged Navier-Stokes

Statistical approaches are used in an attempt to reduce the complexity and cost of the numeri-
cal simulation by focusing the attention on the velocity and pressure at any one spatial location,
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averaged over some period of time, yielding averaged equivalents of the respective instantaneous
variables. Thus, if the mean/averaged velocity is denoted by U;, then the instantaneous velocity is
represented as u; = U; + u}. Here, u; denotes the fluctuating part of the velocity. This procedure
of expressing the instantaneous quantity is called as Reynolds averaging, initially introduced by
Reynolds [58].

The Reynolds averaging operator for an instantaneous quantity a is

N
_ . 1
A=a= A}gnoo (N Zak> . (1.3)

Here, N corresponds to the sample size. Reynolds average operation is usually performed over a
period of time but it may be taken over space or over an ensemble of realizations, denoted by V.
To derive a mathematical framework for determining the time-averaged velocity, the Reynolds
decompositions u; = U; + u; and p = P + p’ are inserted into the Navier—Stokes (1.1) and mass-
conservation (1.2) equations. Further, time averaging the equations lead to:

Wi ¢, OUs LoP it U, Owu (1.4)
— — =———+ fitvV - . .
ot T Ox; p 0x; 0x;0x; Ox;

oU;

o = 0. (1.5)

Through Reynolds averaging, the interest from the instantaneous behavior (u;, p) of the flow is
shifted to its mean behavior (U;, P). Looking at turbulent flow, it may be steady in the mean in
spite of turbulent fluctuations.

In Eq. 1.4, an additional term (the underbraced term) in the form of the divergence of a tensor arises
from the influence of the averaging operator on the non-linear term. The correlation R = u;u; is
called the turbulent stresses or the Reynolds stresses, which is a new unknown. It is a second rank
symmetric tensor, interpreted as the turbulence equivalent of the viscous stress term in a Newtonian
fluid.

In order to compute the mean-flow properties, we need to prescribe W, which is an unknown.
This is the 'Closure problem’ with 10 unknowns (three velocity components, pressure and six
stresses) larger than the number of equations; four (continuity equation and three components of
the Navier-Stokes equations).

1.3.1 Boussinesq hypothesis
In order to tackle the closure problem, Joseph Valentin Boussinesq in 1877 introduced the concept

of an eddy viscosity by developing a mathematical description of turbulent stresses to the mean
flow following the gradient-diffusion hypothesis.

— 2
uiu = =218 + gké. (1.6)
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v is the turbulent viscosity, S is the mean rate of strain tensor, k = %u;u; is the turbulent kinetic

energy (half trace of the Reynolds stress tensor) and d is the Kronecker delta.

1 /9U; AU,
= _ . 1.
S 2 (895] + am’Z) ( 7)

Unlike laminar viscosity, the turbulent viscosity is a flow property which remains to be specified.
The problem reduces to finding 14 as a function of the solution. Based on the number of additional
transport equations utilized, the models can be classified into three popular categories constructed
on the Boussinesq closure.

Algebraic models

The simplest of all models are the algebraic models because they are constructed using basic al-
gebraic relationships for turbulent viscosity. These models do not require additional transport
equations other than the NS equations. Prandtl put forth the mixing-length model of the following
form:

ou;

Vg = l72mz 8$j ) (18)
where l,,;; is the empirical mixing length, in the case of a channel flow given by:
lmiz = min(ky; 0.1h). (1.9)

The mixing length model fails to provide close agreement with measured skin friction for boundary
layer flows following which several key modifications have been performed. See [88]| for a more-
complete history of the mixing length model.

One equation model

A popularly utilized model is the one equation model developed by Spalart and Allmaras [69]
which was originally developed to tackle aerodynamic flows. A modeled transport equation for the
kinematic turbulent viscosity is solved in this model:

) o 7\ 10 o ey 00 O
— 4+ U;j=— =cp1 SV — - - V) — e 1.10
ot " ! O 157 = Cunfu <d> o 0z, [(V+ V)ascj] Ty Oz Oz’ (1.10)
with the kinematic turbulent viscosity given by
vy = fial. (1.11)
with the following relationships:
3 1+c8 1/6
flllz%a fVQZl_Lu fw:g|:6’Lg3:|
§ +CV1 1+§fl/1 g +Cu)3
1% 1%
52;7 g:T+Cw2(T6—T‘), r= S’,%ng

S=S+——fn S=v2020
K2d?



1.3.1. Boussinesq hypothesis 7

along with the closure coefficients
cp1 = 0.1355, ¢ =0.622, ¢, =71, o0=2/3

C 14+¢
Cywl = % + +U b27 cw2 =03, cy3=2, k=041

Here, d is the distance to the closest wall which plays a major role in determining the level of
production and destruction of turbulent viscosity. §2 corresponds to the rotation tensor which is
given by

_1/0U; 9y
2= <axj - 8%) . (1.12)

To enhance the model prediction for industrial flows, several improvements have been performed [88].
To have a more universal model, transport effects on the turbulence length scale must also be ac-
counted for.

Two equation model
Two-equation models has been extensively used for much of the turbulence model research. This
approach consists of solving transport equations for the turbulence lengthscale (1) and a timescale
(7).
The first model of this type was introduced by Kolmogorov. One transport equation for the turbu-
lent kinetic energy (k) and a second transport equation to compute the specific dissipation rate (w)
was utilized with

v = L3 (1.13)
w
to close the system of equations.
Most of the commercially available CFD codes at present have a broad range of two equation mod-
els. A brief description of the most widely utilized models are presented here.

Standard k-e¢ model

This model includes two additional transport equations to represent the turbulent properties of
flow. The two transported variables are turbulent kinetic energy (k) and the dissipation rate (e).
The transport equations of the standard k-¢ model by Launder and Sharma [36] is presented below.

ok ok 0 ok
e Rk » — — 1.14
TR o [(” * ”’“”t)axj] (1.14)
Oe Oe € 0 Oe
Z U= = S (CaqP — Cure) + — V) 1.1
ot T Vigy, = 5 (Cab = Cad+ 50 {(””t)axj] (1.15)
where the turbulent eddy viscosity v is,
k2
v = Cp— (1.16)
€

The production term P is
pP=2,588 (1.17)
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with the model constants?
Ca =144,C =1.92,0, =1.0,0. = 0.769,C}, = 0.09 (1.18)

In spite of the success of the k-e¢ model, this model has a number of well known shortcomings. It
performs poorly, for example, flows with adverse pressure gradient and flows involving separation.
Another shortcoming is the numerical stiffness of the model arises when equations are integrated
through the viscous sub-layer which are treated with damping functions that have stability issues.

Distinct k-w models

Alternative models have been developed to overcome some of the shortcomings of the k-e model.
One such model is Wilcox’s k-w model [88|. Similar to the k-e model, the first transported variable
is the turbulent kinetic energy, k. The second transported variable in this case is the specific
dissipation rate, w which determines the scale of the turbulence, whereas k determines the energy
in the turbulence. The transport equations for Wilcox’s k-w model [88] are (excluding the C Dy,
term in Eq. 1.20).

dk 0 ok
— =P — 8wk + — — 1.19
=Pkt g [<u+am> axj] (1.19)
dw w 0 ow 1 0k Ow
— =y—P— B+ — i) o— | +2(1 = F)ow, — — — 1.20
it~ 'k B+ Ox; {(V—i_a Vt)f)xj] 2 o *w Oz Oz (1.20)
CDh
with the model constants
ok, = 0.4968,0,,, = 0.5, 1 = 0.075, 8" = 0.09,v; = 0.55 (1.21)

The production term P is specified by Eq. 1.17. The turbulent eddy viscosity vy is defined as,

_Cuk
= 3w
Inspite of its success, the major shortcoming of the k-w model is its sensitivity to freestream bound-
ary conditions for free shear flows [43]. This has motivated the development of Menter’s Baseline
(BSL) k-w model [43] which is analogous to Wilcox’s k-w model [87] in the inner 50% of the
boundary-layer and changes progressively to the standard k-e¢ model (in a k-w formulation) towards
the boundary-layer edge (outer wake region). This is achieved by first transforming the standard
k-e model into a k-w formulation, giving rise to an additional term in the k-w equation (C Dy, term
in Eq. 1.20). This allows one to perform the computations with a single set of equations (k-w).
Following which a blending function F} is utilized to perform a blend between the two regions. The
original k-w model is multiplied by F; and the transformed model by the function Fb» = 1 — F.
Adding both equation gives rise to Menter’s BSL model, Egs. 1.19-1.20. The model constants are
given through the equation

Vi (1.22)

¢ = F1¢1 + 292 (1.23)

where, ¢ represents any constant in the original model, ¢o represents its counterpart constant in
the transformed model and ¢ is the corresponding constant in the new model. The function F} is
designed to take a value of one in the near wall region (activating the original k-w model) and zero

2 Arguments based on physical reasoning are involved in the determination of the value of these constants.
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away from the wall, usually in the outer wake region. F} is written as

Fy = tanh(arg}) (1.24)
with,
_ VE 5000\  4po..k
arg, = min (max (ﬁ*wy; o : CDk:yQ (1.25)

The first term in Eq. 1.25 corresponds to the ratio of turbulent length scale, L; to the shortest
distance to the wall, y. In the logarithmic region, the ratio L;/y is found to be 2.5. It is found by
using the relations, k = u2/y/B* and w = u, /+/B*ky which is applicable in the logarithmic region.
1
L k2
y  Brwy (g

As we move farther from the logarithmic region of the boundary-layer to the boundary-layer edge,
this ratio goes from 2.5 to zero (the ratio becomes smaller and smaller with increasing y). The second
argument provides a lower limit for the function F} ensuring that this function does not go to zero
in the viscous sublayer. The third argument is an additional safeguard against the "degenerate"
solution of the original k-w model with small freestream values for w in free shear flows where the
inclusion of a lower limit for w is impossible [45].

1 0k Ow

2 -
Uwa 8.Ij aTj

CDkw = max < ;CDkw,min> (127)

CDy,, is the positive portion of the cross-diffusion term present in the transformed e equation.
Menter has used 10720 as the value for CDpmin- Hellsten [23] states that the choice of having
such a small value for C Dy, nin may lead to a bad numerical behavior of C'Dy,, and can introduce
undesirable rise of the blending function F} back to a value of 1 around the outer edge of the
boundary layer. To obtain a better behavior Hellsten has made CDjyg min proportional to the
maximum value of the cross-diffusion term in each grid-block instead of the maximum value of the
whole flow field. This maximum value is multiplied by a factor of 1078 to obtain a proper value for
CDkw,min-

The performance of this model is similar to that of the Wilcox’s k-w model for flows with adverse
pressure gradient, without the undesirable freestream dependency of Wilcox’s k-w model. Also,
damping functions are not necessary in comparison to the standard k-e¢ model. For free shear
layers, the BSL model is identical to the k-e¢ model and significantly better than k-w model in
predicting spreading rates thereby keeping advantages of both k-¢ and k-w models. The BSL model
is not more complicated than the other existing two equation eddy-viscosity models and requires
only a small additional computational time. Furthermore, this model has shown to have the same
numerical robustness as the original model [45].

Although Menter’s BSL model outperforms the original k-e¢ model in predicting flows with adverse
pressure gradient, they still underpredict the flow separation for severe adverse pressure gradient
flows. The levels of principal turbulent shear-stress is overpredicted by the LEVMs (the ratio
P/e >>1).

Thus, Menter in his Shear Stress Transport (SST) formulation introduces an upper bound for the
principal shear-stresses. The SST model is similar to the BSL model except for a limiter introduced
in the SST formulation. The limiter is based on Bradshaw’s assumption, i.e., the shear stress (7)
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in a boundary layer is proportional to the turbulent kinetic energy (k).
T =park = [uV|=ark (1.28)
a1 being a constant. Usually in two-equation models, the shear-stress is computed by
|u'v'| = 1.8 (1.29)

with S = v/2SS for simple shear flows with S being the strain-rate tensor. Rearranging the above

equation gives

_ ’W| . alk _ alk
S S V288

Eq. 1.30 is called the SST limitation for 4. The SST limitation is suitable only for wall-bounded

flows, i.e., for high values of S. But in case of free shear flows, the SST limitation has to be switched

off. Similar to Fi, a blending function F5 is used in the SST model. F5 is given by

Ut

(1.30)

F, = tanh(args) (1.31)
with,
2VEk 500v
_ : 1.32
args = max (B*wy’ i > (1.32)
with v given as,
ak (1.33)

- maz(aiw; F3.5)
The SST model is the most widely utilized k-w model.

Defects of linear Eddy viscosity models

The deficiencies of the two-equation models mostly come from the linear stress-strain relationship,
the Boussinesq hypothesis. The dependence of anisotropy on system rotation is also excluded by
considering this linear relationship. Moreover, the eddy-viscosity assumption completely fails in
predicting all but one of the components in the Reynolds stress anisotropy tensor in the simplest
possible equilibrium shear flows, or in the logarithmic region of the boundary layer. For shear
flows, in order to properly capture the near wall behavior, certain limiters or damping functions are
necessary, e.g. the SST limiter.

These models lack realizability of the normal stresses. For flows with strong acceleration, this results
in negative normal stresses prediction. The normal stresses should always be positive which is one
of the necessary constraint according to the Schwarz’ inequality.

In case of the scalar fluxes, the linear models does not capture the scalar fluxes, even in a simple
shear layer.

1.3.2 Reynolds stress models

Instead of depending on the Boussinesq hypothesis for the Reynolds stresses, the most accurate
way of finding the Reynolds stress tensor is by solving transport equation for the same. Transport
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equation for Reynolds stress is derived in a manner similar to the derivation of the Reynolds-
averaged Navier-Stokes equation. However, it introduces six additional transport equations de-
scribing Reynolds stress and one additional equation describing the turbulence length scale. The
equation for the Reynolds stress tensor (R = w/u’) is derived from the fluctuating momentum
equation and is given by

J

oul, oul; oT
J ij

+U; =P—-e+1II+ —, 1.34
ot J Ox;j dx;’ ( )
where P is the production of the Reynolds stress, € is the dissipation rate tensor, II is the pres-
sure strain-rate correlation and the diffusive transport of the Reynolds stress is given by T'. The
production term requires no modeling and is given by

o
oz

ou;
P= uéu%a—J u;ugc (1.35)
Various Reynolds stress transport models have been proposed based on the closure approach used
for the turbulent dissipation rate tensor € and pressure strain-rate tensor Il which are represented
in terms of some known mean quantities. An isotropic assumption for the dissipation rate tensor is

usually assumed,

= §5e (1.36)

Moving to the pressure strain-rate, one traditionally adopt a decomposition into two parts, the rapid
and the slow part. Rapid part contains the mean flow field which enables it to respond directly to
changes in the mean flow while the slow part does not contain any mean flow field information. The
linear return-to-isotropy model proposed by Rotta is usually adopted for the slow part

——F 2
HS = —61% <u;u’ - 3k6> (137)

On the other hand, following the general linear model of Launder, Reece and Rodi [35] known as
the LRR model, the rapid part reads

HT:fCZ_'—S <P1736) 3062—2k<6ui +8Uj>

11 55 al'j 8:131
T ( uhu o — ufuy, oz, 3735 (1.38)

The set of values for the constants differ from model to model. The LRR model utilizes ¢; = 1.8
and ¢y = 5/9. The diffusive transport of the Reynolds stresses is given by

!,/
8uiu]
8xk '

T:—i[ Ll + plosju —|—5Z]u} v (1.39)

oxy,

Shortcoming of Reynolds stress transport models

The use of Reynolds stress models in commercial software packages has not been completely possible
because of various reasons. Firstly, RSM’s are mathematically complex as it involves seven coupled
partial differential equations. Secondly, model coefficients have to be optimized in order to correctly
represent the wall-asymptotic variations of the stresses. Apart from the complexity of the modeling
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task, solving six differential transport equations for the stress components makes it computationally
expensive and numerically less robust in comparison to the two-equation models. They also require
the specification of boundary conditions for all stress components.

1.3.3 Non linear Eddy viscosity models

In the late 70’s, the task of solving six differential transport equations for the stress components,
instead of one for the turbulence energy, was considered to be too resource intensive. This could
have motivated Rodi (1976) to approximate the transport of the stresses by the algebraically scaled
transport of the turbulence kinetic energy, called the weak equilibrium assumption.

Making use of this assumption allows for an alternative representation of the Reynolds stress tensor.
Such models retain the differential formulation of a two-equation model and also to some extent
the Reynolds stress anisotropy a associated with Reynolds stress tensor. Such level of closures
are termed as nonlinear eddy viscosity models(NLEVMs). Within the NLEVM lies the traditional
algebraic Reynolds stress model (ARSM). The cost and effort to compute the implicit relation of
a used in the ARSM model is excessively large as a result of which the advantages of using ARSM
instead of the RSM is lost. Hence, an explicit expression to represent the Reynolds stress anisotropy
a consisting of the mean strain rate .S and rotation rate §2 tensors is built where a,S and {2 are
second-rank tensors. NLEVM models will be assessed in detail in Chapter 2.

1.4 Scale resolving simulation models

The alternative to RANS models are models that resolve at least a portion of the turbulence in
the flow domain. Such models are generally termed as scale resolving models. Recent rise in the
computer power has shifted the focus of researchers on methods where length scales larger than
the resolution of the grid are resolved. Whereas a model is utilized for the eddies with lengthscales
smaller than the grid resolution. Consequently, the turbulence model should be sensitive to the
grid resolution such that on a very coarse grid the model should be capable to model all the scales.
Conversely, when the grid is fine enough, all the scales should be resolved.

These models help to capture certain flow phenomena where the time dependency of the flow is
important. For example, capturing the detached flow over an airfoil.

1.4.1 Large Eddy Simulation

Large Eddy Simulation (LES) is the most widely used scale resolving modeling approach. In such a
method, the large, non-universal, energy containing scales of the flow are computed explicitly, as in
DNS, while the small scales are modeled assuming that these scales are independent of the particular
flow and isotropic enough for a single model to be able to represent them in all situations.

Large eddies are the most effective transporters of conserved quantities (mass, momentum and
energy) and are anisotropic in nature. Small eddies are weaker and show a universal behavior.
They are isotropic irrespective of the Reynolds number and geometry of the flow. In an LES
prediction the size of the mesh defines the size of the resolved scales. Normally, LES requires lower
grid resolution in comparison to DNS. We obtain accurate time history for highly separated flows.
In order to resolve the large scales and model the small scales, one has to separate the two. The
separation between the large scales and the small scales is achieved with the help of spatial filters.
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Having a filter size smaller than the size of the mesh is meaningless. Hence the most common
relationship for a structured mesh is given by

A = /AN A, (1.40)

Here, A;, Ay, and A, corresponds to the local mesh spacing along the three axes. The governing
equations for the filtered quantities in LES are similar to the governing equations for the mean
quantities in RANS. The filtered equations are

ou;, -~ oU; 10P o*U;  Omjs
. - 29 _ 9GS 1.41
ot + U] 81’j P (%Z + f + V@xjaa:j 8.73j ( )
oU;
=0. 1.42
O 0 (1.42)

where the tilde denotes a filtered quantity and it has been assumed that the filtering operation
commutes with temporal and spatial derivatives. Here, the term 75 is the subgrid stress (SGS)
which needs to be modeled.

Ts = UjUj — uiﬁj. (1.43)

The motivation behind a SFS model is to express the subfilter stresses in terms of the resolved
velocity. Analogous to the Boussinesq hypothesis (Eq.1.6), the SF'S stresses can be written in terms
of the resolved rate of strain tensor through the relationship:

oz 2.8 (1.44)

where S is the resolved rate of strain tensor given by:

~ 1 (0u; Ou,
S = L. 1.45
> (axj * (’9&%) (1.45)
vs is the SFS turbulent viscosity and it should be sensitive to the grid resolution. Typical LES

models in use are of Smagorinsky model type, with either a fixed coefficient (Smagorinsky mode)
or a dynamic coefficient (Dynamic Smagorinsky mode).

Smagorinsky model

The Smgorinsky model [67] was originally proposed for simulating atmospheric flows and has be-
come one of the most successful methodology for simulating turbulent flows with the improvement
of computing power. The eddy viscosity is expressed as follows:

Vs = (csA)2V S8, (1.46)

alongwith ¢; = 0.17, calibrated using numerical experimentation of the decay of isotropic turbu-
lence. Lilly derived a value of 0.23 for homogeneous isotropic turbulence in the inertial subrange.
However, the optimum value of ¢g varies from flow to flow and its value should vary such that near
solid walls, the amount of dissipation introduced by the SGS model must be reduced.

Dynamic Smagorinsky model
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This model is an extension of the Smagorinsky model. The coefficient c4* is no more a constant
rather a parameter that is dynamically computed based on the information provided by the resolved
scales of motion [62]. The dynamic procedure therefore obviates the need for users to specify the
model constant in advance.

WALE model
In the Wall-Adapting Local Eddy-Viscosity (WALE) model [52], the eddy viscosity is modeled by
& &\3/2
ve = L2(csA)—== (5S) . (1.47)
(S8)5/2 4 (8S)>/4
with,
Ly = min(kd, C, V1/3). (1.48)

with C, = 0.325 and V is the volume of the cell. The WALE model is designed to return the correct
wall asymptotic behavior for wall bounded flows. Another advantage of the WALE model is that
it returns a zero turbulent viscosity for laminar shear flows. The WALE model is therefore prefer-
able compared to the Smagorinsky-Lilly model as the Smagorinsky-Lilly model produces nonzero
turbulent viscosity.

LEVM as SFS models

Various SGS models have been proposed and most of them utilize the Boussinesq’s hypothesis to
model the SGS stress tensor as in typical RANS models. Such advanced models introduce some
transport effects by either solving a transport equation for the sub-filter kinetic energy, ks or by
solving multiple transport equations like the two-equation model.

The application of LES can now be used to simulate complex engineering flows. However, its ap-
plication is limited to simple geometries with low-to-moderate Reynolds number because of high
demands on grid resolution for industrial computations. Further, use of LES for simulating near
wall turbulence has been a problem. The reason being that near wall turbulence length scales are
very small. Hence, a mesh size fine enough to capture these length scales must be utilized leading
to an increase in the computational cost.

Higher order SFS models

More recent works have included a better description of the SGS model by introducing the effects
of anisotropy throught the use of an explicit algebraic stress models (EASM). Marstorp et al. [41],
developed a SGS model for simulating complex flows. They put to use an explicit algebraic model,
involving the strain rate (S) and rotation rate (£2) tensors to predict the anisotropy of the SFS in
a more realistic way than the models based on the eddy viscosity assumption. The authors have
performed turbulent plane and rotating channel flow simulations from moderately-to-high Reynolds
number. They have shown that by utilizing a higher order SF'S model, the grid resolution can be
1/5th of the guidelines present in the literature for this test case [50].

1.4.2 Hybrid RANS/LES methods

Many approaches have been suggested to optimize the computational cost for simulating wall
bounded flows. Recently, techniques have evolved to bridge RANS and LES models to maintain

3¢, is not a constant but ranges between 0.1 < ¢s < 0.24.
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accuracy with a reduced cost of computation [15]. Such methods are termed as Hybrid RANS/LES
methods (HRLM). In these methods, LES is restricted for the simulation of the outer flow eddies to
circumvent the requirement of very fine grids in the near wall region. For this region, a pure RANS
turbulence model is utilized. In recent years HRLM has received increased attention [62].

The Hybrid model should be capable to tend towards a RANS model when the grid resolution is
very coarse. Conversely, at sufficiently high grid resolution, the model should tend towards a DNS.
HRLM can be broadly classified into two categories.

Zonal hybrid RANS/LES methods (zHRLM)

The first category falls into zZHRLM where a part of the domain is set to be computed using RANS
equations and the rest is computed with LES (see [10, 77]). These models are complicated to use
when dealing with complex geometries as the transition zone has to be specified by the user.

Seamless hybrid RANS/LES methods (sHRLM)

The second method is to make the subfilter stress model sensitive to the local grid resolution and
turbulence properties. This enables to have a smooth and continuous transition from the RANS
to LES regions. These methods are called sHRLM. Such methods utilize a single set of transport
equations to model turbulence in the RANS and LES regions by adapting itself to the local grid
resolution. A detailed description on how the turbulence model adapts itself according to the grid
resolution is presented in detail in Chapter 3. Detached Eddy Simulation (DES) [68], Partially
Integrated Transport Modeling (PITM) [64], Equivalent-Detached Eddy Simulation (E-DES) [14]
are some examples of sHRLM.

The focus in the following thesis is on improving the predictive capabilities of the SF'S model in a
continuous-HRLM framework.

1.5 Thesis Outline

The demand of CFD methods for the analysis of fluid flows is increasing. Role of IRSN is to build
a generic CFD code to conduct safety studies concerning hydrogen hazards. The aim of this study
is to improve the predictive capabilities of hybrid RANS/LES methods through the development
of a subfilter scale model which considers an explicit algebraic relation for the the non-isotropic
turbulent subfilter stress and turbulent scalar fluxes thus contributing to the improvement of the
safety analysis concerning hydrogen hazards. This chapter provides an introduction to the different
turbulence modeling strategies available. While there are a plethora of turbulence models, emphasis
is made on selected models most relevant to this work. Chapters 2 and 3 are limited to incompressible
flows while chapter 4 deals with variable density flows.

The development of an explicit algebraic Reynolds stress model in a RANS framework is presented
in Chapter 2 arrived at through a direct solution method. The coupling between the explicit
algebraic model and Menter’s BSL model is achieved without the need of a full recalibration. The
performance of the developed model is accessed on the flow in a fully developed turbulent channel
and the flow in a pipe of square cross-section.

Chapter 3 is precisely dedicated to seamless hybrid RANS/LES methods. Starting from E-DES
ks-€5, E-DES based on Menter’s BSL-like model is developed. For the closure, the explicit algebraic
model developed in Chapter 2 is extended within a seamless hybrid RANS/LES framework. A
calibration of the model on the decaying isotropic turbulence is conducted to find the optimum
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value of the model coefficient. Following which, three-dimensional simulations are performed using
the EAHSM on two grids: ’fine’ and ’coarse’.

In continuation to what is developed in Chapter 2 for an incompressible flow, the first part of
Chapter 4 deals with the development of an explicit algebraic model for slightly variable density
flows in a RANS framework. The development of an explicit algebraic model for the Reynolds
stresses and the scalar flux is performed using the direct solution method. The model is accessed
on the stably stratified homogeneous shear and the stably stratified channel flow. In the latter half
of this chapter the resulting explicit algebraic model is extended to a seamless hybrid RANS/LES
method following Chapter 3. Performance of the model is accessed on the two test cases like for
RANS.

Finally the open ends within the scope of this work is presented with certain solution strategies.
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Chapter 2

Explicit Algebraic Reynolds Stress
Modeling

In this chapter, the development of the EARSM model is presented starting from the transport
equation for the Normalized Reynolds stresses followed by the weak equilibrium assumption which
provides the foundation for the development of the algebraic models. One arrives at the Implicit
Algebraic Reynolds Stress Models through the utilization of this assumption on the transport of the
Normalized Reynolds stresses. Rather than using a particular tensor basis projection method as used
in the primary work [53] and most of the contributions that followed (e.g [24, 82]), we follow here
the direct solution method proposed by Grigoriev [28] to arrive at an explicit algebraic relationship
from the implicit relationship. The interest of using such a direct solution method will be highlighted
in Chapter J when dealing with variable density flows.

Coupling EARSM with any of the existing two-equation models usually requires a full calibration of
the coefficients (e.g Hellsten [24]). As a result, the generality of the platform two-equation model is
lost. Instead, we follow a very simple procedure for adapting EARSM with the k-w model following
Wilcox [86] thereby eliminating the need for a complete recalibration of the model coefficients. Vali-
dation is performed on the canonical test case of the fully developed channel flow at Rer = 550 and
a more challenging case of the fully developed flow in a square pipe at Re; = 600.

2.1 Transport equation for the Normalized Reynolds stresses

Following the exposition on various levels of turbulence modeling approaches in Chapter 1, the
Second Moment Closures, in general distinguished as the Reynolds stress models (RSM) are at par
better in comparison to the Linear Eddy Viscosity Models (LEVM). The advection and diffusion
terms in RSM account for the transport effects of the individual stress components whereas the
LEVM address such effects for the trace of the Reynolds stress tensor. Yet, RSM have not received
much attention for industrial applications in comparison to the LEVM due to their mathemati-
cal complexity (the task of solving six differential transport equations for the stress components
complemented by closure models for pressure-strain rate correlation and triple-velocity correlations,
instead of one for the turbulence energy) and the consequential cost of computation.

Inevitably, in the late 60s, when computer power was a tiny fraction of what it is today, it was
considered inappropriate to apply emerging RSMs (e.g. Launder, Reece and Rodi [35]) to anything
more complex than two-dimensional boundary layers. This motivated Rodi [59] to make the pio-
neering proposal to approximate the transport of the stresses by the algebraically scaled transport
of the turbulence energy leading to an alternative representation of the Reynolds stress tensor. Such



18 Chapter 2. Explicit Algebraic Reynolds Stress Modeling

models retain the differential formulation of a two-equation model and also include the Reynolds
stress anisotropy effects associated with the Reynolds stress tensor.

The first step in the development of the algebraic models consists thus writing the transport equa-
tions for the Reynolds stresses in terms of the dimensionless anisotropy tensor defined by

ATAD))
L1 _Z§ 2.1
T3 (2.1)

a =

The LHS of Reynolds stress transport equation minus the turbulent transport term (Eq. 1.34) along
with Eq. 1.14 can be written as

Du;ug o kB u;u; N u;u; D7k D
Dt Dt k k Dt
D [ u u' Dk
— el ity R D
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where D, P, IT and e refer respectively to diffusion, production, pressure redistribution and dissi-
pation of the Reynolds stresses and given by Eqs. 1.35 - 1.39.

2.2 Weak Equilibrium assumption

The classical assumption on which the algebraic models are built is the weak equilibrium assumption

by Rodi [59].
Da (5 Mtip) _Oa, 0o (5 n)_ 2.4
Dt \T ok o Yor, \T Tk 77 (24)

This is to say that the advection and diffusion terms in the exact transport equation for the Reynolds
stress anisotropy a, are neglected, i.e., the LHS of Eq. 2.3 is neglected. The dimensionless quantities

only vary slowly in space and time.

The assumption is based on the expectation that the transport of the Reynolds stresses occurs at
the same rate as the transport of the turbulent energy. This may be a reasonable assumption for
the normal-stress components — which are, after all, components of the turbulence energy. This
might appear to be on weaker ground for the shear-stress components. Using the weak-equilibrium
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assumption, the resulting algebraic equation read

!,/

k

(P-o) =P+ 1T e (2.5)

The above class of models are termed as algebraic stress models as it only requires the solution of
an implicit algebraic equation for the Reynolds stresses. The production and pressure-strain terms
on the right hand side of the above equation can be expressed in terms of a, S and {2 where S
and {2 are the normalized mean strain tensor and the normalized mean rotation tensor respectively

T [ Ou; aﬂj T [ 0u; ou;
L == _ 2.
S 2 (8.7}] + 61‘1) ’ 2 <8$J a$1> ( 6)

Where 7 = (k/¢) is the turbulent time scale used to normalize the velocity gradients. The turbulence
properties of a flow are profoundly influenced under the presence of a wall. In this work the attention
given to the near-wall region has been peripheral. Following [82], we introduce here a lower bound
for the turbulent time scale which goes to zero as the wall is approached. The limiter proposed by

Durbin[12] reads
= (k,CT V) (2.7)
€

given as

€

with C; = 6. This limiter is active in the near-wall regions through the viscous time scale

Inserting a, S and 2 in the definition of the production and redistribution terms leads to the
following expressions

4
g :_55—(a5+5a)+a9—9a (2.8)
m 4. 9 +6 2
+ Tez — 10 (af2 — Na) (2.9)

11

Resulting in an algebraic equation for the Reynolds stress anisotropy tensor that reads

<cl—1+7€)>a——85+762+1(a.{2—f2a)

15 11
5— 902 2
ST <a.5’ + Sa — 3a56> (2.10)

2.3 Development of EARSM

The advantage of such a manipulation done in the previous section to the 'parent RSM’ is to reduce
the complexity of using the differential terms. Further the absence of any differential terms in
the Reynolds-stress equations implies that no boundary conditions are necessary for the stresses.
Nevertheless, the implicit relationship still requires excessive computational efforts and as a result
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the benefits of using ARSM instead of RSM may be somewhat negligible and especially when moving
to seamless hybrid methods.

To tackle this issue, an explicit expression to represent the Reynolds stress anisotropy a consisting
of the mean strain rate (S) and rotation rate (§2) tensors is built, the explicit algebraic Reynolds
stress model (EARSM). In simple terms, the nature of deriving an EARSM can be described as
a purely mathematical process of inverting the implicit algebraic relation (Eq. 2.10) to arrive at
explicit relationships that link the stresses to the strains and other known or determinable quantities
(k, €, w). The advantages of using this model over its parent model is its improved numerical
robustness and also the required computational effort is less due to its simplicity while keeping its
most important physical modeling. Since we include the Reynolds stress anisotropy, we can expect
the EARSM model to perform better than the general LEVM in predicting turbulent flows.

The most general explicit formalism for a in terms of S and {2, restricted for 2D flows consisted of
ten tensorially independent groups, provided by Pope [53]. The higher order terms can be reduced
to these ten terms with the aid of Cayley-Hamilton theorem. Gatski and Speziale [19] derived
a 3D EARSM based on the general quasi-linear RSM of Speziale, Sarkar and Gatski [70]. The
authors point out that the model requires a regularization technique in order to obviate unreasonable
solutions. In particular, the production to dissipation ratio (P/e in Eq. 2.10 ) was considered to
be a constant and such an imposition resulted in an internal inconsistency in conditions other than
equilibrium. By utilizing the LRR model with the approximation (¢ = 5/9 in Eq. 2.10 ), Taulbee
[73]| provided an extension of the formalism by Pope for 2D flows to 3D conditions. That same model
has been utilized by Wallin and Johansson [82], but with an explicit treatment of the production
to dissipation ratio in contrary to other models.

Of all the models, the model by Wallin and Johansson [82] probably constitutes the best compromise
between completeness and simplicity. In the following work, this model is put to use. We further
follow in this work the direct solution method proposed by Grigoriev [28| to arrive at an explicit
algebraic relationship from the implicit relationship. The interest of using such a direct solution
method will be highlighted in Chapter 4 when dealing with variable density flows.

2.3.1 Explicit algebraic relation

As pointed out by Wallin and Johansson [82], the value of ¢ close to 5/9 suggested by some studies
allows to neglect the last term in the right hand side of Eq. 2.10 and this greatly simplify the
algebraic equation. Adopting this value leads to the following simplified yet an implicit algebraic
relation for the Reynolds stress anisotropy tensor

Na=—-A:5+ (af2 — Na) (2.11)
N is a function of a and reads
N = Az + A4?
= A3 — A4aS (2.12)
with
A1_158AO’ 3= C1A—01, A4=20, Ao = 7021;—1 (2.13)
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The procedure to solve the implicit equation for a consists first in assuming that the coefficient
N is known. This leads to a linear equation that can be solved with the help of the Cayley-
Hamilton theorem. The final step consists then in solving the nonlinear equation for V. Introducing
s = A1S/N and o = £2/N, the implicit relation, Eq. 2.11, is first rewritten as

a=—s+ (ao—oa) (2.14)

The first step consist in writing the dimensionless Reynolds-stresses anisotropy tensor in terms of the
dimensionless mean strain tensor S and the dimensionless mean rotation §2 is presented below, for
both two- and three-dimensional mean flows, following the direct procedure proposed by Grigoriev
and Lazeroms [28]. The direct evaluation of the tensor is performed rather than a projection on a
particular tensor basis. This approach is followed in this thesis as it will be a powerfull tool when
dealing with buoyancy driven flows in Chapter 4.

Two-dimensional mean flows In order to derive an algebraic equation for the dimensionless
Reynolds-stresses anisotropy tensor, the first step consists in writing the first recursive usage of the
implicit relation, Eq. 2.10, leading to

a=—s+ (so— 0s) + (a0® + 0*a — 20a0) (2.15)

In order to express the last term in the right hand side of Eq. 2.15, we recall that the Cayley-
Hamilton theorem for a two-dimensional traceless tensor reads

1
= Il Il.= tr{c*} (2.16)

Here, I is the three-dimensional unit tensor. Substituting ¢ = a + o into Eq. 2.16 leads to
ao + oa = tr{ao}l (2.17)

As a is symmetric and o is antisymmetric, the right hand side of Eq. 2.17 is zero and this allows to
get

ao’ + o’a = —20a0 (2.18)
Finally, substituting ¢ = o into Eq. 2.16 and multiplying by a leads to
ao’ + o*a =I1,a (2.19)
As a result, the algebraic relation reads
(1-2I1,)a=—s+ (so—os) (2.20)

Substituting s = C1.S/N and o = §2/N, the resulting expression is formally equivalent to the
common expression proposed by Wallin and Johansson given by

a =515+ Bi(S02 — 128S) (2.21)

with

AlN Al

b= TNZ 201, B = T NZ 201,

(2.22)
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The nonlinear equation for IV can then be derived by inserting the solution of a provided by Eq. 2.21
in the definition of N. The resulting equation reads

N3 — A3N? — (A Ayllg — 2I1o) N 4 243115 =0 (2.23)

The solution of the cubic equation; Eq. 2.23 for N is

1
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with ¢ = As. The first term on the RHS of Eq. 2.21 can be interpreted as a linear eddy-viscosity
representation but with a variable C}, coeflicient given by

B1S ~ 1S

v = CLkt (2.24)
. 1

Cp=—3h (2.25)

Three-dimensional mean flows As for two-dimensional mean flows, the first step consists in
writing the first recursive usage of the implicit relation and this leads to Eq. 2.15. In order to
express the last term in the right hand side of Eq. 2.15, we recall that the Cayley-Hamilton theorem
for a three-dimensional traceless tensor reads

1 1
¢ = Jllee+ GIILI, Il =tr{c"}, III. = tr{c"} (2.26)

Substituting ¢ = s+ o into Eq. 2.26, taking into account that s is a symmetric traceless tensor and
o is an antisymmetric traceless tensor, and equating the equal powers of s and o, one gets

1 1
§:§H§+§HLI (2.27)
2 2 1
0s” + sos + s“0 = 51150 (2.28)
1
0’5 + 050 + 50° = 5[108 +1IVI, IV =tr{so’} (2.29)
1
0’ =-Il,0 (2.30)

2
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As a result, using Eq. 2.29 with s = a, one has

1
o’a + ao’® = §IIOa + tr{ao’}I — oao (2.31)

Using the implicit relation Eq. 2.14 multiplied by 0? and taking the trace of the result, the second
term on the right hand side of Eq. 2.31 simplifies to

tr{ao®} = tr{(—s + (a0 — 0a))o*} = -1V (2.32)
Hence, collecting Egs. 2.31 and 2.32 allows to write Eq. 2.15 as
1
a=—-s5+(so—o0s)+ (§Hoa — IVI — 30a0) (2.33)

Next, the second recursive employment of the implicit relation provided by Eq. 2.15 allows to write
the last term in the right hand side of Eq. 2.33 as

0ao = o [—s + (so — 0s) + (ao® + o*a — 20a0)| 0

= —050 — 050” + 0%50 + 0(ao0’® + 0’a — 20a0)0 (2.34)

Using Eq. 2.31 together with Eq. 2.32, the last term in the right hand side of Eq. 2.34 simplifies to
o(ao® + o’a — 20a0)o = 30(ao” + o*a)o — I1,0a0 + 21V 0 (2.35)

Then, using Eq. 2.30 to express the first term in the right hand side of Eq. 2.35, Eq. 2.34 leads to
(1 —2II,)oa0o = —o0so — (0s0® — 0°s0) + 2IV 0* (2.36)

Finally, multiplying Eq. 2.33 by (1—211,) and using Eq. 2.29 to express 0so, we obtain the following
explicit algebraic relation

1 1
(1 =2L,)(1 = 51T)a = —(1 - gIIo)s — 61V (0* — gUOI)
2
— (1 —2I1,)(so — 0s) — 3(s0® + 0*s — §IVI) — 3(0%so0 — 0s0?)  (2.37)

Substituting s = A1 S/N and o = §2/N, the resulting expression is formally equivalent to the
common expression proposed by Wallin and Johansson given by

1
a =318+ B (m — 31@5) + B4(S02 — 028)
+ Be (srﬁ +02°S — 31{/5) + By (£2562° — 2°S02) (2.38)

where the coefficients (; are defined according to :

_ N (2N? -Tl) _ lenThv
Bl = Q ) ﬁ?) - Q
_ 2WP-2llg) o BN g6
ﬁ4 - Q ) 66 - Q ) ﬁ9 - Q (239)

where the denominator @) is defined by
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1
Q=1 (N? —2IIg) (2N* — 11p)
1
@) always remains positive since Il is negative as the trace of the square of the antisymmetric
matrix is negative.

The non-linear equation for N is of sixth order for three-dimensional flows. Wallin and Johans-
son [82] suggest to use Eq. 2.23 as a first approximation and mention the difference between the
2D and 3D solution to be negligible. The solution of the 2D cubic equation is used for both two-
dimensional and three-dimensional flows in this study.

At this stage of the developments, it is evident that the model remains incomplete without the
description of k and 7. This necessitates for a platform model to obtain these turbulence properties.

2.3.2 The k-w BSL-EARSM model

Many authors have used the BSL model as the platform for EARSM [23, 40, 31]. Whatever the
existing platform model, in order to appropriately couple with a "higher order" model usually
requires a partial or a full recalibration of the model coefficients in the platform model. Therefore,
when combined with EARSM, some problems may arise without any recalibration of the platform
model. This encouraged for instance Hellsten [23, 25] to perform a systematic calibration of both
sets of model coefficients present in the BSL model.

In the following section, the goal is to combine EARSM with the k-w BSL model keeping the BSL
model unaltered. We propose to achieve this in two steps thereby enabling not to perform a detailed
recalibration of the model constants. Firstly, we follow the methodology by Wilcox [86] which aids
in coupling any algebraic model with a two-equation model (k-w BSL in our case) without the need
for a complete recalibration procedure. A detailed analytical study performed in section 2.3.3 on
the canonical test cases will show that a slightly modification of the ¢y coefficient arising from the
parent RSM model in the EARSM formulation is sufficient to successfully perform the coupling.

The governing equations for the k-w BSL model follows Eqgs. 1.19-1.20. When the k-w BSL model
is coupled with EARSM, the terms that are implicitly affected are

- The production terms via the Reynolds-stress tensor given by

oU;
— 2.4
P T@xj (2.40)
where
2
T =ka+ gké (2.41)

Here, a follows Eq.2.38.

- The diffusion terms via the turbulent viscosity given by
v = CLkT (2.42)

with a variable C’Z coefficient.
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This motivated Hellsten [23] to revise the complete set of model coefficients present in the parent
BSL model, for the coupled system, by performing the analysis on the canonical test cases. Here,
we prefer to leave the original BSL model unaltered.

We perform a simple procedure for adapting k-w BSL with EARSM. The governing equations for
the turbulent kinetic energy k-and the specific dissipation rate w follow the set of equations given
by Wilcox [86]

dk . 0 k. Ok

7dt =P — [ wk + 67.%'] [(V—FO'kw)axj] (2'43)
dw  yw 9, O k. Ow 1 0k Ow
@k [W*%)axj] LR R R e e (2:44)

with the function F} is given by Eq. 1.24. On comparing the above set of equations and Egs. 1.19-
1.20 indicate that the influence of turbulent viscosity in the diffusion terms is absent. The diffusion
terms are rather proportional to k/w. As a result, the influence of the variable C}, coefficient is
absent in the diffusion terms. This provides a more general foundation model for computing the
Reynolds-stress tensor such as an algebraic stress model [86] since now the diffusion terms are
independent of the type of closure. Menter [47] states that such a modification for the diffusion
terms avoids the problems observed and resolved by Hellsten [24] in the boundary layer edge.

The only terms in these equations that are implicitly affected by the variable C}; coefficients are
the production terms through Eq. 2.40. To understand this influence on the platform model, the
model is thoroughly examined on the canonical cases and it is seen that the effect of the variable

C}, 1s present in the logarithmic region.

2.3.3 Calibration of the ¢, coefficient

The following section focuses on the inner region of the boundary layer. The influence of variable C);
coefficient enters exclusively from the anisotropic term, aj2 in the logarithmic region. This region
is far from the wall to neglect the molecular viscosity relative to the eddy viscosity and yet close
enough to neglect the convective effects relative to the rate at which the turbulence is being created
and destroyed. Considering the logarithmic layer of a zero pressure gradient boundary layer, the
transport equations for the kinetic energy and the specific dissipation rate equation simplify to

0 [k Ok
— P — Bk — | === 24
0="P — [ wk + o, 3y [w 8y} (2.45)
w 9 0 [k Ow
— 2D o — | —— 2.4
O0=mnP fiw” +o 'y [w@y} (2.46)
In the logarithmic region, we have a constant Reynolds shear stress —u/v’ = u2 = —a2k, u, is the

frictional velocity. The kinetic energy also remains constant in the log layer. As a result, from the
transport equation for k, we have, P = f*wk.

The mean velocity gradient in this region is given by

dU_&

@wo_ 2.4
&y (2.47)
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Hence, P and w become:
—dUu

— 173 — T

P=—uv—=-"T,

*
W= —a12Ur /K /3
ly K 12 T/ Y

Here, x is the von Karmén constant, usually equal to 0.41. Anisotropy a9 is
), dU
app = -t —==,/Cs
B*w dy 1]

where €, is introduced by using the non-linear constitutive relationship between the turbulent stress
and the mean-strain rate tensors.

(2.48)

Numerical experimentation on the Channel flow reveals that the coefficient has a value of C}; =
0.088125 (which is close to 8* = 0.09) in the logarithmic region for the original values of the
constants present in the BSL model and the LRR model. To obtain a correct behavior in the
logarithmic region, or to obtain the right value for the C}, = 0.09 coeflicient, two possibilities arise.
Either the coefficients in the BSL model can be modified or the coefficients in the original LRR
model from which the EARSM model is derived can be modified. Here, the coefficient from the
original LRR model is modified.

By keeping the BSL model unaltered, the only way to have a value of C}; = 0.09 in the logarithmic
region is by modifying the constants c¢; and/or ¢y that enters the EARSM formulation from the
pressure-strain relationship of the Reynolds stress model. The original values used by Wallin and
Johansson [82] are: ¢; = 1.8 and ¢z = g. The variable C}; coefficient obtained for the original values
of ¢; and ¢y in the log layer of a fully developed channel flow is 0.088125. We can see that the value
of €}, is slightly lower than its experimental value. This is the motivation behind the modification
done to the ¢y coefficient. The value of C}; is dependent on the Ay coefficient which depends on
co. The value of the ¢y coefficient is decreased from % to 0.539166 to obtain a value close to 0.09
for the ', coeflicient in the logarithmic region. Various values for the cz coefficient are shown in
Table 2.1. Menter [47] modifies the value of A; alone present in the model equations with other

Model Co Aq L
Wallin and Johansson [82]: Model 1 || 5/9 1.2 0.0881
Original RSS model [7] 0.52 1.26437 | 0.0917
Menter [47] 5/9 1.245 0.0914
Our calibration: Model 2 0.539166 | 1.23 0.0900

TABLE 2.1. The values of the ¢y coefficient in the various EARSM variants
and the corresponding value of the €, coeflicient in the logarithmic region.

coefficients left unaltered in order to match the velocity profile in the logarithmic region of a zero
pressure gradient boundary layer without the need to modify the original BSL-equations.

In figure. 2.1, the By-coefficient is shown for various values of c3. The iso-curves of the §1-coefficient
in the (o,w-plane shows a small difference between the original value of ¢; = 5/9 and co = 0.52.
The behaviour is very similar and considering a value of co = 0.52 is modest. An important point
to be noted is that the substitution of ¢y coefficient might have a negative impact since the choice
of c; = 1.8 and ¢ = 5/9 is one of combination that predicts both aj2 and age correctly for the
higher order Reynolds stress model. Therefore, modifying cs coefficient alone might pose a problem
for other flows.
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FIGURE 2.1. The behaviour of the (5 coefficient in the o-w-plane. Solid
lines(ca = 5/9). Dashed lines(cz = 0.52)

2.3.4 Diffusion correction

In some regions of the flow where the production to dissipation ratio is small, diffusion may become
of the same order of magnitude as the other terms of the transport equation of the anisotropy tensor.
In such a case, the weak equilibrium assumption fails to be valid and this may cause problems |73].
This is the case for example in the center of a turbulent channel flow where the magnitude of the
1 coefficient becomes too large. This can be clarified by finding the value for C}; when the strain
rate goes to zero. The two-dimensional solution of the model becomes:

A
Ay

. A

= 24
o245 (249)

N(O’—)O):A;g, 61:—
Using the original values for the constants A; and As, the resulting value C}, = 0.33 is very large
compared with the commonly adopted value C}, = 0.09. For this reason, Wallin and Johansson [82]
include a correction introduced by an approximation for the neglected turbulent diffusion term
to the ARSM equations (Eq. 2.3) arising from the weak equilibrium assumption. The proposed
correction is based on the following simple model for the missing diffusion term in Eq. 2.3

D—%?D:—Qmp (2.50)
Such a model can be motivated for instance by assuming that the deviatoric part of D can be
neglected instead of assuming that anisotropy in D is mainly related to the anisotropy in the
Reynolds stresses themselves [6, 18, 57]. The diffusive flux of k is further approximated by assuming
the equilibrium relation, D ~ ¢ — P, that neglects advection of k. This allows to express the right-
hand side of Eq. 2.50 as

CDCLD = CDE(I <1 - P) (2.51)

€
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By plugging Eq. 2.51 into Eq. 2.12, ¢] becomes

C P
¢, = Az + =2 max (1 - =, 0) (2.52)
Ag €
The limiter is added to prevent the model from approaching to a singular behavior for large pro-
duction to dissipation ratio. On the other hand, this limiter can also be seen as a blending between
two different weak equilibrium assumptions [18].

The ratio P/e in the maximum function makes it impossible to be solved. The diffusion model is
further approximated by using P/e = —311Ig and $3 is approximated with 5{? that corresponds to
P/e = 1. The use of 5] assures the correction to be zero in the log-layer and for very high strain
rates. Thus ¢} becomes

c
= As + A—D max (1 4 {9115, 0) (2.53)
0
with
. A Nea

(Nea)2 =211,

The constant Cp can be estimated by looking for the effective C; = 0.09 for zero strain rates. From
Eq. 2.49, we get
20}

Cp (A; - 2C% A3)

This leads to Cp = 2.163, a value close to 2.2 considered by Wallin and Johansson [82].
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FIGURE 2.2. Behaviour of the €}, coefficient for parallel shear flows using the
diffusive correction

The modifications provided in this section allows one to surpass the complete recalibration procedure
accomplished by Hellsten [25]. In situations where the algebraic expression reduces to the usual
Boussinesq closure for the Reynolds stresses, the k-w BSL-EARSM model behaves like the platform



2.4. Validation of EARSM 29

two-equation k-w BSL together with a behavior for the effective C); coefficient that mimics the shear
stress transport limiter of the SST model [25].

2.4 Validation of EARSM

Two test cases are utilized to perform the validation of the implemented EARSM model. The first
test case corresponds to the fully developed channel flow at a frictional Reynolds number Re, = 550.
Numerical simulations are carried out here on a moderate friction Reynolds number Re, = 550.
Reference data are taken from the DNS of Lee and Moser [39].

The second test case is more challenging and deals with a fully developed turbulent flow in a pipe
of square cross-section at a friction Reynolds number Re; = 600. The DNS results by Zhang et
al. [89] is used as the reference for this case.

We acknowledge that in our proposed developments, no particular treatment except for the use of
the limiter for turbulent time scale has been proposed to deal with the near-wall region. Never-
theless, these cases, especially the channel flow case, correspond to widely studied configurations of
engineering interest in CFD research as both the simplicity of the geometry and the available DNS
data make these cases ideal test cases for the turbulence model. Moreover, even without dedicated
near-wall corrections, these studied cases allow to assess and to illustrate the potentialities of the
model.

The numerical simulations are performed using the P2REMICS software developed at IRSN. In
the following cases, the velocity field is solved implicitly via a second-order accurate finite-volume
scheme while the time advancement is accomplished by a semi-implicit Crank-Nicolson method.
The numerical scheme used to solve the variables, & and w corresponds to hybrid approximation.
Implementation of the algebraic expression for the Reynolds stresses follows suggestions proposed
by Wallin and Johansson [82] that consist in formulating the model in terms of an effective eddy
viscosity that is treated implicitly together with an additional correction a(®*) that is treated fully
explicitly:

aa 2 exr
Wil — Skdiy = —205kTSi; + ale”) (2.54)

Simulations are performed for the two EARSM variants: 'Model 1’ and "Model 2°. Model 1 corre-
sponds to the EARSM with the original ¢y coefficient and Model 2 with the modified co coefficient
(refer Table 2.1). For the turbulent channel flow, the performance of the EARSM model and the lin-
ear eddy viscosity models are similar (not shown here) whereas an improvement is observed for the
turbulent flow in a square pipe using the EARSM. The linear eddy viscosity models are incapable
of predicting the weak secondary flow.

2.4.1 Fully developed turbulent Channel flow

Fully developed turbulent channel flow constitutes a reference test case for the simulation of incom-
pressible turbulent flows using either LES or RANS approach due to the simplicity of its geometry.
It corresponds to a turbulent flow between two parallel plates separated by a distance 2§ where §
is referred to as the channel half width. Figure 2.3 shows the configuration of the flow. The flow
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is homogeneous in the streamwise and spanwise directions. Simulations are performed along a two-
dimensional plane ( colored in grey) normal to the wall benefiting from the steady-state quantities
which vary only along the wall-normal direction.

/ 777777777777777777777777777777 ! 20

FiGure 2.3. Configuration of the channel flow where z,y and Z are the
streamwise, spanwise direction and the wall-normal direction respectively.

The available reference solutions provide direct numerical simulations at various Reynolds numbers
Re; = (u;d/v) based on the friction velocity u, and the channel half width 6. We consider a
moderate Reynolds number case corresponding to Re; = 550. The simulation results are compared
with the DNS of Lee and Moser [51].

Numerical simulations are performed in a domain [0; 27d] X [0; 0] corresponding to the streamwise
and the wall-normal direction respectively. While in the normal direction to the wall a non-uniform
meshing is used according to the transformation given by Eq.2.55; the meshing in the streamwise
direction is uniform.

0

¥k € [1,N:], 2 = 5 [1 + étanh [(—1 + M) tanh_l(a)” (2.55)

The parameter a is set to a = 0.967 to have the first dimensionless grid point location at 25 = 1
for N, = 156 where z; = 29R. 6.

The mean flow is driven by maintaining a constant flow rate Q) = pU,d where Uy is the bulk velocity.
A periodic boundary condition is applied assuming homogeneity in the streamwise direction whereas
no-slip condition is imposed on the horizontal wall with a symmetry condition along the center of
the channel. The initial velocity profile is prescribed according to:

u-(2Inzt + B), if 2T >z,

2.56
urz T, otherwise (2:56)

v(x,0) = (U(2),0,0), U(z) = {

with B = 5.2 and the von Karman constant x = 0.41. The distance from the wall where the viscous
stress is predominant is given by z, = 10v/u,. The dimensional distance from the wall is given by
2% = zu, /v. For the dimensionless grid points lying in 30 < z* < 0.36 the law of the wall is usually
valid whereas for 2T < z, the linear viscous profile applies.

The mean velocity profile obtained for the EARSM is plotted in Figure. 2.4a. The plots are normal-
ized using the friction velocity u, and the channel half width §. It can be inferred that the mean
velocity profile in the logarithmic region is well reproduced. The difference between the results for
the two values of ¢y is negligible. The prediction of the Reynolds shear stress by both the models
plotted in Fig. 2.4b is very close. The linear eddy viscosity models reproduce very similar profiles
(not shown here).

The kinetic energy is underpredicted by EARSM in the near-wall region along with a shift in the
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FIGURE 2.4. Periodic channel flow simulation at Re, = 550. Comparison
between the two EARSM variants: Model 1 with the original value of co = 5/9
and Model 2 with the Calibrated value of co = 0.539166.

location of the peak. The profile for the kinetic energy is plotted in Fig. 2.5. As mentioned earlier,
both the parent RSM’ and the ’platform model’ do not utilize any particular near-wall modeling.
Introducing wall functions in the platform model and for the coefficients in the explicit algebraic
relations will avail the model to better predict the location of the peak of the kinetic energy and its
intensity. Secondly, two-equation models are calibrated to reproduce the correct near-wall behavior
of the mean velocity profile, and not the turbulent kinetic energy.

2.4.2 Fully developed turbulent flow in a Square pipe

The fully developed turbulent flow in a straight pipe of square cross-section is a test case which
constitutes an illustrative case for which the anisotropy between the Reynolds stress components is
present and influences the mean flow. In this case, the anisotropy leads to a secondary flow that
greatly modifies both the shear stress and the heat transfer at the walls. This may also lead to an
increase in the turbulent mixing when dealing for instance with passive scalar transport or variable
density flows.

The two-equation RANS turbulence models based on the linear stress strain relationship are in-
capable of capturing the secondary flow. This is because the secondary flow is a result of the
anisotropy in the normal stresses. As a result, all turbulence models of this kind are unable to
generate secondary flows. The focal point of this test case is to determine the predictive capabilities
of the EARSM model (which should provide some anisotropy), to capture these secondary motion
of second-kind (purely turbulence driven) which are driven by the difference of the normal Reynolds
stresses (v? — w?) perpendicular to the principal velocity Uj. Following the approach by Rung et
al [61], the coefficients which act as a crucial parameter for the evolution of the secondary flow in
the current framework of the EARSM are determined. The quantity (284 + 33) drives the secondary
motion of second-kind.

Numerical simulations are performed here in a domain [0;27D] x [0; D] x [0; D] where D is the
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FIGURE 2.5. Periodic channel flow simulation at Re, = 550. The turbulent
kinetic energy profiles for the two EARSM variants: Model 1 with the original
value of ca = 5/9 and Model 2 with the Calibrated value of ¢o = 0.539166.
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FI1GURE 2.6. Configuration of the flow in a pipe of square cross-section where
x,y and Z corresponds to the streamwise, spanwise and the wall-normal direc-
tions respectively.

duct width. Assuming symmetry conditions at y = z = D/2, the RANS numerical simulations
are performed on a quarter of the pipe [0;27D] x [0; D/2] x [0; D/2], where D/2 is half the pipe
width, prescribing symmetry boundary conditions at y = z = D/2. Numerical results are compared
with DNS performed by Zhang, Hao, et al. [89]. The Reynolds number Re, based on the friction
velocity u, and the duct width D is 600 which corresponds approximately to the bulk Reynolds
number Re, = UpD /v of 10500. The flow is sustained by prescribing a constant mass flow rate at
a cross-section, given by

Qref = PUb(D/2)2

specified at each time-step.

Along the streamwise direction, the meshing is uniform with N, number of grid points whereas a
non-uniform meshing is used in the wall-normal directions for which the transformation reads:

D 1 k—1
VEk € [1, N.], yk, 21 = 5} [1 + atanh [(—1 + E\fz—l)> tanh_l(a)H

According to the number of grid points N, = N, in the normal direction to the walls, the parameter

a is calculated by setting the first dimensionless grid point locations y;r , z;r :

zZ9 RT
D

+ Y2 Ry
Yo D

+ _
7'22_
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By setting N, = 49 and y; = z5 = 0.2, this leads to 0.96.

As initial conditions, the turbulence intensity is set to 0.01 and the turbulent viscosity ratio is set to
10. The time-step is provided as per At = 0.1T with Ty = D /U, with the final time ¢t = 3007p. The
results are made dimensionless using 2+ = zu, /v, ut = u/u,, v" = v/u,. The results presented in
this section is plotted along the corner bisector y = z.
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FIGURE 2.7. Comparison between the two EARSM simulation results with

the reference DNS by Zhang, Hao, et al. [89] at Re; = 600. Left: Mean

streamwise velocity profile plotted along the corner bisector, Right: Secondary

velocity profile plotted along the corner bisector. Model 1: Original value of
c2 =5/9, Model 2: Calibrated value of ca = 0.539166

Fig. 2.7a shows the mean stream-wise velocity profile along the corner bisector which is similar to
the profile obtained by Menter [47]. The increased axial momentum transfer into the corner from
the duct center increases the axial velocity near the corner walls which is well captured by both the
EARSM model variants. The transfer of this momentum arises due to the presence of secondary
velocity field plotted in figure. 2.7b. The developed EARSM model captures the secondary flow
resulting from the anisotropy of the normal stresses. On the contrary, all first order RANS models
do not exhibit any secondary motion (not shown here).

With the value of the coefficient co = 0.539166, there is a small but negligible decrease in the
strength of the secondary flow. The effect of modifying the coefficient ¢y enters the anisotropic
stress tensor through the 5 coefficients. As the value of ¢s is decreased, there is an impact on the
levels of anisotropic normal stress components which results in a decreased secondary flow. The
momentum transfer towards the corner of the wall from the center of the duct is decreased, resulting
in a decreased axial velocity near the center of the duct.

Two counter rotating vortices near along the corner bisector are clearly visible in Fig. 2.8. The
effect of the secondary motion on the mean stream-wise velocity is to convect momentum from the
central region of the duct to the walls along the corner bisector which is the reason why the mean
stream-wise velocity contour is bent towards the corner. Further, the secondary motion convects
momentum from the corners to the center along the wall and from the wall to the center of the
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duct which is the reason for the bulge of the mean velocity contour towards the center of the duct
along the wall bisector. This can be easily understood by looking at the mean stream-wise velocity
isotachs.
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FIGURE 2.8. Cross-section of the simulation domain. Mean streamwise veloc-
ity isotachs and the secondary velocity vectors.

2.5 Conclusion

The development of explicit algebraic Reynolds stress model in a RANS framework has been the
subject of this chapter. A direct solution method instead of using a particular tensor basis projection
method has been put to use to arrive at an explicit algebraic relation from the implicit relation.
The generality of the two-equation model is lost when coupling EARSM with it as the two-equation
model usually requires a full calibration of the model coefficients. It has been shown that modifying
the diffusion terms in the kinetic energy and specific dissipation rate transport equations along
with the calibration of a coefficient from the parent Reynolds stress model eliminates the need for
a complete recalibration of the coefficients in the platform two-equation model. In the developed
model, no particular treatment of the near wall region has been considered except for the use of a
Kolmogorov limiter in the turbulent time scale. Validation of EARSM has been performed on the
fully developed channel flow and the fully developed flow in a pipe of square cross-section. EARSM
is able to capture the secondary flow arising due to the presence of the corners unlike the linear
eddy viscosity models.

The next chapter is dedicated to seamless hybrid RANS/LES methodologies. The EARSM model
developed in a RANS framework in this chapter will be extended as a subfilter scale model in a
hybrid RANS/LES framework in the following chapter.
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Chapter 3

Explicit algebraic subfilter closure for
seamless hybrid RANS-LES methods

In order to account for complex flow features (unsteadiness...), the explicit algebraic approach pre-
sented in Chapter 2 is now extended to a seamless hybrid RANS-LES framework, following the
Equivalent-Detached Eddy Simulation (E-DES) methodology described in [14]. The development of
a subfilter scale model is presented wherein the anisotropic effects in the subfilter scales are taken
into account. Following the conventional LES practice, the model constants are calibrated on the De-
cay of Isotropic Turbulence. Further, the performance of the model is analyzed on the two previous
flows, the fully developed channel flow and the fully developed flow in a square pipe.

3.1 Seamless Hybrid RANS/LES methods

For simulating fluid flows, hybrid methods have gained the attention of researchers for the past 20
years and it is currently under development. As discussed in section 1 of Chapter 1, hybrid RANS-
LES methods can be broadly classified into two categories, zonal methods and seamless methods.
In zonal methods, the RANS to LES transition is abrupt and prescribed by the user whereas in
the seamless approach, a single SF'S turbulence model, sensitized to the local grid properties and
local turbulence level is utilized. The intention of these methods was originally to model either the
complete or a part of the boundary layer with RANS and switch to a turbulence-resolving simulation
state in far wall and separated regions.

Usually, the hybrid RANS-LES methods adapt a RANS model as a base model and switch to a SFS
model by the adaption of a turbulent length scale. This length scale lets the hybrid RANS-LES
method work in fully modeling, i.e. RANS or partly resolving mode, i.e. LES. Thus, obtaining a
more accurate solution and at the same time having a reduction in the computational cost. There
are a large variety of seamless hybrid RANS-LES methods. We refer to the review provided by
Chaouat [8] for a detailed presentation of the most popular seamless hybrid approaches. In this
section, we restrict to the main concepts of seamless methods that are relevant to the present work.

3.1.1 Detached Eddy Simulation

Among the many available seamless methods, the most widely utilized one was proposed by Spalart
in the year 1997 called Detached Eddy Simulation (DES) [68]. This method was developed mainly
for simulating aerodynamic flows, in particular, detached flow over airfoils with the intention to
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bring down the computational cost of a true-LES for wall-bounded flows and the inability of RANS
methods to capture massively-separated flows. In this method, regions near solid boundaries where
the flow remains attached is modeled in RANS mode. The model transitions from a pure RANS to
a subfilter scale formulation in detached regions of the flow.

The hybridization of a base model from a RANS framework to its appropriate subfilter scale (SFS)
model is obtained by making the base model sensitive to the local grid resolution. Such an hybridiza-
tion was originally proposed for the single transport equation Spalart-Allmaras RANS model. In
the RANS model given by Eq. 1.10, the distance to the nearest wall d was replaced by a new
length-scale d; sensitive to the grid spacing

d = min (d, CpgsA)
where A is given by
A =max(Ag, Ay, Ay)

CpEs is a modeling parameter which is determined by performing a model calibration, usually on
the decay of isotropic turbulence [65].

The motivation behind the development of DES through the modification of the length scale was
based on the fact that under local equilibrium conditions, i.e. when the production balances the
dissipation, the model in its LES formulation reduces to a Smagorinsky-like model [67]. Near the
wall (where the turbulence length scale is smaller than the grid size), d = d and we obtain the
original RANS Spalart-Allmaras equations. As the grid is refined below the limit CprsA < d,
where the distance to the nearest wall is larger than the grid size, the DES limiter is activated and
the base model switches from RANS to SFS model. When the turbulence model is functioning as
a SFS model, the standard DES lengthscale becomes

d = CprsA

The level of production and destruction of turbulent viscosity is modified and now dependent on the
grid. The SST model was hybridized in a DES framework by Strelets [71]. Just like the classical,
RANS, Menter’s-SST model, the DES formulation developed by Strelets has two branches. This
motivated the author to introduce an empirical function to have two distinct values for the Cpgs
coefficient; one for the transformed ks-¢5 branch and the other for the ks-ws branch.

Problems may arise when the DES limiter gets activated inside the attached boundary layer resulting
from the grid refinement, activating the LES mode inside the boundary layer, where the grid is not
fine enough to sustain resolved turbulence. This is undesirable as it can lead to grid-induced
separation, as discussed by Menter et al. [42] where the boundary layers separates at arbitrary
locations based on the grid spacing. In order to avoid this, further improvements have been proposed
by extending DES to Delayed-DES (DDES) [48] and Improved-DDES (IDDES) [66].

3.1.2 Partially Integrated Transport Model

The numerical method put in place is developed in a general framework of large eddy simulations
and can be applied to almost all subfilter scale models based on transport equations of subfilter
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scale turbulent quantities. More recently, Schiestel and Dejoan [64] developed a kg-e; SFS model®
that could be applied for RANS-LES in the context of seamless hybrid approach, i.e., to have a
smooth transition between resolved and unresolved scales, called Partially Integrated Transport
Model (PITM). The RANS model is to be made dependent on the filter width thereby being able
to control the amount of resolved energy.

In order to modify and make the system of transport equations dependent on the cutoff wavenumber,
the energy spectrum is partitioned into three spectral zones, such that [0, k.|, [ke, Ka], [Kd, 00]. This
multi-scale approach is developed in spectral space, by selecting a cutoff wavenumber (k.) at-first
located in the inertial range just as done in the case of LES. The cutoff wavenumber . is usually
determined by the grid size

B 2
N CyA

(3.1)

Re

Cy is a constant and in practice depends on the type of numerical scheme being used. Next, a larger
wavenumber (kg) is introduced as:

€
Kd = Ke+ &+ (3.2)
32

This larger wavenumber is selected such that the energy located beyond it, is negligible. The pa-
rameter ¢ is sufficiently large such that the contribution of energy beyond k4 is negligible. Therefore
the energy contained between k. and kg is modeled. The system of kg-€; SF'S model in a PITM
framework is given by

Ok Oks

~ . Vt75 81{35
E + Ujail‘] —PS €s + 87.’13] |:(I/ o )ax]:| y (33)
Oeg ~ Oeg  €s . 0 Vts\ O€sg
E + Ujail‘] —E (0617)5 06265) + 871,‘] |:(V + o )81,‘]:| . (34)
where CF, is given by
Clh=Ca+r(Ca—Cq) (3.5)

The coefficient C, is no more a constant but dependent on the parameter r. This dependence is
what makes the hybridization of the base model possible. This dependence is important as it allows
one to link the large scale part of the spectrum to the modelled subgrid scales.

Energy partition as a function of the cutoff

The parameter r is defined as the ratio between the modeled kinetic energy to the total kinetic
energy. The kinetic energy ratio parameter r is defined as:

k1 [
T_k_k/nc E(k)dk (3.6)

Here, E(r) corresponds to the energy density spectrum. The ratio r can be computed from any
given energy spectrum. Here, we use the Kolmogorov spectrum given by

Ex (k) = Cge?/30/3 (3.7)

'Hereon, the subscript ’s’ refers to a subfilter quantity
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with the Kolmogorov constant Cx = 1.5. Assuming spectral equilibrium and substituting the
spectrum in Eq. 3.6, we obtain
r= in_2/3 (3.8)
Bo ¢

This ratio corresponds to the ratio the user targets, based on the grid size. The dimensionless
parameter 7. is given by:

k3/2
Ne = Ke c = Kely (3.9)

where L; refers usually to the integral length scale. The coefficient 5y is identified as

2

Bo = 30k

(3.10)

It can be seen that the expression for r is consistent with the DNS limit (r = 0 when k. — o). This
is not true in the RANS limit (r = 1 when k. — 0) because the Kolmogorov spectrum is invalid
in this limit. This motivated Schiestel and Dejoan [64] to propose an empirical relation? for r to
eliminate this discrepancy:

(3.11)

1

r=-—-——"

1+ Bon'?

A method similar to PITM is Partially Average Navier-Stokes (PANS) [20]. The formalization of this
method, though derived using different assumptions, leads to the same set of governing equations

as that of PITM, except for a slightly different treatment of turbulent diffusion.

3.1.3 Equivalent-Detached Eddy Simulation

The basic idea of Equivalent-DES is that it bridges DES with PITM, in such a way that the
"hybridization function" is not anymore a function of A, but of . The theoretical justification has
been given for that in Friess et al. [14] where the authors shaped the relationship for the parameter
using the concept of H-equivalence where H stands for hybrid. The equivalence is based on the
postulate that allows one to bridge two different techniques of hybridization (DES and PITM [64])
of the same system of equations yielding a required condition that has to be satisfied by the DES
model (called the Equivalent-DES). As a result, the authors have demonstrated that the DES
method is statistically equivalent to the PITM method if the LES lengthscale in 1 is written in
terms of r, combining the consistency of PITM and the robustness of DES.

The k-e-based E-DES is given by :

aks ~ 81435 0 Vts 8ks

Ths S =Py —abeg + —— ’ , 3.12
ot Ui Ox; Ps—vest Ox;j [(V * Ok )8x]~] (312)

Oes ~ Oes € 0 Vs, Ot
s — 2 =2 (CqPs — Cereg) + — : 3.13
5 +U]8x]~ . (CaP 026)+8x]~ [(V—l- 05)895]} (3.13)

The non-dimensional lengthscale ¥ in Eq. 3.12 is given by

Is K r3/2L,
— 1: ith [, = , 1 = 14
W max( 7lLES) wi . LES 0] (3.14)

2Other empirical relationships have been reviewed in [13].



3.2. BSL-like model in E-DES framework 39

Neglecting the resolved dissipation, the integral lengthscale L; is defined by

(E"‘ kr)3/2

€

L= (3.15)

Here, the transition from RANS to LES is driven by the kinetic energy ratio parameter r, removing
its explicit relationship on the grid step. The function ¥(r) is given by

U(r) =1+ <gj - 1> <1 - rgi> (3.16)

It is worth mentioning that Friess et al. [14]| derived three expressions for ¥(r), under various sets
of assumptions. Here, we choose their most complete formulation.

The value of the constants present above remain unchanged and take the values present in the base
model. The turbulent eddy viscosity v s is

Vts = C“i (317)
€s
Friess et al. showed that DES is equivalent to TPITM if the DES length scale L = CpgsA is
replaced by the appropriate function of the energy ratio r. As a result, DES is also interpretable as
a hybrid RANS /temporal LES, which does not require the grid step for the transition from RANS
to LES. From the expression for x. (Eq. 3.1), r (Eq. 3.11) and DES equivalent length scales, the
constant Cpgg must be replaced by the function

1
B3 (r)

Recently, Tran et al. [76] have applied the E-DES methodology to Menter’s shear stress transport
(SST) model as the underlying model. We follow here an alternate route starting from the ks-€4
version of E-DES (for which the H-equivalence has been provided in [14]), leading to the derivation
of a ks-ws based E-DES.

foEs = (3.18)

3.2 BSL-like model in E-DES framework

The use of ks-¢5 requires additional use of damping functions in the near-wall region. In order to
circumvent this, we start from the ks-€5 version of E-DES and derive a ks-w4 based E-DES. In this
thesis, the ks-ws BSL variant of the available versions of the ks-ws model is chosen. The ks-ws BSL
variant is expected to be advantageous over its counterparts in both the near-wall regions and in
regions with low-shear®.

In this section, the development of Menter’s BSL-like model in an E-DES framework is presented.
Firstly, the transformation of the E-DES version of the k;-¢5 model to its equivalent ks-ws form is
performed. Following which, the E-DES version based on the modified Wilcox ks-ws model is given,
this will be called the ks-ws branch. Finally, with the help of the blending function by Menter|45],
the transformed E-DES ks-e5 model and the E-DES Wilcox ks-ws model are blended to obtain an
E-DES formulation of Menter’s BSL-like model. For simplicity, in this chapter, we will call the

3Refer Chapter 1
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transformed E-DES version of the k;-¢; model as the ’ks-€¢,” branch and the E-DES Wilcox ks-w;s
model as the 'ks-w,’ branch.

3.2.1 The k,-¢, branch

The E-DES ks-¢; model Egs. 3.12-3.13 is transformed to its equivalent ks-ws model through the
relationship
€s = Brwsks (3.19)

The transformation of the model is demonstrated in Appendix A. The resulting transport equations
are

Oks - Oks 0 Oks
. i — /s — We * sks a. s)a | 2
8t * U] 89:]- P w IB @ + 8xj |:(V + Thett, )a$]:| (3 0)
Owy ~ Ows W 9 0 Owyg 1 Okg Owy
Y i . 7. JelTs T PeWg a_ w 2w77 21
ot Ui Ox; ksfy P = fews + Ox;j [(V T owctns) 8@3] 7 ‘ws 0z 0x; (3:21)
with the non-dimensional lengthscale . given by
Ls k' re Ly
e = 1; ith [y = ) ! = 22
e = max ( lLES) wi B0 LES 7, (3.22)
Here, the subscript € symbolizes the transformed E-DES k-, model and the subfilter eddy viscosity
Vts is
ks
s = — 3.23
Vis = (3.23)
Ye=(Cea, — 1), Be=p"(Cea. =), 0, =0.856, op =1 (3.24)
with

C Cele
W, =1+ (2 - 1) <1 - rec‘2€> (3.25)
CvelE

The kinetic energy ratio parameter r, is given by

1

Te= ——————— (3.26)
1+ o’
with 1. = k.L; and the integral lengthscale L; is expressed as
Tow + K, )3/2 Tow + K, )3/2
L, = Ko £ R)77 (ks + Kr) (3.27)
Brwsks Brwsks
3.2.2 The k,~w, branch
The E-DES k;-ws model is given as:
0k ~ Ok 0 Ok,
LU S =Py — B wsks + — s)— |, 3.28
Ow ~ Ows  w 0 Ow
S LU S P Bowt wults) o | — B (1 = b )w? 3.29
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The non-dimensional lengthscale 1, is

1/2 ?"3/2Lt
= 1, — ith Iy = ——, l =Y 3.30
Y max < lLES) wi B, LES 7, ( )

The subscript w refers to the Wilcox model. The subfilter eddy viscosity v s is given by Eq. A.20
and the constants are given by

5

2. Bu=0.0750, o, =05 o5 =0.5
9 w

w

Y =

On the other hand, the function ¥, is expressed as

C Celw
W, =1+ < G _ 1> 1— g (3.31)
Celw

where C¢1, =7, + 1 and Ce, = f,,/8* + 1. The kinetic energy ratio parameter r,, is given by

Tw

1
573 (3.32)

14 ﬁﬂw Tle

with 1. = k.L; and the integral lengthscale L; is given by Eq. 3.27.

3.2.3 E-DES based on Menter’s BSL-like model

The idea used by Menter in the construction of the RANS BSL model is put to use here. A blending
function is used to blend the kg-€5 branch with the ks-w, branch such that in the region of the flow
which is closest to the wall, the ks-ws branch remains active and changes progressively to the k-,
branch further away from the wall. The blending function F; used to perform the blend between
the two models is given by

Fy = tanh(argf) (3.33)
with,
Vs 5OOV> 4po . ks >
arg; = min [ max ; ; 3.34
s ( <5*wsy Y*ws )" CDyyy? (334

Eq. 3.28 and Eq. 3.29 are multiplied by F; and Eq. 3.20 and Eq. 3.21 are multiplied by (1 — F7})
and the corresponding equations are added together to give the E-DES formulation based on BSL
model*. The subfilter kinetic energy transport equation takes the form

Oy - Ok, ,
2t Uja—xj =Ps — (F1hy + (1 — F1)be) Brwsks

v’ (3.35)

0 Ok,
+ 87% (v + (Frog, + (1 - F1)Uk€)l/t,s)87j

“Hereon, the subscript w represents the terms coming from the k,-ws branch and e represents the terms from the
ks-€s branch.
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and the subfilter specific dissipation rate transport equation takes the form

Ows | = Ows  ws )
ot + UJ axj —E(F1’Yw =+ (1 Fl)’yf),Ps (Flﬁw + (]- Fl)ﬁe)ws
9 Owg
o, (v + (F1ow, + (1 = F1)ow,)ve,s) 9, (3.36)
1 0k Owy
2(1 — Fy)oy, —
+2 Ve ‘ws O Ox;j

The terms in the underbrace is the result of the non-dimensional lengthscale 1)’ used to achieve
the E-DES formulation of the respective RANS models. This is the only additional term that uses
the blending function in comparison with the original Menter’s BSL model. Considering this term
alone, we have

/ k;/2 !pw
Y = Fipy, + (1 — F1)Ye =F; max l;mr‘.iﬁ
(3.37)

a2
+ (1*F1)max (1,MT§/2>

From the above equation, we can infer that within the maximum function, the terms other than
the two ratios ¥/r3/2 are alike. As a result, the blending function can be considered within the
maximum function.

ky'? v, v,
;. . s w . €
Y’ = max [1, Bl <F1 372 +(1 Fl)r§/2>

From equations 3.48 and 3.32, we notice that the kinetic energy ratio parameter utilize the length-
scale Eq. 3.27. As a first approximation, the influence of the F; function on the parameter r in the
above equation is neglected. That implies that a single length scale and By = £y, = Bo,, coeflicient
is utilized. The function v’ then becomes

(3.38)

/2
! . S
1/) = max [1, m (Flww + (]. - Fl)!pg) (339)
with the relationship for r specified as
1
r— (3.40)
1+ one’
with n. = k.L; and the integral length-scale expressed as
T4k )3/2
1, — s+ hr) (3.41)

Brwsks

The kinetic energy ratio parameter r given above is the target parameter. This parameter is a
sensor that is dependent on the local grid and turbulence properties. This is the ratio that the user
expects and we shall call this the target kinetic energy ratio or 7, unless else specified. The ratio
observed in the simulation is not necessarily the target ratio, therefore we shall call it the observed
ratio, 7.



3.3. Explicit algebraic hybrid stress model 43

Complete model

Oky - Oky ) Ok,

87 + U (9 P ¢ B 6[Ej |:(l/ + 0'].31/1575)8.%1]‘:| (342)
Owy Owg _ws 9 0 Owg 1 0kg Owy
ot + U] Oz z; kfs’)/'Ps ,BOJS + 8713] |:(V + Uth,s) aﬂj‘J:| + 2(1 _Fl)('fw6 ws 8113] aajj (343)

with the coefficients v = Fivy, + (1 — F1)7e, B = F18u + (1 — F1)fe, 0, = Fiow, + (1 — F1)oy,,
o = Fiog, + (1 — Fi)og, and Cey,, = v + 1 and Cep,, = B.,/8* + 1 where

5
Yo ==, [Bw=0.0750, o, =05, ok, =0.5

9 (3.44)
Y= (Ca=1), B=8"(Ca-v"), ou =085 o =10

The non-dimensional lengthscale ¢’ is given by
Y = max |1; 3l (F1¥, + (1 — F1)¥,)| with
ro/Ly (3.45)
ki/Z ]{TS k, 3/2 ’
I, = L, — u

t —
ﬁ*w37 B*Fsks

along with

Celw
7, =1+ (CE% — 1> (1 - 7“06%) (3.46)

Cslw
0616
U, =1+ (CEQ‘ — 1> <1 - rcé2e> (3.47)
Cﬁle
1
r = 72/3 y Ne = I{th (348)
14 Bone

The subfilter eddy viscosity v; s that appear in the diffusion terms is given by

ks
I/t73 = — (349)

S
With the coefficients coming from the base models kept unaltered, we have one coefficient, i.e., 5y
in hand that has to be calibrated. The value of the 8y coefficient should be consistent for both
branches. The calibration procedure is shown in the section dedicated to the test cases.

3.3 Explicit algebraic hybrid stress model

Recently, Marstorp et al. [41] derived an anisotropic subgrid stress model for LES using the same
analogy as for the EARSM by Wallin and Johansson [82] called the explicit algebraic subgrid scale
model (EASSM). EASSM is achieved by representing the unknown quantities in terms of the known
filtered quantities. The EASSM uses the 2D solution as a first approximation, similar to EARSM
by Wallin and Johansson [82|. Temme et al. [74] have performed a simulation of the square duct
at low Reynolds number and the authors have observed the EASSM model to predict the mean
secondary velocity closer to the DNS compared to the linear eddy viscosity models as subgrid scale
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model. The EASSM used in [74] consists of the reduced anisotropic tensor for 2D flows. Marstorp et
al. [41] also mention the 2D tensorial representation to be a reasonable approximation for 3D flows.
Recently, numerical simulations were performed using EASSM on the fully developed channel flow
at various friction Reynolds numbers by Montecchia et al. [50]. Simulations with very coarse grids
reveal the EASSM as the subgrid scale model to be less sensitive to the grid step in comparison
with the LEVM as the subgrid scale model.

In a hybrid context, the question that arises is the applicability of the weak-equilibrium assumption,
i.e., whether or not the vanishing of the transport of the normalized subgrid stress anisotropy
is applicable in a hybrid RANS-LES context. To address this, EARSM is applied to a hybrid
RANS/LES framework on the following assumption - If the weak equilibrium assumption is valid
at the RANS limit and also for modeling the SF'S in LES then this assumption should also be valid
for an intermediate cutoff (between RANS and LES), giving rise to explicit algebraic hybrid stress
model (EAHSM).

A hybrid approach based on an explicit algebraic model for modeling the subfilter stresses has
already been utilized in [83, 84| in a seamless approach. The platform sub-filter models utilized in
both the references follows the recalibrated model by Hellsten [23].

Presuming the aforementioned equilibrium assumption to be verified for the SFS, our goal is to use
a similar methodology by coupling the E-DES based on Menter’s BSL-like model developed in the
previous section with the explicit algebraic closure developed in Section 2.3.2 of Chapter 2. Once
the model calibration and validation is performed, this hybrid methodology using EDES will be
extended for buoyancy flows. This will be studied in Chapter 4.

The algebraic expression for the SFS anisotropic tensor as consists of higher order terms of the
resolved strain-rate tensor S and rotation tensor §2. The nonlinear SF'S stress strain relationship
is given as:

.2
To= 20158 + 2hsd + koale?) (3.50)

The extra anisotropic tensor has an influence on the resolved velocity through the term — g;? present

J
in the RHS of the filtered momentum equation. The SFS production term is also influenced through
the relationship Py = —75 gz; )

The algebraic expression for the SF'S anisotropic tensor in a general 3D flow is

as; =03 ((TQ)2 — ;H}ﬁ) + ,347’2 (SQ — {25)

The non-zero S coefficients are

N((2N? — 711 -1

B = — (2 5 9)7 ﬁ3:_12NQIV7 (3.52)
N2 _2]]-

g 2N =2lg) o 6N, 6 (3.53)

Q 9
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where
1

Q= i (N? —2I15) (2N* —11) (3.54)

Here, S and §2 are the filtered strain-rate and rotation tensor respectively given by:
~ 1, . = 1 .
S = ) (Uij + uji), 2= 5 (5,5 — Uj) (3.55)

The turbulent timescale is defined as

1 v
T = max <B*ws; Cry/ B*Ldsks) (3.56)

with the constants * = 0.09 and C; = 6 and ks and ws represent the SF'S kinetic energy and the
specific dissipation rate. N is given by the solution of the third-order equation

N3 — A3N? — (A1Aygllg —2115) N + 243115 =0 (3.57)
The solution of the above cubic equation is:

%—F(Pl—l-\/Pg)%—l—Sign(Pl—\/Pg)’Pl—\/PQ’% P, >0,

= c 2 1 1 P (358)
3 +2(Pf — Py)scos (3arccos (@)) P, <0.
where,
1 A A 2 3
P=pP2 — (2 + 2+ 211, (3.60)
9 3 3
with
/ CD eq
cp = Az + A [maz (14 B111g,0)] (3.61)
0
and
AN
eq _ _ 3.62
! (Nea)2 — 2115 (3:62)
where N¢ = A3 + A4 and constant Cp
A
Cp = —2 [A; — 0.1843] (3.63)

0.18
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3.4 Test Cases

In this section, firstly the calibration of the EAHSM model concerning its model coefficient 5y on
the Decay of Isotropic Turbulence (DIT) is presented. This test is one of the simplest case to check
the correct behavior of a newly developed subfilter scale turbulence model. Numerical simulations
are carried out at two different Taylor Reynolds numbers®, namely; Comte-Bellot and Corrsin [9)
at Rey is 71.6 and on the Kang et al. [32] at Re) is 716.

Once the model has been calibrated, the performance of the EAHSM model is analyzed on the fully
developed turbulent channel flow. The channel flow is a widely studied configuration of engineering
interest in CFD research with a wealth of numerical analysis and data available in the literature. The
simplicity of the geometry makes the channel flow an ideal test case for investigating the behavior
of the turbulence model. Numerical simulations are carried out on a moderate friction Reynolds
number Re, = 550. Reference data are taken from the DNS of Lee and Moser [39]. One important
aspect will be check the model performance on coarse grid resolutions and do a comparison with
LES, using the WALE model.

Like in the channel test case, the EAHSM model is used to compute fully developed turbulent
flow in a pipe of square cross-section at a friction Reynolds number Re; = 600. The DNS results
by Huser and Biringen [27] and Zhang et al. [89] are used as reference for this case. It is not a
commonly studied configuration despite its simple geometry. The presence of the corners creates a
secondary flow which in the previous chapter stood a point of comparison between the linear eddy
viscosity models and the EARSM, in a RANS framework.

In the following cases, the resolved velocity field is solved implicitly via a second-order accurate
finite-volume scheme while the time advancement is accomplished by a semi-implicit Crank-Nicolson
method. This results in a discretely energy conserving numerical scheme. The numerical scheme
used to solve the subfilter variables, namely; ks and w, corresponds to hybrid approximation.

3.4.1 Calibration on the decay of isotropic turbulence

An isotropic turbulent velocity field is a field with no mean velocity and no mean gradients. The
isotropic field is by default homogeneous: invariant in space. Under the action of viscous forces
the turbulent field simply decays. Due to the nature of the turbulent field, it is regarded as the
most elementary test. Consequently, the importance of this case shall be understood as a first step
towards our understanding of the behavior of a turbulence model.

Just like the DES based on Menter’s-SST model, the EAHSM formulation has two distinct branches,
the transformed k-€¢, branch and the k;-w,s branch, blended by Fj. It is important to recall that the
influence of the Fj function is absent in the [y coefficient. The calibration procedure is similar to
that followed by Strelets 71| on the DES based on Menter’s-SST model. This challenges us to find
an optimum value for the [y coefficient which is capable of representing the correct energy spectra
for the DIT cases, on both branches. By enforcing Fy = 1, the transformed ks-€¢5 branch of the
EAHSM model is active. This enables us to perform the calibration of the 8y coefficient exclusively
on this branch. On similar terms, the kg-ws branch is active by enforcing F; = 1. Note that only

"Reynolds number Rey = AU/v corresponding to Taylor micro-scales (\). Length scales which are larger than the
Taylor microscale are not much affected by viscosity. Below the Taylor microscale the turbulent motions are subject
to strong viscous forces. The turbulent kinetic energy is dissipated into heat.
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the ks-€5 branch results are presented here for this test case. A similar behavior is observed for the
ks-ws branch for the same value of the Gy coefficient.

To perform the decay of isotropic turbulence, since the models run in a purely LES mode, initial
values for the subfilter quantities, namely; ks and ws have to be prescribed which should respect
the subfilter part of the respective quantities for a given mesh size A. Consequently, the simulation
is divided into two phases®: the initialization phase (to find the initial values for ks and ws) and the
decay phase. For the initialization phase, an initial velocity field is prescribed using the Random
Fourier Method (RFM) that provides a synthetic turbulent velocity field enforcing a given model
energy spectrum [see Appendix B for the RFM method|. This prescribed velocity field is frozen
and the subfilter turbulence model is run until the statistical convergence of the subfilter quantities
ks and ws. For the decay phase, the initial values of the subfilter quantities thus obtained in the
initialization phase is prescribed. The calibration of the model coefficient is performed by examining
the ability of the model to correctly reproduce the energy spectrum in comparison to the available
experimental data at various time instances.

The test cases are individually presented in this section. Each test is briefly described, important
numerical parameters are looked into, followed by the simulation results.

Comte-Bellot and Corrsin test case

The experiment by Comte-Bellot and Corrsin [9] on the decaying turbulence behind a grid is simu-
lated first. The authors, in their experiments measured data at three different distances tUy/M = 42,
98 and 171 from a grid with mesh size M = 50.8 mm and a mean speed near the grid Uy = 10 m.s~!.
The Taylor Reynolds number at these locations are Rey = 71.6, 65.3 and 60.7 respectively. This can
be recast for the simulation in terms of time advancement tg = 0, t; = 56 M /Uy and ty = 129M /U
by applying Taylor’s hypothesis.

Numerical simulations are performed in a triply periodic box [0, L]? of length L = 7/6. This length
for the domain is much larger than the integral length scale in order to avoid spurious effects of
periodic boundary conditions. Three different equidistant meshes are used, namely; 163 , 323 and
642 cells. The ratio of the length of the computational mesh-size to the Kolmogorov length scale is
provided in Table 3.1. The higher this ratio becomes, the larger is the scale-separation between the
largest unresolved scales and the Kolmogorov scales; which will be a good way to test and challenge
the SF'S model performance. The time-step is specified such that Atcpr, with Atcpr, = L/ (Ntpms)-

The initial velocity field is prescribed according to the data measured at the first downstream
position using RFM. According to the experimental data at tUy/M = 42, the kinetic energy and
the integral length scale are set respectively to k = 1.5u2,,, = 0.074 m%.s72 and L; = 0.024 m.
Figure 3.1 shows a comparison between the energy spectrum obtained by the analytical expression
and the spectrum computed by the constructed velocity field using RFM method on 643 cells.
The abscissa denotes the wavenumber and the ordinate represents the energy contained. From the
spectrum, we can find out in which turbulence scales (or respective wave numbers) the fluctuating
kinetic turbulent energy reside. The convergence of the subfilter quantities is confirmed by looking
at the temporal evolution of the volume averaged subfilter kinetic energy < ks > and the temporal
evolution of the target and the observed kinetic energy ratio parameter. The converged states
for < ks > and < r > on 962 cells at initialization are displayed in figure 3.2. The observed
ratio is close to the target ratio which shows the robustness of the EAHSM model. A similar

6Common to both cases: Comte-Bellot and Corrsin [9]and Kang et al. [32]
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FIGURE 3.1. Initialization phase: Comparison between the constructed spec-
trum utilizing Equation.. and the numerical result obtained using the RFM
method.

initialization is performed for the 323 and 643 cells (results not shown here). A single point analysis
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FiGure 3.2. Initialization phase: Convergence of the volume-averaged sub-
filter kinetic energy (Left) and a comparison between the volume averaged
target and the observed kinetic energy ratio parameters (Right).

on the transformed ks-¢5 branch of the EAHSM is performed analytically assuming a steady forcing
(constant resolved-velocity gradients). This is obtained by first imposing F} = 0 followed by volume
averaging the governing equations (Egs. 3.35-3.36) and finding their steady state solution. A steady
state solution exists for the models based on the hybrid E-DES method. The fixed point solution
for the subfilter kinetic energy is given by

<k e (Be + N (lLesS)*n°x (3.64)

A(YeA + B*nE)
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Box length n N A A/n
32 | 0.0164 | 56
Comte-Bellot and Corrsin [9] /6 0.029 cm | 64 | 0.0082 | 28

96 | 0.0041 | 19
32 | 0.1963 | 1785
Kang et al. [32] 2w 0.011 cm | 64 | 0.098 | 892
96 | 0.0654 | 595

TABLE 3.1. The computational mesh-size to the Kolmogorov length-scale ratio
(A/n) for the two DIT cases.

where < kg > is the volume averaged subfilter kinetic energy. In contrast, when a similar exercise
is performed on the PITM, the set of equations permit two fixed point solutions. A trivial fixed
point < ks >=< wg >= 0, which corresponds to the DNS limit and a non-trivial fixed point when
various ratios but < ks >,< ws > attain steady-state values. It will be interesting to demonstrate
that a solution for the PITM method is to have a time-dependent forcing similar to the analysis
performed by Girimaji et al. [21] on the PANS method. This is not a study conducted in the
current thesis. With the initial values, the decay of isotropic turbulence is performed without the
frozen turbulence field. The energy spectra for the freely decaying isotropic turbulence at various
time instances are shown in figure 3.3. For all three meshes agreement with the analytical spectra
is good for the prescribed By = 2/(3C)) = 0.44 coefficient, even for the smallest resolved scales
also on the coarser grid resolution. Both the branches provide essentially similar results in decaying
isotropic turbulence for this value of 8y. The inertial transfer zone for the energy cascade is very
short for this case in comparison with standard inertial zones computed at higher Reynolds numbers.
Firgure 3.5¢ is

Kang et al. test case

To further support this result and make sure that the EAHSM model can handle demanding LES
(at larger Taylor Reynolds number and A/n ratio), the DIT of Kang et al. [32] is also simulated.
In this case, the mesh size of the grid turbulence is M = 152 mm and the mean speed near the grid
Uy = 11.2 m.s~!. The Taylor micro-scale Reynolds number measured at four different distances
tUy/M = 20, 30, 40 and 48 are Rey = 716, 676, 650 and 626 respectively. Similar to the previous
case, this can be recast for the simulation in terms of time advancement ty = 0, t; = 10M /Uy,
to = 20M /Uy and t3 = 28M /Uy by applying Taylor’s hypothesis. This computation is thus more
challenging than the Comte-Bellot and Corrsin in terms of the SF'S model, with a Reynolds number
that is 10 times larger resulting in a larger inertial region. Numerical simulations are performed in
a triply periodic box [0, L]* with L = 27. Three different equidistant meshes are used, namely; 323
, 643 and 963 cells. The initial velocity field is prescribed according to the data measured at the
first downstream position using the Random Fourier Method (RFM). Fig. 3.6 shows the comparison
between the energy spectrum given by the analytical expression and the numerical result obtained
using the RFM method for the 963 cells.

For the initialization phase, the convergence of ks and the temporal evolution of the target and the
observed kinetic energy ratio parameter are plotted in Fig. 3.7 again for the 963 cells. The results
are not shown here for the 323 and 643 cases.

The computed three-dimensional energy spectra at times tg = 0, t1 = 10M /Uy, to = 20M /Uy and
ts = 28M /Uy for the three resolutions are displayed in Fig. 3.8. Despite a larger A/n ratio, the
agreement is good with the analytical spectra at all times for the three resolutions. Comparison
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of the temporal evolution between the target and observed kinetic energy ratio parameter for the
three resolutions is displayed in Figure. 3.9. For the 643 and 96> resolutions, the ratios are in good
agreement whereas for the 323 there is a small difference. This shows that the EAHSM model is
consistent and robust.

Figure. 3.10 shows the time decay of the turbulence for the total kinetic energy, the resolved energy
and the subfilter kinetic energy in logarithmic coordinates. The total kinetic energy is the sum of
the resolved energy and the subfilter kinetic energy. Thus the test seems to be quite satisfactory
and gives credibility to the subgrid-scale version of the EAHSM model. It should be noted however
that these values appear optimal for the numerical schemes utilized. From the above test cases, we
can conclude that the value of the coefficient 5y = 2/(3C}) is a good estimate. This value for the
model coeflicient will remain fixed in the following simulations.
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3.4.2 Fully developed turbulent Channel flow

Three dimensional simulations are performed for a fully developed channel flow at a moderate
Reynolds number of Re,; = 550. The 3D geometry of the channel is shown in Figure. 2.3. The
distance between the parallel walls of the channel is 26 with the channel half width §. Reference
data is taken from the DNS of Moser et al. [51] at the bulk Reynolds number Re, = Upd /v = 10000
where

1 é
Uy = — U(y)d
b= 55 / s (y) dy
is the bulk velocity and U(y) is the mean streamwise velocity corresponding to Re, = 550.

The dimensions of the computational domain are [0;27d] x [0; ] x [0;24] in the streamwise, the
spanwise and the wall-normal direction, respectively. The computational domain is small in com-
parison to the DNS ([0; 87d] x [0;37d] x [0;26]) to reduce the computational cost. The dimensions
are sufficiently large to resolve the largest structures of the flow.

Two mesh resolutions 'fine’ and ’coarse’ are chosen. The fine mesh corresponds to the ’guidelines’
mesh requirement for a wall-resolved LES, usually with a Az = 50 and Ay™ = 20 [63]. A coarse
mesh is also considered to compare the predictive capability of EAHSM. The number of mesh
points in the coarse mesh is half the number of mesh points in the fine mesh for the streamwise
and spanwise directions. Mesh parameters are given in Table 3.2. In the streamwise and spanwise
directions, the meshing is uniform with respectively N, and N, number of grid points whereas in
the wall-normal direction, a non-uniform meshing is used according to the transformation:

) 1 2(k—1) _1
Vk e [1,N,], 2 = 3 [1 + o tanh [(—1 + Nz—1> tanh™ " (a) (3.65)
where the first dimensionless grid point location z; = % = 0.5. The wall-normal mesh distribu-

tion remains the same for both resolutions.

Periodic boundary conditions are applied on the streamwise and the spanwise directions. No-slip
boundary condition is imposed at the walls whereas in the two homogeneous directions a periodic
boundary condition is applied. Since the flow being investigated is fully established, two possible
options exist to drive the flow. The first option follows prescribing a constant mass flow rate
Q = pUpA at a given section. Here, A is the cross-sectional area of the channel. The bulk velocity
Uy is calculated from the bulk Reynolds number. The second option to drive the flow is by prescribing
a constant pressure gradient in the streamwise direction. The mean pressure gradient is directly
related to the friction velocity u, at the wall given by [54]

apP u?

o0

dr 20
In all our simulations, a constant mass flow rate is fixed. The bulk Reynolds number is thus imposed,
and the friction Reynolds number Re; is a part of the output of the simulation.
An initial velocity profile is prescribed by superimposing a synthetic field on the mean velocity

according to:
v(x,0) = (U(2),0,0) + v/'(x,0) (3.66)
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with the following law:

1 +
Ut = Zlog(1+04z%) +7.8(1 — e =/11 — %e*ﬁ/?’), (3.67)
K
where Ut = U(2)/u, and v/(x,0) is a synthetic fluctuating contribution computed from the RFM
method with an isotropic turbulent field specified by prescribing k& = k* % u2 with the turbulent
length scale 1.56 following the law

kt =0.07¢*/8(27)% + 4.5 (3.68)

conceding the turbulent fluctuations to immediately establish at the beginning of the simulation|11].
This allows one to have a shorter initial transient behavior, to have a fully developed turbulent flow.
The initial conditions for the subfilter quantities are: k; = 0.1k along with a turbulent viscosity
ratio r = vy 4/v = 10.

The time step is chosen such that AtU,/Az = 0.25. Time averaging is performed over a period
of 60L;/Up ~ 21§/u, after removing the initial time period of 20L, /U, ~ 7 /u,, for the flow to
be established. At the end of the calculation the statistics are spatially averaged over the two
homogeneous (streamwise and spanwise) directions. Computations were also done using the WALE
model for both mesh resolutions, as a point of comparison. The results are made dimensionless
using 27 = zu, /v, tT = v/u2, ut = u/u, and kT = k/u2.

A good starting point of comparison is by looking at the computed friction Reynolds number by the
models. To find the friction Reynolds number, the friction velocity is first computed. The velocity
at the wall is zero, respecting the no-slip condition. The velocity at the first node closest to the
wall” is used to calculate the shear stress at the wall. The molecular viscosity (v) plays the most
important role in this region. The friction velocity is calculated using

D S
T dz z

Friction Reynolds number is then calculated by Re; = u;d/v and Table 3.3 summarizes the friction
Reynolds number using the various models.

The mean streamwise velocity normalized by the computed friction velocity for the fine resolution is
plotted in Figure. 3.11. From Table 3.3, we can infer that the friction Reynolds number computed
by the WALE model is higher on the fine resolution. As a result, the mean-streamwise velocity
at the center of the channel for the WALE model is lower. The turbulent kinetic energy has been
plotted in Figure. 3.11. For the EAHSM model, it is the sum of the resolved and the subfilter
kinetic energies has been plotted whereas only the resolved kinetic energy is represented for the
WALE model. The EAHSM model shows a very good agreement with the DNS except in the center
of the channel. The mean streamwise velocity and the total kinetic energy profiles for the coarse
mesh are plotted in Figure. 3.12. The kinetic energy is overestimated by WALE on coarser meshes,
which is a well known behavior that LES exhibits on coarse meshes. The kinetic energy is also
slightly over-predicted by the EAHSM model.

The energy distribution between the resolved and modeled scales is examined for the EAHSM

"In the wall-normal direction.
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Mesh N, x Ny x N, Azt Ayt Azl - AzF

coarse 35 x 43 x 156 100 40 0.5-15
fine 69 x 86 x 156 50 20 0.5-15
DNS [39] - 8.9 5.0 0.019-45

TABLE 3.2. Channel flow simulations at Re; = 550. N, N, and N, are

the number of grid points along the streamwise, spanwise and the wall-normal

directions, respectively. Azt and Ay™ are the grid spacings in viscous wall

units along the streamwise and the spanwise direction, respectively and Az}

and Az] are the grid spacing in the wall-normal direction at the wall and at
the channel centerline.

WALE Modell Model 2

coarse 525 531 533
fine 567 546 547

TABLE 3.3. Channel flow simulations at Re, = 550. Comparison of the
computed friction Reynolds number Re;, for the three models on the two grid
resolution. Reference friction Reynolds number corresponds to Re, = 550.

model by plotting the target and observed kinetic energy ratio parameters, shown in Figure. 3.13
(left). The figure reveals some important features about the SFS model and the formulation for
the target kinetic energy ratio parameter. There is a considerable difference between the target
and the observed ratios in the near-wall region. One probable reason could be regarding the high
Reynolds number formulation of the model which strongly underestimated subfilter kinetic energy
in this region. The subfilter model can be improved by using the low Reynolds number formulation
through the introduction of the wall functions. Secondly, we know that at the wall, ks is zero.
Considering the observed 7 to be reliable, the target r; can be overpredicted. Introducing a limiter
for the subfilter length-scale in target r; given by Eq. 3.48. This limiter will limit the lengthscale
from going below the Kolmogorov lengthscales in this region, thereby reducing the target r;. A
different definition of the subgrid length-scale A in Eq. 3.48, should improve the near-wall behaviour
of the models|66].

A good agreement with DNS results is obtained despite the use of a relatively coarse mesh for the
calculations. These results are very similar in comparison to the ones obtained by Montecchia et
al. [50] at this friction Reynolds number. The performance of the model can be better understood
for flows at higher friction Reynolds number. The turbulence model is able to reproduce the correct
near wall behavior in terms of the mean streamwise velocity and the position of the kinetic energy
peak. Finally, we investigate the influence of the co coefficient. We see no significant differences
between the two values of the co coefficient. In the logarithmic region of the flow, the model is
functioning as a subfilter model and thus the influence of the subfilter model is less.
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value c2 = 0.539166 (Model 2).
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3.4.3 Fully developed turbulent flow in a Square Pipe

The test case of the fully developed turbulent flow in a square duct constitutes an illustrative case
for which the anisotropy between the Reynolds stress components is present and influences the mean
flow. In this case, the anisotropy leads to a secondary flow that greatly modifies both the shear
stress and the heat transfer at the walls. This may also lead to an increase in the turbulent mixing
when dealing for instance with passive scalar transport or variable density flows.

Numerical simulations are performed here in a domain [0;27D] x [0; D] x [0; D] where D is the
duct width. Numerical results are compared with direct numerical simulations performed by Huser
and Biringer [27] and Zhang et al. [89]. The Reynolds number Re, based on the friction velocity
u, and the duct width D is 600 which corresponds approximately to the bulk Reynolds number
Rep = upD /v of 10500.

Two meshes are used namely, 'fine’ and ’coarse’. As the friction Re; for this case is close to the
friction Reynolds number for the turbulent channel flow, we consider the same numerical parameters
in the streamwise and the two wall-normal directions, given in Table. 3.4. The first dimensionless
grid point location in the wall-normal direction is set to z;r = 1 using the transformation given for
the Channel flow. The coarse mesh has half the number of grid points in the streamwise alone.
A Periodic boundary condition is prescribed in the streamwise direction and a no-slip condition
is imposed on the four walls. Like for the channel flow. The flow is sustained by prescribing a
constant mass flow rate at a cross-section. A synthetic fluctuating field is superimposed on the
initial velocity profile using the RFM method, Eqs. 3.66-3.67. An isotropic field is initiated by
prescribing k = kT % u2 where kT follows the law Eqs. 3.68 along with the turbulent length scale
3D/4. The initial conditions for the subfilter quantities are: ks = 0.1k along with a turbulent
viscosity ratio r = v /v = 10.

The time step is chosen such that AtU,/Ax = 0.25. Time averaging is performed over a period of
200L, /U, after removing the initial time period of 100L, /Uy, for the flow to be established. At the
end of the calculation the statistics are spatially averaged along the homogeneous direction. We
believe that this should not affect many of the conclusions of this study, except for the secondary
flow. The results are made dimensionless using 2™ = zu, /v, vt = u/u,, vt = v/u,.

The friction Reynolds number computed using the friction velocity at the wall on the wall bisector
for various models is shown in Table. 3.5. The results presented below focus on the mean streamwise
velocity component u and the mean spanwise velocity component v along a corner bisector y = z.
For the fine mesh results presented in Figure. 3.15, both models have a similar behavior. Both
EAHSM and WALE are able to predict the increase in the streamwise velocity near the corner. On
the coarse mesh, the EAHSM results are closer to the DNS of Huser & Biringen [27]. The mesh
parameters used in the DNS of Huser & Biringen [27]| corresponds to a poorly resolved DNS [89].
As the mesh is coarsened, there is an increase in the level of the total kinetic energy.

The secondary flow contours are plotted across a cross-section in Figures. 3.17 and 3.18. A fair
degree of symmetry over the quadrants has been obtained but to achieve complete symmetry,
a larger sample size for averaging would be necessary for the strength of the secondary velocity is
weak. The energy distribution between the resolved and modeled scales is examined for the EAHSM
model by plotting the target and observed kinetic energy ratio parameters, shown in Figure. 3.13.
There seems to be a slight difference between the two meshes.
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Mesh Nz x Ny x N, Azt Azl - Az

coarse 38 x 98 x 98 100 1-13
fine 75 x 98 x 98 50 1-13
DNS [27] 96 x 100 x 100 — —
DNS [89] 320 x 256 x 256 11.78  0.216 - —

TABLE 3.4. Simulation on a fully developed flow in a square pipe at Re; = 600.
Numerical parameters for the two meshes.

WALE Modell Model 2

coarse 634 613 612
fine 601 591

TABLE 3.5. Simulation on a fully developed flow in a square pipe at Re,; = 600.

Comparison of the computed friction Reynolds number Re; for the three mod-

els on the two grid resolution. Reference friction Reynolds number corresponds
to Re, = 600.

Finally, we investigate the influence of the ¢y coefficient. We see no significant differences in the
mean streamwise velocity profile for the two ¢y values (Figure 3.20). For the secondary velocity
profile, some differences are seen between the two values for co. Since the secondary flow is weak,
the convergence of the secondary flow statistics is not yet achieved.

3.5 Conclusion

Main concepts of seamless hybrid RANS/LES methods relevant to the present work were looked
upon. Starting from the k;—e, version of E-DES for which the hybrid equivalence has been provided,
the derivation of a ks;-ws based E-DES has been performed. Menter’s blending function is used to
obtain a E-DES BSL-like model. Presuming the weak-equilibrium assumption to be verified for
the subfilter scales, explicit algebraic closure developed in the previous chapter is coupled with the
E-DES based on Menter’s BSL-like model.

The calibration of the EAHSM model concerning its model coefficient is done on the decay of
isotropic turbulence. Following which tests are performed on the fully developed channel flow
and the fully developed flow in a pipe of square cross-section for two grids: fine and coarse. On
coarser grids, EAHSM performs fairly better than the WALE model. It has been observed that
the target and the observed kinetic energy ratio parameters behave differently close to the wall.
Moving towards a low-Reynolds number formulation for the subfilter model and the explicit algebraic
relations can be helpful.

In the following chapter, the developed EARSM in chapter 2 and the EAHSM model presented in
this chapter will be extended to variable density flows.
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(A) WALE fine (B) EAHSM fine

FIGURE 3.17. Secondary velocity isotachs for the fine mesh.

(A) WALE coarse (B) EAHSM coarse

FIGURE 3.18. Secondary velocity isotachs for the coarse mesh
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Chapter 4

Extension to variable density flows

In this chapter, we extend the EAHSM model described in Chapter 3 to variable density flows. We
restrict in this first step to slightly variable density flows for which the Boussinesq approrimation is
assumed to be valid. As previously, we first present the derivation of the explicit algebraic model in
the RANS framework for both the Reynolds stresses and the scalar flux following a direct solution
of the implicit algebraic relationships. The nonlinearity of the coupled expressions for the algebraic
expressions is treated through an efficient iteration solution method. The resulting explicit algebraic
approach is then extended to the seamless hybrid RANS-LES framework following the same route as
presented in Chapter 3. Both the RANS and hybrid RANS-LES algebraic models are assessed in the
case of a stable stratification, on the homogeneous mean shear flow and the fully developed channel

flow.

4.1 Explicit algebraic Reynolds-stress and scalar flux model

We address in this section explicit algebraic modeling of turbulent fluxes for variable density flows
with buoyancy. We restrict in this work to small density differences for which the Boussinesq
approximation is assumed to be valid. Using such an approximation, effects of varying density
due to temperature or concentration are neglected everywhere in the transport equations except
in the buoyancy force. While such a description is restricted to small density differences, this is
illustrative of the coupling between momentum and density induced by buoyancy. The resulting
transport equations read:

aui

oo =0 (4.1)
Ou; ou;  Op 0%y,
FTRCH rlatr T v PO (42)
2
00 00 0“0 (4.3)

a uj%j - Hal'ja:(}j

where u; is the velocity field, p the pressure, g; the gravitational acceleration,  refers to a molecular
diffusivity (heat or species) and 6 denotes a scalar that causes density differences. In Eq. 4.2, o(0)
corresponds to a reduced density variation with respect to a reference state and is defined by

o(0) =1 — By (6 — o) (4.4)

where [3p is the expansion coefficient (thermal or compositional). As the transport equation for the
scalar is coupled to the momentum transport equation through buoyancy, this refers to an active
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scalar. This contrasts with the passive scalar case for which there is no coupling and the scalar is
simply advected by the flow.

By using the Reynolds decomposition, u; = u; + u;, p =P+ p’ and 6 = 0 + ¢’ in Egs. 4.1-4.3 and
then taking the average, one arrives at the following Reynolds-averaged version of the governing
equations:

ou;

ox;
ou; _ Ou; op 0 ou; 7
o0 Mo, T o +8wj<

a0 o0 0 ol —
— 4 uj— == | hz— —u.l 4.
8t +u] 856‘]' B:ch <ﬁ8x]~ U] ) ( 7)
where o(f) denotes the reduced averaged density defined by
0(0) =1 — 55 (6 — 6o) (4.8)

Two terms involving the correlations between the velocity and scalar fluctuations appear. We recall
that u;u; correspond the Reynolds stresses. Similarly, u;ﬂ’ corresponds the turbulent scalar flux
arising by the interaction of velocity and fluctuations in the scalar. Both these quantities remain

unknown, making the set of equations incomplete.

4.1.1 Transport equation for the turbulent fluxes

As for the Reynolds stresses, one can derive transport equations for the turbulent mass flux. The
derivation is not repeated here as it can be found elsewhere. The obtained transport equations for
the turbulent fluxes uju/. and 0’ read

it
Qupy, — Quju;

ot + ug Dy — Dy =Pij + 1;j — 45 + Gij (4.9)
ou’o’ ou'o’

3115 + uy a;k — Dy; =Py; + Iy; — c9; + Goi (4.10)

where Dy;, Py;, Ilyg; and ey; refer respectively to diffusion, production, pressure redistribution and
dissipation of the active scalar turbulent flux. Compared with the passive scalar case, taking into
account buoyancy leads to an additional contribution in the transport equation for the turbulent
fluxes, namely G;; in Eq. 4.9 for the Reynolds stresses and Gg; in Eq. 4.10 for the turbulent scalar
flux. The production term for the Reynolds stresses remains unchanged compared with its expression
given in chapter 2 while the production term for the turbulent scalar flux has the following form:

Pyi = —uiuf,—— — ul 0’
! ! kc‘)xk k c%vk

(4.11)

The additional terms in the right hand side of the transport equations for the turbulent fluxes
correspond to buoyancy terms that are expressed as

Gij = —Po (gzw + gjm) » Goi = —20pkeg; (4.12)
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where kg = %ﬁ is half the scalar variance. For the pressure redistribution term I7;;, the LRR model
given in Eq. 1.38 is utilized to which an additional term representing the buoyancy contribution is
added [34]

5 2 co2+ 8 1 30¢co — 2 ou; aﬂj
1T (“Z“J 3 J> 11 (Pﬂ 3 Pk J> 55 (axj o,
8o —2 [ ——dup —— 1

where k = Wui/ 2 is the turbulent kinetic energy and ¢ = ;;/2 is the dissipation rate. ¢;, c2 and
¢g are model coefficients that need to be specified. As in chapter 2, the dissipation rate tensor is
assumed to be isotropic and follows Eq. 1.36. The pressure scalar gradient correlation Ily; and the
dissipation vector eg;are modelled as

06
Ilg; — €0; = — <091 + Ce5kuk9’axk> uld’

— 00
+ C@guké" —|— 093uk6, —l— coatt’ uk Dy + cogBokogi (4.14)

3 3x

where cg1, cg2, Cp3, o4, Co5, cq and cgy are again the model constants that remain to be specified.

The transport equations for the turbulent kinetic energy k and the scalar variance 2kg are ob-
tained from the previous transport equations for the Reynolds stresses and the turbulent scalar flux
respectively and read

dk

S -D=P-c+G (4.15)
dkg

Here again, as for the Reynolds stresses, taking into account buoyancy leads to the additional term
G in the transport equation for the turbulent kinetic energy. This additional term corresponds to
half the trace of Eq. 4.9 and reads

1 o
G = igkk = —Bogrut’ (4.17)

Moving to the transport equation for the scalar variance Eq. 4.16, the first term on the right hand
side corresponds to the production term that reads

o0

— ’
Po ukﬁ o2,

(4.18)
The last term on the right hand side in Eq. 4.16 refers to the dissipation term and we follow here
[37] by prescribing the ratio r; = 7p/7 which corresponds to the ratio of the scalar turbulence time
scale, 79 = ky/eg, and the characteristic eddy turn over time scale 7 = k/e. This allows to avoid
the need in solving an additional transport equation for the dissipation €9 by using the algebraic
relation:

(4.19)
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We will follow here the same methodology described in chapter 2 to deal with the diffusion term
Dy.

In order to introduce the weak equilibrium assumption for both the Reynolds stresses and the
turbulent scalar flux, starting from the previous transport equations for the turbulent fluxes we first
need to write transport equations for the corresponding normalized fluxes. We look into details in
the following section.

4.1.2 Transport equation for the dimensionless turbulent fluxes

As for the Reynolds stresses, the first step consists thus in writing a transport equation for the
normalized scalar flux &; defined by

rn/
w;t)

N

Introducing the dimensionless anisotropy tensor a;; in Eq. 4.9 and the normalized scalar flux §; in
Eq. 4.10, the transport equations for these quantities read

& = (4.20)

!/

da;: 1 AT 1 2 AT
L (Dij - — JD) = <Pij + II;; — §€5ij +Gij — 72]6]

(P—c+ Q)) (4.21)

dt k k k
d¢; 1 ud (D Dy
dt — \/kkg < % (k + k9>)
1 ul (P—e+G Py—ey
— 4 T — e o T 4.22
\/m (POZ + 1lg; €gi + g@z 9 ( k + ké‘ ( )

Using the weak-equilibrium assumption, both the advection and diffusion terms will be neglected.
In this manner, we will be able to find a system of algebraic equations for the coupled system.

4.1.3 Weak equilibrium assumptions

Using the weak-equilibrium assumption for both the dimensionless anisotropy tensor a;; and the
normalized scalar flux &;, the left-hand side of the previous transport equations are removed and
the resulting algebraic equations read

~

/
Uy

<

2
(P—e+@G) =P + 1I;; — 5551']' + Gij (4.23)
i (P — Py —
U < €+g+ 9 — €p

2 k ko

) =Po; + Ilp; — €g; + Goi (4.24)

Inserting the mean buoyancy vector I'; and the mean scalar gradient ©; defined by
k
Ts=7\/ = Bogi (4.25)
|k 00
O, = — 4.26
O kg Ox; ( )
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Inserting further a;;, &, S;; and (2;; in the definition of the redistribution terms leads to the following
expressions

11i; 4 ey + 6 2
e 55’7 + 2171 <“ik5kj + Sipar; — 3akm5mk5ij>
7C - 10 2
+ 2171 (@i 82k — ipar;) + ¢4 (szj + 16 — 3Fk§k(5ij> (4.27)

T

VEkkg

(Io; — €6i) = — (co1 + co5&rOk) & + (co2 + co3) &k Sik
2
+ (co2 — cp3) Ex 82k + cou (aik + 35ik> O + cogl'; (4.28)

As a result, the algebraic equations for the Reynolds stress anisotropy tensor a;; and the normalized
scalar flux & read

Naj; = — 1%5@']’ + % (@ik 25 — ixar;)

0 _11962 (aikskj + Sikarj — ;akmsmkéij)

—(L—¢g) (Fiﬁj + 16 — zrkszéij> (4.29)
No&i = — (cosSir + con i) & — co (aik + §52k> Ok — (2 — cpg)T (4.30)

The new model constants are defined by cgs = 1 — cgo — g3, cog2 =1 — g2 + co3 and ¢y = 1 — cyy
while the coefficients N and Ny are given by

N=c -1+ 77) —Ei_ g
= C — 1-— akmSkm — Fkgk (4.31)
1 /P 1 /P
Ny = co1 + o589 + = <+g—1+ <9 —1>)
2 € r \ €
1 /P 1 1
=co1+ = (—i_g -1 > + <695 — ) &0k (4.32)
2 € rr 2

The set of previous expressions correspond to the most general implicit algebraic formulation. In
order to reduce the complexity of the coupled algebraic expressions, we follow in the next section
some particular parameter settings considered in [37]. In practice, we will see that focusing only on
the two model constants ¢y and cgs, a particular set of values allows to greatly simplify the coupled
algebraic relationships.

4.1.4 Coupled explicit algebraic relations

As pointed out by Wikstrom et al. [85], the special choice cg5 = 1/2 greatly reduces the complexity
of the algebraic equation. Here, we will adopt the simplifications provided by the parameter choices
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c2 = 5/9 as considered in chapter 2 together with cgs = 1/2 that leads to

Naj; = — %Sij + g (aik %5 — Ligars) — (1 — cg) (Tzfj + 16 — gfkfk@j) (4.33)
No&i = — (cosSik + con$2ir) §k — o (aik + :2;6““) Ok — (2 — cog)T; (4.34)
with
N=c -1+ P Z— g
=c1 — 1 — apmSem — Tr&i (4.35)
Ny = co1 + % (N —c1 — 7}7) (4.36)

Unlike in case of the passive scalar [85], where the equations for a;; and &; can be solved in a sequen-
tial way, the equations for a;; and &; in the case of active scalar have to be solved simultaneously
due to the terms arising from the buoyancy coupling. As previously, the procedure to solve the
implicit equations consists first in assuming that both the coefficients N and Ny are known.

First, in order to obtain explicit algebraic but still coupled relations from the implicit relations
Egs. 4.33-4.34 we follow the methodology outlined in [22, 28] in order to take benefit from the direct
solution described in chapter 2. This methodology consists in rewriting the previous equations for
a;; and & as

Nag; = = C1Sij + (ain2j — Qigars) — CyS; (4.37)

2
(Nodir, + cosSik, + co82ik) & = — o (aik 1 35¢k) Or — (2 — cog)T; (4.38)

where C1 = 6/5, Cy = 9(1 — ¢4)/4 and where the additional tensor S’;; is defined by

2
S§=n§+n&—?%&mj (4.39)
As a result, introducing s = C1.5;;/N, sT = CgSJ/N and o = (2;;/N, we get formally the same
implicit relation for a;; obtained in chapter 2:

a=-35+(a0o—oa), §=s+s" (4.40)

Hence, following the direct solution described in chapter 2, we obtain a fully explicit algebraic
relation for a;; but still coupled to the normalized scalar flux &;. Next, the resulting expression for
a;; can be split into two parts

aij = aj; + a (4.41)

where the tensorial basis for the former contribution is independant of the normalized scalar flux.
Hence, further substituting the resulting expression for a;; to the equation Eq. 4.38 for §; leads also
after some transformations with ajj to a fully explicit relation for the normalized scalar flux. A
solution strategy is presented in the next section to solve the coupled explicit algebraic relations
together with detailed expressions for the explicit algebraic relations.



4.1.5. Coupling strategy 7

4.1.5 Coupling strategy

While the splitting introduced previously for the anisotropy tensor allows to obtain explicit algebraic
relations for a;; and §;, a solution strategy remains to be specified to solve the coupled relationships.
The solution for a;; and & remains formal as the coefficients N and Ny remain to be determined.
This thus requires an appropriate method to determine these coefficients recalled below for the sake
of clarity

N = Cc1 — 1-— akmSkm — kak (4.42)
1 1

Ny = cg1 + 3 <N —C1— ) (4.43)
Tr

Efficient methods have been proposed in [37, 38| to solve Eqgs. 4.42-4.42 based on the two limit so-
lutions that correspond to the shear-dominated regime and the buoyancy-dominated regime. While
the proposed methods are attractive, the approach is restricted to certain two-dimensional mean
flows. In this work, we follow the solution strategy suggested in [22, 28]. As the solution for Np is
known provided that N is known, we first focus on the solution for N from Eq. 4.42. The solution
strategy consists in solving Eq. 4.42 through the following iterative procedure

Nn =c1—1- akm(Nn—l)Skm - &c(Nn—l)Fk: (444)

The iterative procedure requires a guess Ny at the first iteration. We select here the analytical
solution provided in chapter 2 for the purely shear two-dimensional mean flow case. For the studied
cases dealt in this work, the method proves to be very robust and efficient and needs a small
number of iterations, in practice n < 4. The robustness is ensured by introducing a lower limit
for the production to dissipation ratio in such a way that N, remains strictly positive during the
iterative sequence. As indicated in [37], this is an important criterion for robustness since it is a
necessary condition to avoid a non-singular behavior of the model. The prescribed lower limit used
in Eq 4.44 is expressed as

P+¢

3

>11—¢ (4.45)

The resulting coupling strategy to solve the algebraic relations for the anisotropy tensor and the
normalized scalar flux is summarized below

(1) First compute NNV, from either the analytical relation (n = 0) or from Eq 4.44 (n > 1)
(i7) Then compute a?j(Nn) that depends on S;j, Q;; and N,
(tii) Compute the normalized scalar flux &;(/NV,,) that depends on S;j;, €5, I'; and N,

(iv) Then compute a;;(Nn) that depends on S;;, 5, I'y, & and N,

(v) Compute the anisotropy tensor a;;(N,) = a?j(Nn) + a;.;(Nn) and go back to step (i)

The detailed expressions for a%, a;; and &; are given hereafter for both two- and three-dimensional
mean flows following the direct solution methodology presented in chapter 2 and the algebraic

transformations proposed in [22, 28|.
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Two-dimensional mean flows For two-dimensional mean flows, following [22] we define the
traceless analog of S;]“- by:

D D

As the strain and vorticity tensors can be treated as two-dimensional, i.e S3; = 0 and (23; = 0, the
equation for a;; can be written as:

2
Naij = =C1Si5 + (air§2j — igar;) — CgS;;'(QD) = Cyl'm&m <5£J2D) - 3527‘) (4.47)

Next, defining also the traceless analog of a;; by:

aij = als” + fo <6§§D> - ;aij) (4.48)

(2D)

Then, the equation for a;; Eq. 4.47 can be written as an equation for a; ! and fy as:

Na (2D + Nbo ( 6" — *5 ) = — C18i5 + (air 2k — Qigay;) — CQS;;'(QD)

— CyTonbm < 5P zal-j> (4.49)

The coefficient fy is determined by equating the three-dimensional tensor groups on both sides of
the previous equation and is thus given by:

The remaining part is purely two-dimensional and reads:
2D 2D
Nagj ) = —C18i; + (a2 — Quarg) CgS;;'( : (4.51)
This algebraic relation corresponds formally to the relation provided in section 2.3.1 that reads

(1-21I,)a=—35+4 (50— 05)
=—5+(so—o0s) — s+ (sTo—o0s™) (4.52)

Substituting s = C1.5;;/N, st = Cy S+ (2D) /N and o = (2;;/N, one gets

( BISU + 64( ’Lk“Qij 'szsk])

+ 87850+ (PP g — 20,8177 (4.53)
with
C1N Ch e e
T e —— - == —_— —_— —— 4. 4
A N2 —2]Ig’ & N2 —2]Ig’ b 0161, B 0154 (4.54)

As a result, Eq. 4.53 allows to identify the two terms of the splitting a;; = a -+ a; e In order
to express & from Eq. 4.34 as a fully explicit algebraic relation, we can write followmg [22] the
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following transformations
S3206; = (10, + Hord;” ~T;0,) ¢ (4.55)
(s;;(w)rzkj) 0; = (ri@knjk + 0O i) — rj@krzik) £; (4.56)
(20S527) 05 = (Tk6; i + Ior 2y — T;042) &5 (4.57)
Introducing the splitting for a;; and using the above transformations, we get from Eq. 4.34
2
Aijfj = —Cga?]@D)@j — 569@,' —(2- ng)l—‘i (4.58)
where the matrix A;; is given by
Ajj = Ngdij + cosSij + conl2ij + coLij (4.59)
with
Lij = B3LY + B LY + B LY, B = - (4.60)
0
LY =1;6; (4.61)
1 2D
LY =1,0; + Herd)”) —T;6; (4.62)
Lz(j) = Fi@ijk + Fm@kgmkél(jD) — Fk@jﬂik — II@FQU (4.63)

In order to use previous results obtained for the passive scalar case [85] to invert the matrix A and
following [22], we introduce the traceless two-dimensional I'©-strain and I'©-rotation rate tensors

Sij and _Qz'j as

S = % (rie;

2D 2 1
+1;6; - Iord.; )>, 17)

This allows to write the following relation:

Then, we get:

where I, is given by

(2D)

. . 1
Fj@i = Sij + Qij + 5[]91“5”

\ , 1
Ll(;-)) = Sij + Qij + §H@F5£32D)

1 ° 2D
Lz(j) = —202; + II@F(SZ(]- )

LY = —211or i + 211,46

(2D)
ij j

ij

(2D)

500" = 202082 = 200 8%;

i =5 (10 = 1i6;)

(4.64)

(4.65)
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This allows to express the matrix A as

Ajj = Ngdi(ng) + co5Sij + Confij + égsgij + éggéi]’ (4.70)
_ +

Ng = Ng + collor <520 + ﬁf) + ZCQIIQ("ZBZ (4.71)

on = con — 2coB; Ilor (4.72)

os = coBBy (4.73)

conr = co (By — 2B (4.74)

This corresponds formally to the result obtained in [22|. The formal solution for the normalized
scalar flux is then obtained by inverting the matrix Ai_jl. As proposed in [85] for the passive scalar
case, this is achieved as a direct consequence of the Cayley-Hamilton theorem and the inverted
matrix reads

AL = (det(A)) ™! (tr{A}] — A)
= (det(A))_l (NQ(SZ(?D) — cy5Sij — Conl2ij — égséij — éggf)m) (4.75)

with

1
det(4) =3 <(tr{A})2 - tr{A2})
~ 1
=Nj = 5 (chsTIs + EisTTg + Giollo + Gl ly)
— coslosIlgy — conconlly g (4.76)
As a result, the normalized scalar flux reads

2

& =— CGAi_k:l <a2j + 3(5@) 0; — (2 — ng)Ai_klrk (4.77)

Three-dimensional mean flows For three-dimensional mean flows, the explicit solution of
Eq. 4.37 is provided in section 2.3.1 that reads

(1—2I1,)(1 - %IIo)a =—(1- guo)g — 61V (0* — %IL,I)

92 .
— (1 —2I1,)(30 — 08) — 3(50% 4 0%5 — SV - 3(0%50 — 050%)  (4.78)
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where we have used the notation IV = tr{30%}. As for the two-dimensional case, splitting § and
substituting s = C15;;/N, st = C’gSZT;/N and o = (2;;/N, one gets

1
a;j = B1Sij + B3 (Qikf?kj - 3ffn5ij) + Ba(Sik 82k — $2i1.Sk;)

2

+ B <5ik9k191j + 0235802115 — 3

IV%‘) + Bo (2i1:Sk120m 2mj — ik L2k S1m F2mj)
1
+B7SE + IV T <(2ka] — 311952-]-) + B (S5 25 — 25))
2
+ B¢ (5;2%9@ + Qi S — 3IV+5ij> + By (2S5 Qum mj — i 205 Qms)  (4.79)

where the definition for both the coefficients 3; and ﬂi"“ = (Cy3;/C1 remains the same except for the
coefficient 6; for which the dependance on the invariant IV has been removed and added directly
in the previous tensor expression:

. Cy12N7t
53 = ——
Cr Q

(4.80)

Here again, the above expression allows to identify the two terms of the splitting a;; = agj + a;;.

As for the two-dimensional case, following [22], in order to express &; as a fully explicit algebraic
relation, we first write the following transformations:

2
SZ@] = (FZ@] + II@[‘(sij — 31—‘]91> gj (481)
2
(S92;) ©; = (ri(—)k(zjk — T Ok kmbij — Srj(—)kﬁl-k> 3 (4.82)
2
(2us) 05 = (rk@jnik + ITord2ij — 3rj@k9ik> 13 (4.83)
1 1 1
w+ <(Qij)2 - 31195“) 0; =2 ((Qikf@k - 311992-> ((Qj )’ — 3HQFJ-> (4.84)
1
(IV*6;5) 05 =2 <Fk9i(9kj)2 - 3Pj9z‘ffr2> & (4.85)
(257, (2)2,5) €5 = (26T kOm (2m)? + 2,0 mOk (2mi)?) &
2
= 32 Tn&p0; (h)* (4.86)
(D75 2mi) 5 = — ()7L kOm (2my)? + (2)7,TmOk2m) &
2
= 3 (ATpEp0; 2, (4.87)

Introducing the splitting for a;; and using the above transformations, we get from Eq. 4.34

2
A€ = — a0 — gc(;@i — (2 = cgg)T; (4.88)

where the matrix A is again given by

Aij = Nobij + cosSij + coa82j + coLij (4.89)
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with
Lij = BT L + B Ly + BT LY + B LY + B L) (4.90)
LY =10, + Ierd;; — ;Fy@i (4.91)
Ly =2 <(Qik)2@k: - ;Hg@l) ((Qj )*T — ;ngj> (4.92)
LY = 11604251, — DO pmdij — T, Qi — [or 2 (4.93)
L0 = Di04(2)% + ()28 + ThO;(2)% + [T (2)2)
- % (1,0 ()5 + Fin(Q)%j) + grj@illﬁ (4.94)

LY = 2uT400m(2jm)? + 2T Ok(2mi)? + (D260 (2nj)? + (D)3 DOk (4.95)

)

As for the previous two-dimensional case, in order to use results obtained for the passive scalar case,
the matrix A;; is rewritten as:

Aij = Nobij + Myj,  Mij = cosSij + conf2ij + coLij (4.96)

The coefficient Ny and the traceless matrix f/l-j are defined by :

- co ~ 1
Ny = Np — ngk, Lij = Ljj — ngkﬁsij (4.97)
Following [85] for the passive scalar case, the inverted matrix can be obtained as a direct consequence

of the Cayley-Hamilton theorem and reads

1 —y II .
At = det(A) <<N92 — 2M> 8ij — NoM + M2> (4.98)
with
-y I III
det(A) = Ny <N2 - 2M> + TM Iy = tr{M?*}, IIIy = tr{M3} (4.99)

The normalized scalar flux then reads

_ 2 _
& =~ coAy! (agj + 35kﬂ'> O; = (2= cgg) Ay T (4.100)

4.1.6 The k-w BSL model for buoyancy flows

In order to close the turbulence model, additional equations are necessary to provide the turbulence
characteristic scales. Following Chapter 2, the BSL k-w model is used for which the governing
transport equations read as:

dk N 0 k. Ok

€I =P+G-p Wk"‘aixj [(V_'_Ukw)@a:j] (4.101)
dw w 5 0 k. 0w 1 0k Ow
ak (VP + ag) — fw” + 875] [(V =+ wa)c%zj] +2(1 - Fl)UwzaangaTj (4.102)
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We recall that the production terms due to the shear stresses and the buoyancy, denoted by P and
G respectively are expressed as

G = —Bygiult’ (4.103)

These terms are dependent on the closure of the Reynolds stresses and the turbulent mass flux.
When the k-w BSL model is coupled with EASFM, the production terms include the explicit
algebraic relationships derived in the previous section.

The model constants oy, v, a, 5, 0, and o, are defined with the use of a blending function, F;
following Eq. 1.24 by

¢ =Fig1+ (1 - F1)p2 (4.104)

where ¢ represents the coefficients g, «.. in the BSL model and ¢, and ¢» are the respective
coefficients from the k-w branch and the k-e branch. An additional coefficient « arises from the
buoyancy contribution in the w equation. Here, we recall the values of the coefficients for the two
branches:

Okl — 0.5, Y1 = 5/9, o] = —1, Bl = 0.0750 and Owl = 0.5.

ory = 1.0, 70 = 0.44, as = 0.44, B2 = 0.0828, and 0,2 = 0.856

4.1.7 Transport equation for the scalar variance

The k-w BSL model for buoyancy flows described in the previous section allows to provide the
turbulence time scale 7 = k/e and, using Eq. 4.19, needs to be complemented by a closed form of
the transport equation Eq. 4.16 the scalar variance 2ky to provide the remaining scalar turbulence
time scale 79 = kg/ep. Following [38, 79| and the same previous methodology to express the
turbulent diffusivity involved in the diffusive turbulent flux, the transport equation for the scalar
variance reads:

dkq 4 {(n + L i 8’“’] (4.105)

0 _p, e r
dt b €0+ 8x]~ okew)ﬁxj
with o3, = 2. The production term Py involves the algebraic expression for the turbulent scalar
flux and reads
—— 00
Py = —u) 0 — 4.106
0 Up, axk ( )
From Eq. 4.19, the dissipation rate g is determined through the algebraic relation

L

T

€g = (4.107)
where the ratio r; = 7p/7 corresponds to the ratio of the scalar turbulence time scale, 79 = kg/cg to
the characteristic eddy turn over time scale 7 = k/e. Following [37, 79|, a constant value r; = 0.55
is specified for the time scale ratio.
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4.1.8 Diffusion correction

Examination of the weak equilibrium assumption for the normalized turbulent heat fluxes was
performed by Vanpouille et al. [78] on the channel flow. The authors reported the failure of the
weak equilibrium assumption specifically in the core of the channel. The diffusion plays a crucial
role in these regions where the production to dissipation ratio is small and consequently a correction
is necessary for considering its effects.

Following [79], we first extend the diffusion correction Eq. 2.52 described in Chapter 2 in the absence
of buoyancy by accounting also for the production arising from the buoyancy term. As a result, the
correction now reads

F— g+ CP ax (1—P+g,o> (4.108)
AO €

where we use the same value for the constant Cp determined in Chapter 2. During the iterative
procedure described in section 4.1.5, the production to dissipation ratio involved in the above
correction uses the analytical solution provided in Chapter 2 for the purely shear two-dimensional
case only at the first iteration while the complete expression is used for subsequent iterations.

Moving to the turbulent scalar flux, the diffusive correction was extended by Hogstrom et al. [26] for
the passive scalar case using the same reasoning. We put to use this correction for the active scalar
case by also considering the buoyancy contribution through the production term G. The proposed
diffusion correction for the turbulent scalar flux follows the methodology described in Chapter 2 for
the anisotropy tensor and, following [26], consists in modeling the missing diffusion term in Eq. 4.22

as
(1,: n DQ) _ —cm\/> &D (4.109)

As in Chapter 2, the diffusive flux of k is further approximated by assuming the equilibrium relation
that reads here by taking into account the additional production term due to buoyancy, D ~ e—P—G.
This allows to express the right-hand side of Eq. 4.109 as

CDB\/7§z = Cpg€ ke& (1 - M) (4.110)

As a result, the diffusion correction for the turbulent scalar flux consists of replacing the cg1 coeffi-
cient by ¢, with

Dy; —

2

7>+Q’0)

€

Cpy = g1 + cpp max <1 — (4.111)
Here again, as in Chapter 2, the limiter is added to prevent the model from approaching to a
singular behavior for large production to dissipation ratio. Following the methodology described
in Chapter 2 to prescribe Cp, the determination of cpg should require a careful examination of
the resulting eddy diffusivity in some particular situations together with a calibration with some
reference turbulent Schmidt or Prandtl number. In order to exhibit some effective eddy diffusivity
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K¢, the turbulent scalar flux is rewritten as

0
uhf = — Tk:Dija— — Tko(2 — ceg)A?ﬁggk
7 ax] (2
Dy 96 D 00 _
- Tk?”a—mi — 7k (Dij - 3” 5ij> o Tho(2 — cog) A7 Bogn (4.112)
where D;; is the dispersion tensor defined as

1( 0 , 2

Dij = CGAZ‘k (akj + 35kj) (4.113)

The first term on the right-hand side of Eq. 4.112 corresponds formally to an eddy diffusivity term
that is expressed usually as
Vg 85

Mg = ——— 4.114
i Pry Ox; ( )

Hence, using vy = C,7k with the commonly assumed value C),, = 0.09, the turbulent Prandtl
number Pr; may identify to

Pr, = —4 (4.115)

It is beyond the scope of this work to provide a detailed discussion about the resulting effective
turbulent Prandtl number for buoyant flows. Nevertheless, we just provide here a rough estimate
in the passive scalar case that allows to greatly simplify the analysis. In this case, assuming further
cos = cpn = 0, allows to express the turbulent Prandtl number as

30Ny

P 4.116
tt 2cq ( )
When the strain rate goes to zero, the model behaves:
1 1
No(o = 0) = (@1 — 5) (r ki ) : (4.117)
r

where we have introduced the following expression for the coefficient cg; proposed by Wikstrom [85]:
1
o1 = Co1 (T - ) (4.118)
r

As a result, using the values ég; = 1.6 and r = 0.55 proposed in [37, 85| and used in this work leads
to Pr; >~ 0.4. Hence, as in Chapter 2 without diffusion correction, the resulting effective turbulent
Prandtl number is too small and leads to an overestimation of the eddy diffusivity. Introducing the
diffusion correction and using the commonly adopted value Pry = 0.9 leads to cpg = 3.567. This
value corresponds roughly to half of that proposed by Hogstrom et al. [26] following a calibration
procedure on the turbulent channel flow case.
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4.2 Validation of EARSM for buoyancy flows

In this section, we evaluate the performance of the developed EASFM model on two test cases.
The values for the coeflicients that appear in the model have to be specified. In this preliminary
study, we do not intend to investigate on the model coefficients and consider the values prescribed
by Lazeroms et al. [37]. The corresponding values are reported in Table 4.1.

Cy Co1 cCo2 Co3 Coa Cos Cog  Tr
0.3 1.6 1 0 0 05 075 0.55

TABLE 4.1. Values of model constants. The values of EARSM model constants
without scalar transport remain the same as those presented in Chapter 2

The behavior of the model is first assessed on the case of stably stratified homogeneous shear flow at
Richardson numbers Ri = 0, 0.2, 0.25 and 0.3 for a turbulent Reynolds number Re; = 191. We find
that the resulting model is robust and performs well for the current choice of model coefficients which
supports the findings of Lazeroms et al. [37]. It is worth pointing out that performing a calibration
study on the model coefficients will be required for turbulent flows with unstable stratification.
Simulations are performed for the developed flow in a stably stratified turbulent channel at friction
Richardson number’s Ri, = 60, 120 and 480 for friction Reynolds number Re, = 550. The DNS
results obtained by Garcia-Villalba and Del Alamo [17] is used as the reference for this case.

In the following cases, the velocity field is solved implicitly via a second-order accurate finite-volume
scheme while the time advancement is accomplished by a semi-implicit Crank-Nicolson method.
The numerical scheme used to solve the scalar variables (6, k and w) corresponds to a MUSCL-like
approximation. Implementation of the algebraic expressions for both the Reynolds stresses and the
scalar flux follows the same methodology described in Chapter 2 that consist in formulating the
model in terms of an effective eddy diffusivity that is treated implicitly together with an additional
correction that is treated fully explicitly:

/
uiu

2 ex
ko = — 20y + als” (4.119)

o = — ﬁtﬁ + W(ew)

4.12
: o (4.120)

where k; refers to the (isotropic) eddy diffusivity defined in the previous section.

We would like to recall that throughout this work, no particular attention towards the near-wall
region has been given. Regardless of this, we obtain good results for the test cases considered.
Improvements in the near-wall performance of the model can be achieved by utilizing wall functions
for both the turbulence model and the coefficients present in the explicit algebraic relations.

4.2.1 Homogeneous mean shear flow

A homogeneous turbulence sustained by a uniform mean shear together with a stable stratification
is one of the simplest shear flows. The physical configuration of which is shown in Figure. 4.1. As
the direct consequence of homogeneity, in the absence of transport Eq 4.101 for the kinetic energy
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reduces to an ordinary differential equation

dk
E—,P‘i‘g_e

where we recall that P is the production due to shear stress, G is the production due to buoyancy
and e is the dissipation rate.

FI1GURE 4.1. Configuration of homogeneous shear turbulence

Following [37], to assess the validity of the explicit algebraic model, in this test we prescribe uniform
and constant values for both the mean velocity gradient Sy = dU/dz and the mean scalar gradient
Se = dO©/dz. The strength of the stratification is usually estimated by the gradient Richardson
number given by
de (dU\
R; = 5095 (dz)

The case R; = 0 corresponds to the non-stratified situation for which the buoyancy term G is absent
and the turbulent kinetic energy grows exponentially as the production and dissipation are not
balanced. For non-zero Richardson number, the buoyancy force has a stabilizing effect by damping
turbulence. In this case, the production term due to buoyancy is non-zero resulting in the reduction
of turbulent kinetic energy as the stratification gets stronger. For a particular level of stratification,
the total production balances dissipation allowing the kinetic energy to reach a steady value. Beyond

this level that refers to a critical gradient Richardson number R;., the effects of stratification are
so strong that turbulence decays.

The model performance above and below the critical gradient Richardson number is assessed here
numerically with a prescribed mean velocity gradient Sy and a mean scalar gradient Sg along
the vertical direction. Four different Richardson numbers, R; = 0, 0.2, 0.25 and 0.3 are specified
by modifying the value of Byp. The numerical simulations start with an initial turbulent Reynolds
number Re; = v2kL;/v = 191 with L; = k3/2/e = 0.63 and the shear number S* = Spyk/e is
initially set to 1.

The temporal evolution of the normalized kinetic energy for the four prescribed Richardson numbers
together with the total production to dissipation ratio are plotted in Figure. 4.2. As the strength of
the stratification increases, the term G acts as a destruction term and the ratio (P + G)/e reduces.
We observe here that for a Richardson number equal to 0.25, a balance between total production
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due to shear and buoyancy and dissipation is nearly recovered together with a non-zero steady state
value for the kinetic energy. Hence, as in [37], the critical Richardson number predicted by the
algebraic model corresponds to the estimate R;. = 0.25 obtained by Miles [49] using linear stability
analysis for stably stratified inviscid shear flows.
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FIGURE 4.2. Time evolution of the turbulent kinetic energy (left) and the
total production to dissipation ratio (right) for different Richardson numbers.

4.2.2 Fully developed turbulent channel flow

In this section, we move to the fully developed turbulent channel flow with a stable stratification.
The friction Reynolds number is Re; = 550 and corresponds to the case considered and described
in chapter 2. Assuming that 6 plays the role of the temperature, a stable stratification is achieved
by imposing a constant temperature difference between the two walls with the highest temperature
at the top wall. We follow here the same procedure described in chapter 2 to get a fully developed
turbulent flow at a prescribed bulk Reynolds number. We consider three friction Richardson num-
bers corresponding to Ri, = 60, 120 and 480 with Pr = v/k = 0.7 and we prescribe here their
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corresponding bulk Reynolds numbers Re, = 11219, 11882 and 14760 according to the DNS data
provided by Garcia-Villalba and Del Alamo [17]. The friction Richardson number is defined by

i, = Gog0h
U’T

Two-dimensional numerical simulations are performed in a domain [0;27d] x [0;d] corresponding
to the streamwise and the wall-normal directions respectively. In the streamwise direction, the
meshing is uniform whereas in the wall-normal direction a non-uniform meshing is used according
to the transformation given by Eq 2.55. The numerical parameters follows Section 2.4.1, also given
in Table. 3.2. A no-slip boundary condition is prescribed at the walls. The flow is periodic in
the streamwise direction and a constant mass flow rate is prescribed at a cross-section (as done
previously in Chapters 2 and 3) using the bulk velocity Uy to drive the flow. The results are made
dimensionless using z* = zu, /v, ut = u/u,; and using the temperature difference between the two
walls A6.

Before moving to the stratified case, we first examine briefly the non-stratified case which was
also investigated by Garcia-Villalba and Del Alamo [17]. The bulk Reynolds number in this case
is Rep, = 10140. The non-stratified case corresponds formally to the passive scalar case studied
by Wikstrom et al. [85] for which the algebraic expression for the Reynolds stresses does not
depend on the turbulent scalar flux and the solution for N and Ny discussed in section 4.1.5 can
be obtained without any iterative procedure. The mean streamwise velocity and the mean scalar
profiles are reported in figure. 4.3 together with the streamwise and the wall-normal component of
the turbulent scalar flux in figure. 4.4. As reported in [37, 85|, without diffusion correction, the
mean scalar profile is overpredicted in the centre of the channel. The use of the diffusion correction
described in section 4.1.8 allows to improve the mean scalar profile and to obtain a similar profile
compared with predictions reported in [37] with a standard eddy diffusivity model. On the other
hand, despite the fact that the streamwise component of turbulent scalar flux is underpredicted,
probably due to the adopted values for the model constants and the lack of a dedicated near-wall
treatment, the values are non-zero and this contrasts to a standard eddy diffusivity model.

We now move to the stratified case by focussing first on the mean streamwise velocity profile. In
figure. 4.5, the mean velocity profile is plotted for the friction Richardson numbers Ri; = 60, 120
and 480. Close to the wall, the mean velocity profiles for the three cases are have a similar velocity
gradients. The flow in this region is least affected by the strength of stratification. An increase in
the Richardson number increases the mean velocity in the core of the channel. This region can be
identified as the region where the turbulent shear stresses are suppressed by the effects of buoyancy.
With an increase in stratification one can see an increase in the centerline velocity. Consequently,
the flow at the center of the channel undergoes relaminarization. There is an underprediction
of the mean velocity at the center of the channel in comparison to the DNS. The benefit in using
diffusion correction appears to be unnecessary and even counter-productive at least for intermediate
Richardson numbers and in the center of the channel. We recall here that the correction described
in section 4.1.8 has been proposed following a straightforward analogy with the unstratified case
presented in Chapter 2 and this would requires a more careful analysis or a Richardson-dependent
diffusion correction coefficient.

The mean temperature profile is also affected by stratification. Close to the wall the temperature
gradient is reduced as Richardson number increases. The mean temperature profile is shown for the
three cases in figure. 4.6. The temperature gradient gets steeper towards the center of the channel
as Ri, increases. Like for the mean velocity profile, the model closeness with DNS is better for
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FIGURE 4.3. Mean velocity (left) and temperature (right) profiles for the non-
stratified case. The dashed curves represent the DNS of Garcia-Villalba and
Del Alamo [17].
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FIGURE 4.4. Wall-normal (left) and streamwise (right) component of the

turbulent scalar flux for the non-stratified case. The dashed curves represent
the DNS of Garcia-Villalba and Del Alamo [17].

increased levels of stratification. Here again, the benefit in using diffusion correction appears to be
unnecessary and even counter-productive, especially in the center of the channel where the scalar
gradient is not well predicted.

The kinetic energy profile is plotted in figure. 4.7. The peak of the turbulent kinetic energy is
underpredicted along with the location of the peak, a behavior observed similarly in Chapter 2.
Introducing wall functions will improve the model behavior in this region. The kinetic energy
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FIGURE 4.5. The mean velocity profile without (left) and with (right) diffusion

correction for the three Richardson numbers. The dashed curves represent the
DNS of Garcia-Villalba and Del Alamo [17].

attains almost a constant value for 0.1 < y/h < 0.5. It can be inferred from figure. 4.8 that the
total production balances dissipation for 0.1 < y/h < 0.5. The kinetic energy is overestimated for
most part of the channel. There is a rapid decrease in the total production to dissipation ratio
towards the center of the channel and has a negative value. This shows the dominant effects of
buoyancy over the usual turbulent behavior of the flow observed for Ri. = 0. Although the profiles
do not match with the DNS [17], the model still captures the pronounced effects that increasing
Ri; has on the flow. This behavior of the model agrees with [37].

4.3 Explicit algebraic hybrid stress and scalar flux model

In Section 3.3, the validity of the weak-equilibrium assumption, in a hybrid RANS/LES framework,
was discussed. The following hypothesis was put forth : if the weak-equilibrium assumption is valid
for subgrid scale closures in LES, as well as at the RANS limit, then it should be valid in between.
When accounting for scalar turbulent fluxes, the same assumption can be made : Eqs.4.23 and 4.24
can be formally applied to the subfilter scales.
As a result, the relationships presented in Sec.
framework of seamless hybrid RANS/LES.

In that framework, the subfilter stresses are defined using Eq.3.50 and subfilter scalar fluxes qu are

defined as : .
U;Q =& V kskos

where kg is the subfilter turbulent kinetic energy and kg, is the subfilter equivalent of the scalar
variance, rigorously defined as:

4.1.4 and 4.1.5 can be formally applied in the

(4.121)

kos = 0'0/

Their transport equations are detailed hereafter. The normalized scalar flux vector & is detailed in
Sec.4.3.3, as well as the SF'S anisotropic tensor as.
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FIGURE 4.6. The mean temperature profile without (left) and with (right)
diffusion correction for the three Richardson numbers. The dashed curves
represent the DNS of Garcia-Villalba and Del Alamo [17].
4.3.1 Transport equation for k£, and w,
dks 0 ks . Okg
— = — Br*wsk — — 4.122
dt Ps+Gs = Fwshs + Ox; [(V+Ukws)3mj ( )
dws  wg 9 0 ks Owg 1 0kg Ows
=— (P — — — 2(1 — F; —_— 4.123
dt ks (YPs +aGs) = B + oz v+ was)ﬁxj ( 1)0u, s 0xj 0z ( )

As in RANS mode, the production terms due to the shear stresses and the buoyancy, denoted by
Ps and G, respectively are expressed as
O —
Ps = —Tijsil s gs = _/8991'71129/ (4'124)
aCL'j
All the constants in Eqs.4.122 and 4.123 have the same values as in RANS mode (see Sec.4.1.6).
The function Fj is defined by Eqgs.3.33 and 3.34.

4.3.2 Transport equation for ky,

Similar to what is done for ks, one must adapt the sink term in the transport equation for kg, in
order to account for the cutoff induced by the seamless hybrid RANS/LES.

Applying Equivalent DES to kg raises the question of a specific energy ratio for scalar turbulence,
that we would call ry, and that would be defined as :

kos

— s (4.125)
k@s + k&res

To

But this would require to build specific subfilter length/time scales. As a consequence, we will use
the dynamic energy ratio r. Yet we assumed, at the RANS level (see Eq. 4.107), that the dissipation
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FIGURE 4.7. The turbulent kinetic energy profile without (left) and with
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curves represent the DNS of Garcia-Villalba and Del Alamo [17].
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FIGURE 4.8. Total production to dissipation ratio without (left) and with
(right) diffusion correction in the wall normal direction for the three Richardson
numbers.

of the scalar, €y is defined such as the ratio between scalar and dynamic eddy turnover time scales,

is an imposed constant, called 7.
We recall here that, in purely dynamic Equivalent DES, one adds a coefficient ¢ in front of the

subfilter dissipation term, in the transport equation of kj:

ls

1 = max <1; lLES) , (4.126)
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where : 3/2 3/
3/2p
lg = 5 ot lppg = —tot 4127

where ¥ (r) can, for instance, be given by Equation 3.25.

Now, we build a scalar-specific coeflicient g, that has to be placed in front of the scalar subfilter
dissipation €y, in the transport equation of kgs.

A conceptual problem is raised here : it is not always possible to build a length scale with kg et eg,
for dimensional reasons. For exemple, if 6 is temperature, it is clearly impossible to build a length
scale from kg and eg;.

Nevertheless, for any kind of scalar, g5 will always have the dimension of kg5 divided by time, since
the former is a term of the transport equation of the latter. In other words, for any scalar 6, the
ratio kgs/eps is a time scale.

Following Tran et al. [76] in the dynamic framework, one can build ¢ from the comparison of time

scales, instead of length scales :
t
= max (1; tS> , (4.128)

LES
with: & &
S TRtot
ts=— and trpg = —— . 4.129
€g U(r)etor ( )
It is straightforward to build 1y following the same approach as above.
tg s
19 = max | 1; , (4.130)
to,LES
with: L L
0s TR tot
tgs = — and tgrps = ————— . 4.131
T egs @ (r)eg,tot (4.131)

We heuristically assume that ¥(r) used for ks can be used for scalar turbulence (see Eq. 3.25).
Introducing the scalar to dynamic time ratio:

_ ko/co
r’T - k/E I

(4.132)

and its subfilter counterpart r;s, one can define tys and ty;pg from dynamic turbulent variables
(assuming eo = €5):

rrs ks
- 175 2 gy ) 4.133
o = (1722 ) (4.133)
The subfilter time scale ratio r; g may for instance be defined from Jimenez et al. (2015) [30] in the
purely LES framework:

rrs & Pr (4.134)

or from a blending between 7, and the expression above, using the energy ratio r.

For the scalar we do not perform any blending between two second scales (unlike what we do for
the dynamic subfilter quantities €5 and w;), we simply use the coefficient 1)y defined by Eq. 4.133,
leading to:

dkgs 0 1 ks, Okgs
95 — Py — tpegs + = | (v + ——2) =

4.135
dt Ox;j Oy Ws~ O ( )
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where the subfilter production term Py reads

Pos = —u}, 0 — (4.136)

oxy,

4.3.3 Explicit algebraic coupled subfilter closure

In the general 3D flow case, the algebraic expression for the SF'S anisotropic tensor as reads
aijs = F1Sij + B3 ( Qi 25 — ;II_(}(Sij) + Ba(Sir k5 — 2ikSkj)
+ Bs < Sik a2 + Qx2S — IV%’) + B9 ( Qi Skt Py — Qikfzklglmfzmj)
T BTES + BIIVY <f2ikf2kj - 11105“) B (5 — Oy
e (s;,;fzk,lej T OS] Bzmj) 455 (2575000 Py — xS, y) (4137

where the §8; and the BZF coefficients are expressed as in Sec.4.1.5. The tensors S and € are defined
by Eq.3.55.
The algebraic expression for the SFS scalar flux €, reads :

_ 2 _
gis = — CgAikl <akjg0) + 3(5]”) @js - (2 - ng)Aiklrks (4138)

where

ks 00
kos Ox;

Globally, the coupling strategy is identical to what is done in RANS mode (see Sec.4.1.5), except
that :

s = T B@gz and O3 = T7-—

e Averaged quantities are replaced with filtered quantities.

e Closure model variables are replaced with their subfilter scale counterpart.

4.4 Test cases

The behavior of the proposed explicit algebraic hybrid stress and scalar flux model is here assessed
through the same previous test cases addressed in section 4.2 in a RANS framework, namely the
homogeneous shear flow and the fully developed turbulent channel flow both with stable stratifica-
tion. As in section 4.2, a full calibration of the model constants is beyond the scope of this study
and we focus here on a rather qualitative evaluation of the seamless hybrid model by using the set
of model coefficient values given previously.

The numerical simulations are performed using the PPREMICS software. In the following cases, the
velocity field is solved implicitly via a second-order accurate finite-volume scheme on a staggered
mesh while the time advancement is accomplished by a semi-implicit Crank-Nicolson method. This
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results in a discretely energy conserving scheme. The numerical scheme used to solve the scalars
corresponds to a MUSCL like scheme.

4.4.1 Homogeneous mean shear flow

In this section, we investigate the behavior of the explicit algebraic hybrid stress and scalar flux
model in the situation of the homogeneous mean shear flow described previously in section 4.2.1 in
a RANS framework. Compared with the previous RANS simulations for which the integral length
scale or the turbulent kinetic energy can evolve freely, the size L of the computational domain
enforces here upper bounds that correspond to the order of the box size L for the integral length
scale and to the order of Sy L for the velocity fluctuations [56]. While this contrasts with unbounded
calculations that use remeshing procedures together with periodic boundary conditions [60], such
a confined configuration exhibits also a violent growth of the kinetic energy during the transient
regime and the subsequent statistically steady state has been extensively studied as it seems to be
representative of some real situations.

Numerical simulations are performed in a box [0, L]® with L = 27. This is much larger than the
prescribed initial value for the integral length scale in order to avoid confinement effects during the
transient regime. Following [55], the linear background profiles for the mean velocity and the mean
temperature are imposed by adding respectively forcing terms fi;; and fy to the transport equations
for the resolved velocity and the resolved temperature as

SUy - <u>xy

Soy — (0)
Joi=——e1, fezgyi“y

4.139
T T ( )

where 7 denotes here the forcing time scale usually taken as the time step and the notation (-),
refers to the horizontal average. Periodic boundary conditions apply in the horizontal z- and y-
directions while the following boundary conditions apply on the horizontal surfaces:

u=Syz, v=w=0, 60=5z (4.140)

The initial velocity field is prescribed by using the Random Fourier Method introduced in Chapter
3 with a parameterization of the model energy spectrum that follows the prescribed kinetic energy
and integral length scale given in Section 4.2.1. In the same way, following the procedure described
in 3, the initial values for the subfilter quantities ks and ws are obtained by running the subfilter
turbulence model until a statistically steady state. Two different equidistant meshes are used,
namely 323 and 642 cells. The time step is specified such that At = 0.5/(NSy).

The temporal evolution of the normalized kinetic energy k/U? for three Richardson numbers, Ri = 0,
0.2 and 0.3 is reported in Figure 4.9 for the two mesh resolutions. As in Section 4.2.1, three distinct
regimes are obtained according to the value of the Richardson number. As observed in direct
numerical simulations [29, 55|, the case R; = 0 leads to an initial phase for which kinetic energy
decays, that may result from isotropic initial conditions, followed by an exponential-like growth
and subsequently followed by a statistically steady state regime characterized by large oscillations
in the kinetic energy [56] owing to finite box size effects.Moving to the high Richardson number
case R; = 0.3 leads as expected to a decay in the kinetic energy. The value found here for the
critical Richardson number R;. ~ 0.1 differs substantially from the estimate R;. = 0.25 obtained
through linear inviscid stability analysis [49] and from RANS numerical experiments performed in
Section 4.2.1. On the other hand, this agrees with direct numerical simulation results, for which
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0.04 < R;c < 0.17 for instance in [29], that exhibit a strong dependence of the critical Richardson
number on Reynolds and shear numbers. A detailed discussion about the critical Richardson number
issue is beyond the scope of this work and we will just refer to [29] that suggests that the linear
result of Miles [49] fails to be valid for nonlinearly evolving uniform shear flows.
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FIGURE 4.9. Time evolution of the turbulent kinetic energy for different
Richardson numbers with N = 32 (solid lines) and N = 64 (dashed lines).

FIGURE 4.10. Snapshots of the streamwise resolved velocity for N = 32 (left)
and N = 64 (right) for R; = 0 at Syt = 20.

4.4.2 Fully developed turbulent channel flow

We now investigate in this section the behavior of the seamless hybrid RANS-LES model on the
fully developed turbulent channel flow with a stable stratification described previously in a RANS
framework. The physical description of the test case is not repeated here and we refer to Section
4.2.2. As the friction Reynolds number is Re, = 550, we adopt here the fine mesh used in Chapter
3 for the same case without stratification and we refer to Section 3.4.2 for more details regarding
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FIGURE 4.11. Snapshots of the streamwise resolved velocity (top) and the
resolved scalar (bottom) for N = 32 (left) and N = 64 (right) for R; = 0.1 at
Syt = 20.

numerical settings. We also provide in this section LES results using the WALE model together
with an eddy-diffusivity model that relates the subfilter scalar flux to the resolved scalar gradient
through a turbulent Prandtl number Pr; with Pr; = 1.

As in Section 3.4.2, the dimensions of the computational domain are [0; 276] x [0; 7] x [0; 26] in the
streamwise, the spanwise and the wall-normal direction, respectively. We acknowledge that this com-
putational domain is small in comparison to the DNS that corresponds to [0; 87d] x [0; 37wd] x [0; 20].
Nevertheless, relaminarization that has mainly motivated the use of large computational domains
in [16, 17] has not been observed in our simulations and this greatly reduces the computational cost.
The mesh resolution is recalled in Table 4.2 together with the mesh resolution used in DNS.

As previously performed in the RANS framework in Section 4.2.2, we first examine the non-stratified
case. We focus again on the mean streamwise velocity and the mean scalar profiles that are reported
in figure. 4.12 together with the streamwise and the wall-normal component of the turbulent scalar
flux in figure. 4.13. Contrary to the mean velocity profile that appears to be better reproduced
by the hybrid model as already observed in Chapter 3, the mean scalar profile shows no clear
improvement compared with a simple eddy-diffusivity model. In the same way, the turbulent scalar
fluxes predicted by the models are close to each other and are in a good agreement with DNS results.
However, it must be pointed out that the turbulent scalar flux reported for the hybrid approach
takes into account the modeled part while only the resolved part is reported for the WALE model.
Even if it is premature to conclude, this is probably due to the particular setting of model constants
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Mesh Ny x N, x N, Azt Ayt Azf - Azf

fine  69x8 x156 50 20  0.5-15
DNS [17] - 9 41 - 6.7

TABLE 4.2. Stably stratified channel flow simulations at Re; = 550. IN;, N,

and N, are the number of grid points along the streamwise, spanwise and the

wall-normal directions, respectively. Azt and Ay™ are the grid spacings in

viscous wall units along the streamwise and the spanwise direction, respectively

and Az and Azl are the grid spacing in the wall-normal direction at the wall
and at the channel centerline.

(cogs = cgn = 0) that leads to an algebraic subfilter closure that behaves like an eddy-diffusivity
approach in this case.
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FIGURE 4.12. Mean velocity (left) and temperature (right) profiles for the
non-stratified case. The dashed curves represent the DNS of Garcia-Villalba
and Del Alamo [17].

When moving to the stratified case, the numerical simulation results reported in Figures 4.14-4.16
for the mean streamwise velocity and the mean scalar profiles and in Figure 4.21 for snapshots of
the resolved velocity and the resolved scalar follow the tendencies observed previously in a RANS
framework. The stable stratification leads to a higher velocity in the centre of the channel compared
with the unstratified case due to a damping of the turbulent shear stresses.

From a quantitative point of view, the agreement with DNS reference results [16, 17] is less sat-
isfactory compared with the unstratified case carried out in Chapter 3. The computed friction
Reynolds numbers reported in Table 4.3 reflect this behavior with a mismatch that increases with
the Richardson number.
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FIGURE 4.13. Wall-normal (left) and streamwise (right) component of the
turbulent scalar flux for the non-stratified case. The dashed curves represent
the DNS of Garcia-Villalba and Del Alamo [17].

R; WALE EAHSM DNS

0 573-134 556-14.3 550-16.4
60 585-74 565-7.7 550-6.9
120 588-6.0 568-6.3 550-54
480 608-4.3 582-42 550-3.3

TABLE 4.3. Comparison of the computed friction Reynolds and Nusselt num-
bers Re; / Nu for the three Richardson numbers.

We observe as previously in the non-stratified case that both the WALE and EAHSM models
produce very similar results and here seem to tend to underestimate turbulence damping in the
centre of the channel while the near-wall behavior is better reproduced. As a result, the mean
stream velocity and the mean scalar gradient in the wall-normal direction are underpredicted in the
core of the channel as illustrated in Figures 4.14-4.16.

Moving to the turbulent kinetic energy and the root-mean-square of the scalar fluctuations that are
shown in Figures 4.17-4.19, both the WALE and EAHSM models tend to underpredict the level
of fluctuations in the channel centre. This discrepancy is probably due to the presence of internal
gravity waves outlined in [16, 17] in the core region of the channel as suggested by the high level of
the root-mean-square of the scalar fluctuations. It appears here premature to identify precisely the
reasons that cause the internal gravity waves to be poorly described for such high stratification lev-
els. Nevertheless, we just mention here that relatively small computational domains may constrain
internal gravity waves [16]. Moreover, it is also important to keep in mind that neither the WALE
model nor the EAHSM model account for internal gravity waves. This calls for further work that
would consist of numerical simulations using larger computational domains and on the interest in
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FIGURE 4.15. Mean velocity (left) and mean temperature (right) profile -
R; = 120.

introducing internal waves modeling in algebraic models (see for instance [81]).

The underestimation of the fluctuations, at high Richardson numbers, is also illustrated by Figure
4.20, that shows target and observed 7y, as well as observed scalar variance ratio (as defined by
Eq. 4.125). Both ratios (scalar and kinetic) exhibit bumps near y/h ~ 0.8 at Ri = 480, which is

consistent with what was said above, about internal gravity waves.
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FIGURE 4.16. Mean velocity (left) and mean temperature (right) profile -
R; = 480.
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FIGURE 4.17. Turbulent kinetic energy (left) and scalar variance (right) profile

- R; = 60.

4.5 Conclusion

In this chapter we deal with slightly variable density flows for which the Boussinesq approximation
is assumed to be valid. Derivation of the explicit algebraic model for both the Reynolds stresses and
the scalar flux following a direct solution of the implicit algebraic relationship has been presented in
a RANS framework. An efficient iteration solution strategy has been specified to solve the coupled
algebraic expressions. Like in Chapter 2, the BSL model is used to close the turbulence model.

The model behavior is accessed on the homogeneous mean shear flow with the

default values for the
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FIGURE 4.19. Turbulent kinetic energy (left) and scalar variance (right) profile
- R; = 480.

model coefficients. The total production due to shear and buoyancy balances dissipation with a non-
zero steady state value for the kinetic energy for a Richardson number equal to 0.25. This verifies
the correct behavior of the model. Some discrepancies are observed for the mean temperature profile
on the stably stratified turbulent channel.
Following the validation of EARSM for buoyancy flows, the explicit algebraic approach is then
extended to the seamless hybrid RANS-LES framework following the same route as presented in
Chapter 3. The behavior of the proposed explicit algebraic hybrid stress and scalar flux model is
accessed on the same stably stratified cases.
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FIGURE 4.20. Target and observed kinetic energy ratio (left) and observed
scalar variance ratio (right) for the three Richardson numbers.

FIGURE 4.21. Instantaneous resolved streamwise velocity (left) and resolved
temperature (right) predicted by the EAHSFM model for the three Richardson
numbers R; = 60 (top), 120 (middle) and 480 (bottom).
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Chapter 5

(General conclusions

The present thesis is a contribution to explicit algebraic models, in the hybrid RANS/LES frame-
work, including passive and active scalar transport.

The development of explicit algebraic Reynolds stress model in a RANS framework has first been
revisited. A direct solution method instead of using a particular tensor basis projection method has
been put to use to arrive at an explicit algebraic relation. However, coupling EARSM with the two-
equation model usually requires a full calibration of the model coefficients. It has been shown that
modifying the diffusion terms in the kinetic energy and specific dissipation rate transport equations
along with the calibration of a coefficient from the parent Reynolds stress model eliminates the need
for a complete recalibration of the coefficients in the platform two-equation model. In the developed
model, no particular treatment of the near wall region has been considered except for the use of a
Kolmogorov limiter in the turbulent time scale. Validation of EARSM has been performed on the
fully developed channel flow and the fully developed flow in a pipe of square cross-section. The
resulting EARSM is able to capture the secondary flow arising due to the presence of the corners
unlike the linear eddy viscosity models.

The next step has been to generalize the obtained EARSM to the seamless hybrid RANS /LES frame-
work. The main concepts of seamless hybrid RANS /LES methods relevant to the present work were
looked upon. Starting from the ks — €5 version of E-DES for which the hybrid equivalence has been
provided, the derivation of a ks-ws based E-DES has been performed. Menter’s blending function
has been used to obtain a E-DES BSL-like model. Presuming the weak-equilibrium assumption to be
verified for the subfilter scales, explicit algebraic closure developed in the previous chapter has been
coupled with the E-DES based on Menter’s BSL-like model, leading to an Explicit Algebraic Hybrid
Stress Model (EAHSM). The calibration of the EAHSM model’s coefficients has been against the
decay of isotropic turbulence. Following which tests zere performed on the fully developed channel
flow and the fully developed flow in a pipe of square cross-section using two grids: fine and coarse.
On coarser grids, EAHSM performs fairly better than the WALE model. It has been observed that
the target and the observed kinetic energy ratio parameters are significantly different, close to the
wall. To circumvent this issue, a low-Reynolds number formulation for the subfilter model and the
explicit algebraic relations could be helpful.

The final challenge of the present work, was to deal with slightly variable density flows for which
the Boussinesq approximation is assumed to be valid. As a first step, the explicit algebraic model
for both the Reynolds stresses and the scalar flux following a direct solution of the implicit algebraic
relationship has been derived in a RANS framework. An efficient iteration solution strategy has
been specified to solve the coupled algebraic expressions. Like in Chapter 2, the BSL model has
been used to close the turbulence model.

The model behavior is assessed on the homogeneous mean shear flow with the default values for the
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model coefficients. The total production due to shear and buoyancy balances dissipation with a non-
zero steady state value for the kinetic energy for a Richardson number equal to 0.25. This verifies
the correct behavior of the model. Some discrepancies are observed for the mean temperature profile
on the stably stratified turbulent channel.

Following the validation of EARSM for buoyancy flows, the explicit algebraic approach has then
been extended to the seamless hybrid RANS-LES framework following the same route as presented
in Chapter 3. The behavior of the proposed explicit algebraic hybrid stress and scalar flux model
is assessed on the same stably stratified cases as in the RANS context.

Eventually, the work presented in this thesis opens the way to further developments that are listed
below:

- The algebraic models studied in this work were used without a dedicated near-wall treatment
except the limiter given by Equation 2.7 for the turbulent time scale. It is expected that
more accurate results can be obtained for wall-bounded flows by using near-wall corrections
in both the RANS and hybrid RANS-LES framework. In the latter case, this could offer the
possibility to use coarser meshes. This could be accomplished by adopting for instance the
near-wall correction proposed in [79] for the platform model together with elliptic blending
approaches for the algebraic turbulent fluxes.

- The EASFM model together with the coupling strategy to solve for the Reynolds-stresses and
the turbulent scalar flux presented in Chapter 3 gives satisfactory results and appears be very
robust using the values prescribed in [37| for the model coefficients. It could be instructive to
perform a sensitivity study on the model coefficients on other situations of interest (unstable
stratification, natural convection) and assess the robustness of the coupling strategy.

- The hybrid seamless RANS-LES calculations have been performed using the rough estimate
provided by the Kolmogorov spectrum and resulting in Equation 3.11 for the kinetic energy
ratio. On the other way, the dissipation term for the subfilter scalar variance transport
equation was assumed to be independant of the cut-off. It could be interesting to study the role
played by the energy spectrum function used to estimate the kinetic energy ratio, especially for
variable density flows, and to study the interest in introducing a cut-off dependence through
an Equivalent-DES like description of the scalar variance dissipation. Another interesting
perspective would be to introduce some limiters for the turbulence length scale involved in
the kinetic energy ratio following similar arguments as proposed for IDDES approaches [66].

- The test cases presented in this work mainly deal with periodic wall-bounded flows for which
turbulence is prescribed at the beginning of the simulation and is then sustained in the near-
wall region. It could be interesting to adapt forcing techniques originally proposed for zonal
hybrid RANS-LES methods to the seamless hybrid RANS-LES approach described in this
work. In this frame, the volumetric forcing proposed in [11]| appears to be very attractive. It
could reduce for instance the "log layer mismatch" frequently observed in hybrid RANS-LES
simulations that use very coarse meshes [66] or it could be useful to sustain turbulence for
other situations of interest for which turbulence at boundaries play a major role rather than
at the beginning of the simulation (turbulent jet, ...).

- Finally, the algebraic approaches described in this work for incompressible and slightly variable
density flows can be extended following the methodology proposed in [22] and followed in this
work to account for truly variable density flows possibly with significant mean or subfilter
dilatation.
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Appendix A

Transformation of ks-c5 to its equivalent
ks-ws model

The E-DES version of the k- model reads:

Dk 0 Vs Okg

=Fs — s a_ =) 57— ) Al
Dt P 1/)6 + 8l‘j |:(V + Ok )8ZCJ:| ( )
Des €4 0 Uts | O€s

=7 el ms — Le2€s .. : A2
Dt ks (CaPs = Caes) + Ox; {(V+ Oc )O:L‘j} (4.2)

The relationship between the dissipation rate and the specific dissipation rate is usually given as
€ = f*wk in a RANS framework. We assume this relationship to be valid for the subfilter scales:

€s = Brwiks (A.3)

with 8* as the constant of proportionality. Differentiating the above equation with respect to time
leads to:

d€5 * dks * dws
T B ws 7 + 8%k, T (A4)
Inserting equation A.1 and equation A.2 in the above equation leads to:
dwg 1 0 Vi 5. O€g
- * s Ce s Ce ¥ sks a_ ’ A5
dt /B*ks |:/8 w ( 17) 25 w >+ 8IEJ ((V+ o, )8$]>:| ( )
wS 8 Vt S aks
— 22\ Py — Bk + — d A6
ks |:7D wl@ @ +81‘j <(V+ Uk)axj>] ( )
By rearranging the terms, we obtain
dw w 1 0 Vs, O€
2= (Cq —1) 2P, — B*(Ceg — 2 — i i A7
dt ( ! ) ksP b ( 2 1/’)‘*‘)5 * B*ks [a‘rj ((V+ Oe )8x3):| ( )

Wg 8 Vt.s 8k5
- [ (0505 )



108 Appendix A. Transformation of ks-e5 to its equivalent kg-w, model

Considering the first diffusive term on the right hand side of the previous equation:

)
)
Al lams)

8 Vi s Owsg 2 Ow, Ok w I/t S
_ Y il A.13
oz, <(”+ el >+k (v+ ae)a:cja { ( ax)] (A.13)
The second diffusive term on the right hand side of equation A.7:
ws | 0 Vs Okg
Lh=—|— : A.l4
2 ]{35 |:8.%'] <(V+ O )8$J>:| ( )

As in the development of the BSL model in [45], we consider o, = 0. This implies that the last
term on the right hand side of equation A.13 and I cancel out each other resulting in:

Vt,s aws

e
o ' 0x; ks v

The second term in the right hand side of Eq. A.15 corresponds to the cross-diffusion term. In
a RANS framework, the effects of molecular viscosity in the cross-diffusion term was negligible as
demonstrated in the case of free shear layers by Menter [45]. Similarly, we assume the effects of
molecular viscosity in the cross-diffusion term to be negligible. Substituting 14 = (ks/ws) in the
cross-diffusion term of Eq. A.15 leads to:

Vs ) Owg Ok
oc ' 0x; Ox;

0

I= (V4 0w Vts) (A.16)

Owg 1 Okg Owy
— — 20,
8xj 8$j
By substituting Eq. A.16 into the Eq. A.7, we have the resulting transformed equation. The resulting
ks-ws model reads

‘ws 8x] Ox;j

Dk, 0 Ok

=P, — b Brwiks —, A7
o e [ (A1)

Duws 0 0w 1 0k Ows

€ € w, We A].
Dt k, 77) ~ fe +8xj [(V+J 1:5) 83:3] ‘ws Oxj Ox;j (A.18)
with the non-dimensional lengthscale 1. given by
I kiﬂ 3/2Lt

= 1 —— ith I, = , = A19
e = max ( lLES> wl B LES = w, ( )

Here, the subscript € symbolizes the transformed E-DES kg-¢; model and the turbulent eddy vis-

cosity v ¢ is
k
Vs =— (A.20)

S
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ve=(Ca. —1), Be=p" (0625 - wkf) , 0w = 0856, op, =10 (A.21)

C Cele
v, =1+ <2 - 1) (1 - recfz’e) (A.22)
CvelE

with
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Appendix B

Random Fourier Modes method

The Random Fourier Modes (RFM) method consists in writing the synthetic fluctuating velocity
as:

N
u'(Z,t) =2 Z 0" cos(K" - (X — uct) + ¢p)o" (B.1)
n=1

where 4", 1, and o™ correspond respectively to the amplitude, the phase and the direction of
the Fourier mode n associated with the wave vector k™. The convective velocity u., needs to be
a constant in space to avoid a decorrelation of the velocity field. The wave vector k" is picked
randomly on a sphere of radius k,, = |k"| to ensure statistical isotropy. From spherical coordinates
(Kn, ©n, ), its components are written as:

KT =kp sin(6,) cos(pn) (B.2)
Kby =kp sin(fy,) sin(ey,) (B.3)
K% =k, cos(6) (B.4)

where 0,,, 0 < 0, <7 and @,, 0 < ¢, < 27 are random angles defined for each mode n. Requiring
that the probability of a randomly selected direction of a wave vector to be the same for all d.S on
the shell of the sphere of radius k, leads to:

dS
FndOp ko, sin(6y,)dps,
P(0n)dOnp(n)de pr (B.6)
On the other hand, writing the divergence free condition leads to:
N
V-u'(2,t) = -2 Z 0" sin(KR" - (& — uct) + ¢p)K" - o (B.7)
n=1

This requires the vectors k™ and o' to be orthogonal for each mode n. The unit vector o” is then
defined by the random angle a,, 0 < a,, < 27, in the plane (£",n") as

o" = cos(a,)€" + sin(a,)n" (B.8)
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n

The unit vector £&” can be arbitrarily prescribed such that £ - k™ = 0, for instance

& =cos(pp) cos(0y,) (B.9)
& = sm( n) cos(6,) (B.10)
&5 = —sin(by) (B.11)
Then the unit vector " is determined from the cross product n™ = K™ x £" leading to
Ny = — sin(yy) (B.12)
0 = cos(pn) (B.13)
13 =0 (B.14)

As a result, the unit vector o™ is given by

o1 =cos(py) cos(6y,) cos(ay,) — sin(p,,) sin(ay,) (B.15)
oy =sin(py) cos(fy) cos(ay,) + cos(py) sin(ay,) (B.16)
o3 = — sin(6,,) cos(ay,) (B.17)

The probability density functions for the parameters ¢y, 0,, o, and v, are given in Table (B.1).

Pdf Interval
P(on) = 1/(27)  0< @y < 2r
P(6,) =sin(0,)/2 0<60,<m7
@2r) 0<a,<27

TABLE B.1. Probability density functions for the random variables

Finally, the amplitude 4" is determined from a modeled energy spectrum F(k) as follows:
0" = \/Eg(kn)0kn (B.18)

where dk,, denotes the wave number step of the nth Fourier mode in the interval [k1, k]

The smallest wave number x1 is given by k1 = fk. where k. denotes the wave number at which the
energy spectrum reaches its maximum and f is a constant which is less than 1. On the other hand,
the highest wave number sy is given by ky = 1.5 max k.(r). Here, the cut-off wavenumber k.(r) is
given as k(1) = 21 /(CyA), depending on the grid size. The constant Cy depends on the numerical
scheme used. This method employs a set of wave numbers which is fixed in time. The number of
modes is discretised either by using a linear or a logarithmic distribution as attributed below. But
the integration is performed from n = 0 upto n corresponding to k™ = k.(r) which varies spatially
so that the number of modes linked to the large-scale structure vary spatially.

For a linear discretization, k, and dk,, are simply given by:

KN — R1

Okp = N )

Kn = K1 + ndky, (B.19)

A better discretization in the lower wave number range corresponding to the larger energy-containing
eddies can be obtained by using a logarithmic discretization [2]:

log(kn) — log(k1)
N )

Ok = kn = exp(log(k1) + ndky,) (B.20)
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B.1 Model spectrum

Here, the general expression for the energy spectrum to determine F(k) is given by:
Ey(r) = Ce?Br53 f1 (kL) f,(kn) (B.21)

The non-dimensional function fr (kL) determines the shape of the energy containing scales. This
function corresponds to 1 for kL. — +o0o. Here, L, corresponds to the size of the most energy-
containing eddies.

On the other hand, f, (kL) determines the shape of the dissipation range and it tends to unity for
kL, — 0. Here, n corresponds to the Kolmogorov scales.

In the inertial subrange, both fr(kLe), f;(kLy) — 1 and the original Kolmogorov spectrum is
recovered. Here, the coefficient C' is the Kolmogorov constant. The functions fr,(kLe) and f, (kL)
are given by,

kLe §Hpo
fr(kLe) = [((HL3)2 - 1)1/2] (B.22)
The choice of pg = 4 corresponds to the Von Karman Pao spectrum.
Folkn) = exp (—2(kn)?) (B.23)

The specification of f,(kLy) is followed as in the work of Laffite et al. [33]. By substituting fr(xLe)
and f,(kLy,) in Eq.(B.21), the following model spectrum is obtained.
( K Le) 17/3

Es(k) = Ce2/3y~5/3
[((kLe)? +1)1/?]

776 €2 (_2(“Ln)2) (B.24)

Usually, L. is related to the integral length scale L while L,, refers to the Kolmogorov length scale:

§3/2 L3\ 1/4
Le=arlL, L=—, L,= <> (B.25)
€ €

The spectrum can be rearranged as follows

(kLe)*
[((kLe)? +1)1/2]

Es(k) = agkL. 7776 P (—2(kLy)?) (B.26)

where «f, and ap are constants. The coefficient ap is determined through the definition of the
kinetic energy:

k:/o E(k)dk (B.27)

Following Lafitte, for small kL, the function f, tends to unity and by introducing the change of
variables y = (kL.)? one obtains

00 3/2
af Y
k= k/ ———dy (B.28)
2 Jo [L4y'T0
As a result we get
ap = 2 55 T(5/6) (B.29)

397 T(1/3)
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On the other hand, the coefficient aj can be found from the integral length scale definition for

isotropic turbulence
E(
— k:L / (B.30)

Neglecting again the function f, and using the same Change of variables, one gets

__T/3)
ap = VAT (5/6) (B.31)

B.2 Model spectrum for the decay of isotropic turbulence

The above energy spectrum is utilized for the initialization of the synthetic fluctuating field for
both the fully developed channel flow and the fully developed flow in a square pipe. Meanwhile,
the energy spectrum used for calibrating the model coefficient on the decay of isotropic turbulence
is as follows:
kL. %+a3
]1/042

[(kLe)*2 +

1 1
exp 41 [1 + as < arctan (ag logo(kn) + a7) + 2>] (B.32)

Ey(r) =Ce?/3r2/3

with the value of the parameters: C, = 1.613, a; = 0.39, ao = 1.2, a3 = 4.0, oy = 2.1, a5 = 0.522,
ag = 10.0 and a7 = 12.58. This energy spectrum corresponds to the three-dimensional spectrum
provided in [32|. These values for the parameters has been found in [32| through the comparison of
the spectrum with the measured experimental data.
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